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Abstract

The understanding of protein evolution depends on the ability to relate the impact of mutations on molecular traits to
organismal fitness. Biological activity and robustness have been regarded as important features in shaping protein
evolutionary landscapes. Conformational dynamics, which is essential for protein function, has received little attention
in the context of evolutionary analyses. Here we employ NMR spectroscopy, the chief experimental tool to describe
protein dynamics at atomic level in solution at room temperature, to study the intrinsic dynamic features of a metallo-b-
lactamase enzyme and three variants identified during a directed evolution experiment that led to an expanded substrate
profile. We show that conformational dynamics in the catalytically relevant microsecond to millisecond timescale is
optimized along the favored evolutionary trajectory. In addition, we observe that the effects of mutations on dynamics
are epistatic. Mutation Gly262Ser introduces slow dynamics on several residues that surround the active site when
introduced in the wild-type enzyme. Mutation Asn70Ser removes the slow dynamics observed for few residues of the
wild-type enzyme, but increases the number of residues that undergo slow dynamics when introduced in the Gly262Ser
mutant. These effects on dynamics correlate with the epistatic interaction between these two mutations on the bacterial
phenotype. These findings indicate that conformational dynamics is an evolvable trait, and that proteins endowed with
more dynamic active sites also display a larger potential for promoting evolution.
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Introduction
One important challenge in the field of protein evolution is to
dissect the contributions of biochemical and biophysical traits
to protein function and, ultimately, to organismal fitness
(DePristo et al. 2005). This endeavor is largely complicated
by the fact that, in many cases, the impact of mutations on
fitness follows sign epistasis (Beadle and Shoichet 2002;
DePristo et al. 2005; Weinreich et al. 2006; Tokuriki et al.
2008; Salverda et al. 2011; Breen et al. 2012; Pollock et al.
2012; Gong et al. 2013; Natarajan et al. 2013; Gong and
Bloom 2014; Mehta et al. 2015; Meini et al. 2015), such that
the effects of mutations depend on the genetic background
where they take place. However, the understanding of how
epistatic couplings operate at the atomistic level to affect
protein traits is insufficient, mostly due to the pleiotropic
effect of mutations.

Fitness can often be quantitatively described based on the
biochemical and biophysical traits affected by mutations
along protein evolution pathways (DePristo et al. 2005;
Liberles et al. 2012; Abriata et al. 2015). Protein function and
stability are undoubtedly the key features affected by muta-
tions. However, both function and stability are intimately
linked to protein conformational dynamics, which is essential

for any biological process (Tokuriki and Tawfik 2009; Tokuriki
et al. 2009; Palmer 2015; Kay 2016). Protein dynamics is well
known to play key roles in protein–protein recognition, ligand
binding, allostery, and catalysis, therefore representing a po-
tentially important constraint to protein evolution as recently
discussed (Boehr et al. 2009; Jackson et al. 2009; Afriat-Jurnou
et al. 2012; Liu and Bahar 2012; Kaltenbach and Tokuriki 2014;
Dellus-Gur et al. 2015; Zou et al. 2015). This idea has been put
forward based on the variability observed in crystallographic
structures of different variants of a protein, or of same pro-
teins bound to different ligands, and through molecular dy-
namics simulations, but these approaches suffer from
important limitations. On one hand, atomistic simulations
are still far from reaching the multimicrosecond and millisec-
ond timescales on which catalytically relevant protein dynam-
ics take place, even for unbiased enhanced-sampling methods
(Lindahl 2015; Perez et al. 2016). Coarse-grained methods
barely reach these timescales, but anyway they are not de-
signed to study fine conformational dynamics; while normal
mode-based methods only give a very coarse representation
of dynamics without the atomic or residue level of detail
required for fine investigations. On the other hand, X-ray
structures report snapshots of the ground conformational
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protein state trapped during crystal packing. Although infor-
mative, the crystallization conditions or even ligand binding
can induce apparent dynamics that may not exist in the in-
trinsic conformational landscape of the free protein.

A powerful alternative stands in Nuclear Magnetic
Resonance (NMR), a spectroscopic technique that allows
monitoring protein dynamics at the atomistic level in solu-
tion and at room temperature (Lisi and Loria 2016). Enzyme-
catalyzed reactions and binding events usually occur on the
microsecond (ms) to millisecond (ms) timescale (Villali and
Kern 2010; Palmer 2015). Therefore, protein dynamics within
this range is expected to be favored in evolution when re-
quired. The available suite of NMR experiments can probe a
wide range of motional regimes ranging from picosecond (ps)
to seconds (s) (Palmer 2015).

