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Many enzymes require a specific monovalent cation (M"), that is either Na or K', for optimal activity.

While high selectivity M" sites in transport proteins have been extensively studied, enzyme M" binding

sites generally have lower selectivity and are less characterized. Here we study the M" binding site of the

model enzyme E. coli B-galactosidase, which is about 10 fold selective for Na" over K. Combining data

from X-ray crystallography and computational models, we find the electrostatic environment

predominates in defining the Na' selectivity. In this lower selectivity site rather subtle influences on the

electrostatic environment become significant, including the induced polarization effects of the M" on the

coordinating ligands and the effect of second coordination shell residues on the charge distribution of the

primary ligands.
mechanisms important for the selectivity of M sites in enzymes.

Introduction

Na' and K" are essential ions in biological systems. While these
two monovalent cations (designated as M") are chemically
similar, proteins frequently have a robust specificity for one or
the other. Transport proteins such as the sodium-coupled
secondary leucine transporter (LeuT) or the bacterial potassium
or sodium channels can be up to 1000 fold selective” > and the
factors critical for the high selectivity in these sites have been
investigated extensively.”'® In addition to transport proteins,
some enzymes require Na' or K* for optimal activity. Generally,
these monovalent cations act in structural roles and/or are
involved in substrate binding by making the binding pocket more
electrostatically attractive to negatively charged ligands."
Examples of these cations stabilizing enzyme structure include
Na' in thrombin'? and in tryptophan synthase.'* In their substrate
binding roles, the major biological function of these cations
appears to be counteracting the negative charge on substrate
phosphate groups, often in conjunction with a divalent cation. A
K" ion serves this role in pyruvate kinase' and fructose-1,6-
biphosphatase.'”” In these enzymes, substitution with the
competing M" causes a large reduction or even a complete loss of
enzymatic activity, requiring selectivity to be maintained in a site
dynamic enough to allow for substrate binding and release.
While the M" selectivity in enzymes is generally lower than for
transport proteins (10 to 100 fold selectivity), the exact
mechanisms that govern site specificity for a given ion and its
coupling to enzyme activity are yet to be widely studied.
Additionally, knowledge of these mechanisms can lead to the
ability to program the ion specificity of enzymes, an application

This work expands the knowledge of ion selectivity in proteins to denote novel

of great pragmatic value.'®

To provide additional insights on cation selectivity
mechanisms, we investigated a well-known enzyme—E. coli -
galactosidase (lacZ, E.C 3.2.1.23). Over 60 years ago,
B-galactosidase was one of the first enzymes shown to have
activity stimulated by a monovalent metal ion.'” The enzyme was
also of central importance for the pioneering study of gene
regulation.”® B-Galactosidase is a retaining glycosidase with
1023 amino acids'® ?° per each identical subunit of the tetrameric
protein. While the natural substrate is lactose, the enzyme
hydrolyzes and transgalactosylates a  variety of
3-D-galactopyranosides. It is a model enzyme for glycosidases
that act on disaccharides and is one of the most commonly used
enzymes in molecular biology. Industrially, 3-galactosidases are
used in the hydrolysis of lactose in dairy products®' and in the
synthesis of galactooligosaccharides used as food additives.”? In
addition to the monovalent cation, B-galactosidase activity also
requires a divalent cation, either Mg>* or Mn*". This divalent ion
does not directly interact with the substrate but is located adjacent
to the catalytic Glu 461.%

B-Galactosidase binds either Na" or K* but is about 10 times
more selective for Na*?* This selectivity for Na* is atypical for
M" containing enzymes. A recent survey'' only identified two
other enzymes, both class II aldolases, e.g. E. coli fructose-1,6-
bisphosphate aldolase®, that utilize a M" in substrate binding but
prefer Na® over K'. These enzymes are not, however,
representative of all class II aldolases. Yeast fructose-1,6-
bisphosphate aldolase activity is stimulated by K" ** while Na*
has little effect.?’

B-Galactosidase is a 5 domain protein (Fig. 1a). Two
important catalytic residues (Glu 461 and Glu 537) are contained
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Fig. 1 The M+ binding site of f3-galactosidase (lacZ). (a) The M+
binding site shown in relationship to the domain structure of f3-
galactosidase. Domain 1 through 5 are colored in sequence green,
magenta, blue, orange, and yellow. The M* is shown as a grey sphere.
(b) Detailed view of the M* binding site, showing the interaction of
the M* (grey sphere) with the protein, water molecules (red spheres),
and a substrate analog (cyan). The protein residues are colored by