In previous works, we have used b-lactam resistance me-
diated by Bacillus cereus metallo-b-lactamase (MBL) II (BcII
hereafter) as a model system for dissecting the mechanisms of
protein evolution. Here we utilize NMR for the characteriza-
tion of four BcII variants identified by directed molecular
evolution studies. Experimental studies of the evolutionary
trajectory started from wild-type BcII (Tomatis et al. 2005;
Meini et al. 2015) revealed enzymatic activity and Zn(II) af-
finity as the dominant traits in this model system. These
studies also showed that changes in protein stability cannot
explain the effects observed on fitness, in contrast to other
systems (Beadle and Shoichet 2002; Wang et al. 2002; DePristo
et al. 2005; Weinreich et al. 2006). In the favored evolutionary
trajectory, two mutations (Gly262Ser and Asn70Ser) display-
ing strong sign epistasis on catalysis and resistance increased
the activity against cephalexin by two orders of magnitude
with respect to the wt enzyme (Tomatis et al. 2008).
Mutation Gly262Ser is responsible for a large increment in
the activity toward cephalexin but is detrimental for the
Zn(II) binding affinity. Mutation Asn70Ser, in contrast, is del-
eterious for wt BcII performance. However, when present in
the Gly262Ser background, Asn70Ser is a compensatory mu-
tation that restores Zn(II) affinity, giving rise to a higher re-
sistance phenotype (Meini et al. 2015).

The accumulation of these two mutations also resulted in
an increased activity against at least four other b-lactam sub-
strates of different subclasses (cefotaxime, ceftazidime, peni-
cillin G, and imipenem) implying that the enzyme substrate
spectrum is not sacrificed, but instead, enhanced. The im-
proved activity on these substrates cannot be explained based
on the crystal structure of the evolved enzyme (Tomatis et al.
2008). In general, expansion of the substrate profile in en-
zymes is attributed to conformational dynamics (Maurice
et al. 2008; Tokuriki and Tawfik 2009; Zou et al. 2015), while
quenching the native dynamics can be deleterious for the
enzyme activity (Bhabha et al. 2011).

In this work, using NMR relaxation experiments we have
specifically addressed the role of protein dynamics in two
evolutionary pathways of the MBL BcII toward a double mu-
tant with expanded substrate profile. We report that 1) NMR
identifies precise perturbations in the protein structure and
dynamics that account for the effect of mutations in the
affinity for Zn(II); 2) the impact of the mutations on dynamics

strongly depends on the genetic context, that is, is epistatic;
and 3) the successful pathway accumulates mutations suc-
cessively increasing loop dynamics, chiefly in the micro- to
millisecond timescales. Overall, these results allow us to con-
clude that conformational dynamics over a timescale relevant
for substrate binding and catalysis is an evolvable trait that
can be optimized, in order to provide the fine tuning that the
active site requires to accommodate new substrates.

Results
We initiated our work performing a detailed characterization
of the four BcII variants using NMR. The BBL (B Beta-
Lactamases) numbering scheme for class B b-lactamases
was used throughout this work (Garau et al. 2004). Samples
of wild-type (wt BcII), Asn70Ser, Gly262Ser, and Gly262Ser/
Asn70Ser versions of BcII were expressed and purified by using
appropriate labeling strategies, as detailed in the Methods
section. Samples were stable enough for their analysis by
NMR and were prepared in 100 mM 2-(N-morpholino)etha-
nesulfonic acid (MES) pH 6.4 with 200 mM NaCl and 10%
D2O. Supplementary figure S1, Supplementary Material on
line, shows the 1H-15N HSQC spectra of the four MBLs vari-
ants. HSQC NMR spectra are basically fingerprints made up of
cross-peaks between pairs of N and H resonances corre-
sponding to the N–H groups of the protein backbone. All
spectra display good signal dispersion indicating that all en-
zymes are properly folded, allowing us to discard the presence
of unfolded or misfolded forms.

Resonance Assignment of MBLs
The first step in any NMR investigation is to assign each of the
cross-peaks in an HSQC spectrum to the corresponding residue
in the protein. The complete backbone and side-chain reso-
nance assignments of wt BcII available in the literature were
adapted to our experimental conditions (Karsisiotis et al. 2014).
Backbone resonances for BcII Asn70Ser, BcII Gly262Ser, and BcII
Gly262Ser/Asn70Ser were assigned on the basis of the three-
dimensional HNCO, HN(CA)CO, HN(CO)CA, HNCA,
CBCA(CO)NH, and HNCACB spectra performed on 15N, 13C-
doubly labeled samples (Gardner and Kay 1998).

Of the 222 nonproline residues (proline lacks a backbone H
and hence N–H correlations) in the amino acid sequences of
the four variants, we unambiguously assigned 211 backbone
amide resonances for wt BcII, 211 for BcII Asn70Ser, 206 for
BcII Gly262Ser, and 205 for BcII Gly262Ser/Asn70Ser. In wt BcII
and in the Asn70Ser mutant, the 11 nonproline residues that
could not be assigned in the 1H-15N HSQC spectra are the
following: The three N-terminal residues (Ser27, Gln28, Lys29),
Lys50, Asn62, Ser77, Lys102, Ala119, Asn184, Gly193, and
Asn233. Assignments for these residues were also missing in
the Gly262Ser and Asn70Ser/Gly262Ser variants, together
with residues Ile96, Cys221, Lys224, Gly264, and Leu283 in
Gly262Ser and Asp120, Cys221, Val223, Lys224, Gly264, and
Leu283 in Gly262Ser/Asn70Ser, most of which are located
near the active site. Overall, we have been successful in as-
signing more than 90% of the detectable residues in each
variant, which permit us to carry out a detailed characteriza-
tion using NMR.
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Selective Effects on the Zn Sites
The active site of BcII hosts two Zn(II) ions in a shallow groove
flanked by loops L3 and L10. The Zn1 site is coordinated to
His116, His118, and His196, and a hydroxide ion; and the Zn2
site is bound to Asp120, Cys221, and His263, a water mole-
cule, and to the former hydroxide which bridges both metal
ions (fig. 1A). These metal-binding residues (metal ligands) in
the active site are located in protein loops (L7, L9, L10, and
L12) which define the active site floor. A hydrogen bond
network spans the base of the active site, involving residues
Asn70, Arg121, and Gly262 (from loops L3, L7, and L12,
respectively).

The positions of the resonances in the HSQC spectra pin-
point the chemical shifts of the 1H and 15N nuclei for each
amide bond in the studied protein, which are in turn very
sensitive to the immediate environment of these nuclei. This
allows us to follow the impact of mutations in remote sites of
the protein at the residue level.

Mutations Gly262Ser and Asn70Ser elicited distinct chem-
ical shift perturbation (CSP) profiles on the NMR spectra
(supplementary figs. S2 and S3 and tables S1 and S5,
Supplementary Material online), mostly affecting the Zn li-
gands, as well as other residues located in some of these loops.
In addition, some resonances became broadened beyond the
detection limit in mutants Gly262Ser BcII (Ile96, Cys221,
Lys224, Gly264, and Leu283) and Gly262Ser/Asn70Ser BcII
(Asp120, Cys221, Val223, Lys224, Gly264, and Leu283) with
respect to wt BcII. This broadening phenomenon suggests the
presence of exchange processes (i.e., dynamics) in the ms-to-
seconds timescale regime induced by these mutations
(Palmer 2015). In contrast, no further resonances were broad-
ened in mutant Asn70Ser BcII.

Mutation Gly262Ser induces significant shifts in reso-
nances from His116, His118 (Zn1 ligands), Asp120, His263

(Zn2 ligands), Asn70, and Arg121. His196 is almost unaffected
in all variants. Cys221 was exchange-broadened in the HSQC
spectrum of Gly262Ser BcII, preventing analysis of changes in
the chemical shifts, but disclosing a perturbation in the dy-
namic features of this residue. On the other hand, mutation
Asn70Ser exerts a smaller perturbation than mutation
Gly262Ser (His263 remains almost unaffected).

Mutation Asn70Ser, when introduced into the single mu-
tant Gly262Ser BcII, elicits specific CSPs on resonances from
residues in the Zn2 environment (His263, Arg121, and
Ser262) and exchange broadening in the Zn2 ligand
Asp120, while Zn1 ligands and second-shell residues are
largely unaffected. Thus, mutation Gly262Ser perturbs both
metal binding sites, while mutation Asn70Ser mostly affects
the Zn2 site. This phenomenon is more pronounced and
focused in the Zn2 site when operative in the Gly262Ser ge-
netic background relative to the wild-type background. NMR
thus pinpoints the selective compensatory effect of mutation
Asn70Ser on the binding affinity of the Zn2 site.

This analysis allowed us to identify precise and selective
perturbations exerted by each mutation along the evolution-
ary pathway of BcII. In addition, the exchange broadening of
resonances beyond the detection limit is indicative of con-
formational dynamics around a ms timescale.

Slow Protein Dynamics Is Enhanced along the Favored
Evolutionary Pathway
The previous NMR analyses of the BcII variants suggested the
presence of dynamics, mainly in the evolved variants BcII
Gly262Ser and BcII Gly262Ser/Asn70Ser. Therefore, we carried
out NMR relaxation experiments specifically tailored to probe
the conformational dynamics in a wide timescale from ps to
seconds, in the four variants.

Fig. 1. Upper views of the active sites of (A) wild-type BcII (PDB ID 4NQ4) and (B) evolved BcII containing mutations Gly262Ser and Asn70Ser, as
well as mutations Val112Ala and Leu250Ser (PDB ID 3FCZ) (Tomatis et al. 2008). The loops flanking the active site (L3 and L10) and those
containing the metal ligands (L7, L9, and L12) are depicted, together with relevant active site residues. Zn(II) ions are shown as spheres. Metal
ligands are shown as lines, residues at positions 69, 70, 121, 236, 261, and 262 are shown as sticks, and hydrogen bonds are indicated by black dashed
lines.
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Pico- to Nanosecond Timescale Dynamics
We characterized the effects of mutations on the picosecond-
to-nanosecond (ps–ns) timescale dynamics, by measuring
the R1 and R2 relaxation rates and 1H-15N Nuclear
Overhauser Effects (NOEs) for backbone amide 15N nuclei.
These values together with the order parameter S2 calculated
from these experimental data are plotted as a function of
residue number in supplementary figure S4, Supplementary
Material online, for all variants. The order parameter S2 ranges
from 0 (isotropic disordered motion) to 1 (rigid) (Lipari and
Szabo 1982a, 1982b; Jarymowycz and Stone 2006). The four
BcII variants are highly ordered in the ps–ns timescale, ex-
hibiting a relatively rigid backbone along the entire protein
sequence with an average S2¼ 0.9 6 0.1 (supplementary fig.
S4, Supplementary Material online). The order parameters for
residues from the active site loops are similar for all variants,
although some residues show S2 values smaller than average,
especially in Gly262Ser/Asn70Ser BcII.

Micro- to Millisecond Timescale Dynamics
Slow-timescale motions were examined by Car-Purcell-
Meiboom-Gill (CPMG)-based 15N R2 relaxation dispersion ex-
periments, which are targeted to probe chemical exchange
phenomena that involve alternative protein conformations in
the ms–ms timescale (Loria et al. 1999; Boehr et al. 2006; Kay
2016). Residue-specific relaxation dispersion profiles (DR2 val-
ues) at a magnetic field strength of 600 MHz and 298 K were
recorded for all four variants. Figure 2 shows plots of DR2

versus residue number for each enzyme, in which DR2 is the
difference between R2 values measured at CPMG frequencies
of 33 and 966 Hz, which corresponds to the exchange con-
tribution to relaxation. We stress here that our results and
conclusions do not depend on fits or assumptions about the
conformations of alternative conformational states nor their
populations as analyzed in other more complex works
(Korzhnev and Kay 2008). The residues in conformational
exchange are mapped onto the structure of each variant in
figure 3A. In wild-type BcII, only five residues were character-
ized by significantly high DR2 values (using NESSY software as
detailed in Methods) and therefore found to undergo signif-
icant conformational exchange: Leu48, Arg107, Gly132, Ile133,
and Cys221. All these residues, with the exception of Cys221
(one of the zinc ligands of the Zn2 site located in loop L10),
are far away from the active site in solvent-exposed regions of
the protein (figs. 2C and 3A).

Mutant Asn70Ser did not show significant exchange
broadening, suggesting that the few ms–ms dynamic features
observed in wt BcII are quenched by mutation Asn70Ser
(figs. 2D and 3A).

In contrast, mutants Gly262Ser and Gly262Ser/Asn70Ser
exhibited conformational dynamics in several residues lo-
cated near the active site (fig. 3). This is the case for 19 res-
idues in Gly262Ser BcII which map mainly to the active site
loops L7 and L10 (figs. 2B and 3A). This conformational dy-
namics (supplementary figs. S5–S7 and tables S2–S4,
Supplementary Material online) is expanded in the double
mutant Gly262Ser/Asn70Ser BcII in which 28 residues

mapping to loops L3, L7, L10, and L12 become flexible (fig.
2A and 3A). The fact that this dynamics is not observed in the
single mutant Asn70Ser reveals that this mutation only can
elicit dynamics in the Gly262Ser genetic background.

Millisecond to Second Timescale Dynamics
As pointed out when the resonance assignment was de-
scribed, signals from 11 residues are missing in the 1H,15N-
HSQC spectrum of the four variants: The three N-terminal
residues (Ser27, Gln28, Lys29), Lys50, Asn62, Ser77, Lys102,
Ala119, Asn184, Gly193, and Asn233. This observation sug-
gests that these resonances can be under exchange in the
millisecond-to-seconds timescale.

Interestingly, some residues near the active site are broad-
ened only in the evolved mutants: Cys221 presents ms–ms
timescale conformational exchange in the wild-type enzyme
(supplementary table S2, Supplementary Material online); how-
ever, its NH cross-peak is not detected in the 1H15N-HSQC
spectrum of Gly262Ser and Gly262Ser/Asn70Ser mutants im-
plying that mutation Gly262Ser alters a conformational process
of Cys221 from nearly slow to intermediate rate in the chemical
shift timescale in both variants (supplementary table S5,
Supplementary Material online). A similar effect is observed
for residues Asp120 and Val223: These residues present con-
formational exchange in BcII Gly262Ser (supplementary table
S3, Supplementary Material online) but are broadened beyond
detection in Gly262Ser/Asn70Ser (supplementary table S5,
Supplementary Material online). On the other hand, Gly264
has no conformational exchange in wild-type and Asn70Ser
variants but is broadened in both Gly262Ser and Gly262Ser/
Asn70Ser (supplementary table S5, Supplementary Material
online), whereas Lys224, detected in the 1H15N-HSQC as an
overlapped signal in both wild-type and Asn70Ser, is not de-
tected in Gly262Ser and Gly262Ser/Asn70Ser mutants (supple
mentary table S5, Supplementary Material online). Thus, slow
dynamics around the ms timescale is observed in residues near
the active site in Gly262Ser and Gly262Ser/Asn70Ser BcII.

Discussion
Recent studies have provided evidence about the importance
of remote mutations in protein evolution by fine-tuning ac-
tive site features (Oelschlaeger et al. 2005; Natarajan et al.
2013; Risso et al. 2015; Zou et al. 2015). Trapping of different
conformations in crystal structures has suggested that the
main role of these mutations is their effect on protein stability
and/or protein dynamics. However, these structural snap-
shots could well represent induced-fit states without implying
true perturbations of the intrinsic protein dynamics present
in the substrate-free protein. Molecular dynamics simulations
have been used to test the effect of mutations on an enzyme’s
conformational landscape, but unfortunately these compu-
tational methods fall short in accurately describing long-time-
scale dynamics compatible with substrate binding and
catalysis (Lindahl 2015; Perez et al. 2016). In this study, we
used NMR spectroscopy to quantitate the intrinsic protein
conformational dynamics along two short evolutionary path-
ways resulting from an in vitro evolution experiment. To this
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aim we worked with two mutations on the lactamase BcII,
which have already been reported to present a strong epi-
static effect on catalysis and resistance conferred to a bacterial
host against b-lactams.

Gly262Ser and Asn70Ser together produce a large increase
in fitness, while individually only Gly262Ser is beneficial in the
wild-type background and Asn70Ser is deleterious for the
enzyme activity. This epistatic effect was reported for the

Fig. 2. 15N CPMG relaxation dispersion NMR data for (A) BcII Gly262Ser/Asn70Ser, (B) BcII Gly262Ser, (C) wild-type BcII, and (D) BcII Asn70Ser as a
function of residue number. The DR2 values were calculated as DR2¼ R2,eff (�CPMG¼ 33)� R2,eff (�CPMG¼ 966), where R2,eff (�CPMG¼ 33) and R2,eff

(�CPMG¼ 966) are the effective 15N R2 rates at 33 and 966 Hz CPMG frequency, respectively. Positions 70 and 262 according to BBL numbering are
indicated as circles.
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activity of the enzyme toward cephalexin, the substrate used
for the in vitro evolution experiment (Tomatis et al. 2008).
Here we study the NMR spectra and dynamics of the two
single mutants (Gly262Ser and Asn70Ser) and the double
mutant compared with wt BcII, defining two alternative evo-
lutionary pathways. The profile of residues undergoing fast
protein dynamics (in the ps–ns timescale) is very similar
among all four protein variants. However, differences arise
when the slow dynamics features, those operative during
substrate binding and catalysis, are probed. Our results, based
on robust NMR observables sensitive to ms-ms (CPMG ex-
periments) and slower-than-ms (exchange broadening of the

resonances) motions, clearly point at several residues that
undergo dynamics in these timescales to different extents:
Only few residues in Asn70Ser and increasingly more in the
wild-type, Gly262Ser, and Asn70Ser/Gly262Ser variants.

Within a Darwinian evolutionary perspective, a new func-
tion can be developed based on an extant or an incipient
functionality (Nobeli et al. 2009; Tokuriki and Tawfik 2009).
Mutation Gly262Ser acts as a switch altering substantially the
slow timescale conformational dynamics in the loops that
surround the active site, enabling a larger substrate spectrum.
Then, mutation Asn70Ser introduced in BcII Gly262Ser con-
fers further dynamics. These results account for the expansion

Fig. 3. (A) Residues with conformational exchange in the ls–ms timescale identified by 15N CPMG experiments mapped onto the X-ray structure
of BcII as red spheres (BcII wt), green spheres (BcII Gly262Ser), and blue spheres (BcII Gly262Ser/Asn70Ser). Residues with ms-s timescale dynamics
(missing correlations in 1H,15N-HSQC spectra) are identified as orange spheres in all variants. Prolines and residues with overlapped resonances are
colored black and residues with no exchange are colored gray. (B) The epistatic evolutionary trajectory followed during BcII evolution from wild-
type BcII to the evolved mutant BcII Gly262Ser/Asn70Ser (Meini et al. 2015). Minimum inhibitory concentration (MIC) values taken from Meini
et al. (2015) are sequentially ordered according to increasing number of mutations, from wild-type to the Gly262Ser/Asn70Ser mutant. Arrows
indicate whether the mutation added is beneficial (green) or deleterious (red) in that genetic background. The circle colors indicate whether the
variant shows an increment (green) or a decrease (red) in the MIC value relative to wild-type BcII. The trajectory including the deleterious
mutation is represented by a dotted arrow, which is not expected to be successful under strong selection pressure, that is, the conditions that led to
selection of mutant M5 (Tomatis et al. 2005).
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of the substrate profile in this evolutionary trajectory re-
ported by us (Meini et al. 2015), confirming the link
between conformational dynamics and expansion of sub-
strate profile.

In contrast, mutation Asn70Ser in the wild-type back-
ground exerts an opposite effect on enzyme dynamics. This
mutation quenches the dynamics observed in the wild-type
BcII and hence rigidifies the structure in this timescale. In
other words, mutation Asn70Ser exerts an epistatic effect
on conformational dynamics. This effect parallels also the cat-
alytic behavior of the enzyme, because the Asn70Ser muta-
tion in BcII has a deleterious effect on catalysis and resistance.
Despite these data represent a short evolutionary pathway,
our study provides direct evidence on how conformational
dynamics can be optimized during evolution, especially show-
ing that epistasis can operate on this trait mirroring epistatic
effects on substrate profile.

The role of protein dynamics in protein evolution has been
tackled from two main viewpoints. One considers that mu-
tations change dynamics resulting in altered or novel func-
tions. The close correlation between changes in
conformational dynamics and substrate promiscuity in our
study support this notion at the atomistic level, avoiding
possible structural biases in solving structures with bound
ligands. The other viewpoint implies the concept that resi-
dues in flexible protein regions are more tolerant to substi-
tutions, although this fact likely arises from a combination of
dynamics, low buriedness, and low packing (Huang et al. 2014;
Shahmoradi et al. 2014). This latter concept is of course
entangled with the former, because areas with larger struc-
tural fluctuations can more easily rearrange to accommodate
new substrates in an enzyme’s active site. Our view allows us
to integrate these elements to suggest how evolution man-
ages protein flexibility. More packed regions imply more bur-
ied residues and hence less flexibility, making structural and
dynamic remodeling harder to achieve through mutation. On
the contrary, loose, dynamic regions like loops around active
sites can on one side tolerate substitutions better than
packed regions, and on the other hand be more easily restruc-
tured to achieve new functions or bind new substrates like in
the case presented here. These two aspects (i.e., low impact of
mutations on stability and structural and dynamic sensitivity
to mutations) make loose, dynamic regions more adaptable
to new functions (Abriata et al. 2012). Tokuriki and Tawfik
have suggested that RNA-based viruses might evolve more
rapidly because they contain many intrinsically disordered
proteins, in line with this concept (Tokuriki et al. 2009). But
noteworthy, our findings imply slow-timescale dynamics be-
ing created by the mutations in regions that are largely rigid in
the less active enzymes (wild-type and notably Asn70Ser) but
with no big changes in the structure and therefore in the
packing density or buriedness, that is, implying true remodel-
ing of the intrinsic dynamics.

On closing, we have presented an experimental descrip-
tion of how conformational dynamics on a catalytically rele-
vant timescale is optimized along an epistatic evolutionary
pathway. We conclude that slow conformational dynamics is
an evolvable trait that can be exploited to generate new

functions, of course as long as the overall protein stability is
not compromised.

Materials and Methods

Protein Preparation
Wild-type BcII and the Asn70Ser, Gly262Ser, and Gly262Ser/
Asn70Ser variants containing residues 27–291 (BBL number-
ing) were cloned into the pET28 (þ) plasmid (Novagen) using
NdeI and SalI restriction sites and the proteins were overex-
pressed in Escherichia coli BL21(DE3). The bacterial culture
was grown at 37 �C in M9 minimal medium supplemented
with 15N or 13C and 15N (Cambridge Isotope Laboratories,
Inc.) isotopes until it reached OD600¼ 0.6. Protein expression
was induced by addition of 0.5 mM isopropyl b-D-1-
thiogalactopyranoside to the medium. At the moment of
induction of protein expression, the growth medium was
supplemented with 0.5 mM ZnSO4 to ensure the correct
folding of the overexpressed MBL. Cells were incubated over-
night at 18 �C for protein expression. All subsequent purifi-
cation steps were performed at 4 �C. Cells were harvested and
resuspended in Buffer A (50 mM Tris–Cl pH 8.0, 200 mM
NaCl), and supplemented with 10 mg/ml DNAse, 4 mM
MgCl2, and 2 mM phenylmethylsulfonyl fluoride. Escherichia
coli cells were disrupted by sonication (5 cycles of 30 s with
1 min between) and the insoluble material was removed by
centrifugation for 60 min at 15,000 � g. The crude extract
was loaded in a Ni-sepharose resin equilibrated with Buffer A,
the column was washed with 100 ml of Buffer A, and His6x-
BcII was eluted with Buffer B (50 mM Tris–Cl pH 8.0, 200 mM
NaCl, 500 mM imidazole) using a linear gradient (0–100%
Buffer B, in 100 mL). Then, 100mM His6x-BcII was mixed
with thrombin protease (1:50 thrombin:His6x-BcII ratio)
and the mixture was incubated for 3 h at 26 �C. BcII was
loaded in a Ni-sepharose resin to separate it from the His6x
tag and the uncleaved fusion protein, by collecting it in the
flow-through. Finally, the sample was diluted (1:5) in Buffer C
(100 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
[HEPES] pH 7.0, 1 mM ZnSO4) and loaded in a carboxymethyl
(CM)-sepharose resin equilibrated with the same buffer. The
column was washed with 100 ml of Buffer C and BcII was
eluted with Buffer D (100 mM HEPES pH 7.0, 1 mM ZnSO4,
400 mM NaCl) with a purity>95% as determined by sodium
dodecyl sulfate polyacrylamide gel electrophoresis MIC: mini-
mum inhibitory concentration (SDS-PAGE). The pure protein
was concentrated using Centricon ultrafiltration devices
(Millipore, Bedford, MA). The average protein yield was
10 mg/l culture. Protein concentrations were determined
from the absorbance at 280 nm using a molar absorption
coefficient (e280) of 30,500/M/cm.

Nuclear Magnetic Resonance Spectroscopy
NMR experiments were carried out in a 600 MHz Bruker
Avance II Spectrometer equipped with a triple resonance
inverse (TXI) probe head. All experiments were carried out
at 298 K using standard techniques. The protein samples were
analyzed at 500mM in 100 mM MES pH 6.4, 200 mM NaCl,
and 10% D2O. Resonance assignments for wild-type BcII were
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taken from the literature (Karsisiotis et al. 2013) and trans-
ferred by us to the sample conditions used in this work. 15N
TOCSY-HSQC experiment was used to confirm the assign-
ment. All spectra were acquired and processed in TopSpin 2.1
(Bruker) and analyzed with Sparky 3 and CARA. Backbone
resonances for BcII Asn70Ser, BcII Gly262Ser, and BcII
Gly262Ser/Asn70Ser were assigned on the basis of the
three-dimensional HNCO, HN(CA)CO, HN(CO)CA, HNCA,
CBCA(CO)NH, and HNCACB spectra (Gardner and Kay
1998). CSPs for NH resonances were calculated according
to equation (1):

CSP ppmð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D 1H
� �2 þ

D 15N
� �2

25

s
(1)

Protein mobility was studied in BcII wild-type, BcII
Asn70Ser, BcII Gly262Ser, and BcII Gly262Ser/Asn70Ser in a
wide timescale. Fast dynamics (ps–ns) was followed by 15N
nuclear spin relaxation experiments as described in the liter-
ature (Lipari and Szabo 1982a, 1982b). Data analysis was per-
formed according to the model-free formalism using Tensor
v2.06 (Cordier et al. 1998). In all cases data analysis was per-
formed using the crystal structure PDB code 4NQ4. Dynamics
in the ms–ms timescale was studied through constant-time
Carr–Purcell–Meiboom–Gill (CPMG) relaxation dispersion
experiments (Loria et al. 1999; Millet et al. 2000) by measuring
the effective transverse relaxation rate (R2,eff ¼R2

� þ Rex) as a
function of the repetition rate of 180� pulses applied during
the T2 delay, which was kept constant at 60 ms. A total of 10–
12 mCPMG values, ranging from 33 to 966 Hz, and a reference
spectrum were collected and the R2,eff calculated as ln(Iref/I)/
scp. Dispersion profiles for residues with DR2 values higher
than a threshold arbitrarily defined considering the experi-
mental noise were fitted against CPMG frequency (1/scp) to
three different models implemented in the software NESSY
(Bieri and Gooley 2011) (Model 1: No exchange; Model 2:
Two-states, fast exchange; Model 3: Two-states, slow ex-
change) (supplementary figs. S4–S6 and tables S2–S4,
Supplementary Material online). These fitting procedures
were only carried out to determine residues which undergo
dynamics; our conclusions do not depend on the parameters
obtained from these fits.

Nessy Analysis
Model selection for the analysis of CPMG curves was per-
formed by using NESSY and parameters extraction involves
hypothesis testing by the calculation of the intrinsic relaxation
rate R2,intr (R2,eff at infinite mCPMG) and R2,eff by NESSY as
described below:

R2;eff ¼
1

TCPMG
� In

Ið0Þ
I VCMMGð Þ

� �

where mCPMG is the spinlock field strength in Hz; TCPMG the
constant time delay in s; I(0) the peak intensity at 0 Hz (ref-
erence); and I(mCPMG) the peak intensity at a corresponding
spin lock field strength (mCPMG).

Curve fitting was performed using the method of maxi-
mum likelihood calculated by v2 minimization, and the
uncertainties were calculated using 500 Monte Carlo simula-
tions, that is, default NESSY settings.

If R2,eff equals R2,intr for every spinlock field, no exchange is
assumed and the data are fitted into Model 1. For unequal
parameters the data are fitted into Model 2 which assumes a
two-site fast exchange. If the criteria for Model 2 are not met
then the algorithm proceeds with fitting the data in to Model
3, that is, two-site slow exchange according to the Richard–
Carver equation. No three-site exchange models were
considered.

Supplementary Material
Supplementary tables S1–S5 and figures S1–S7 are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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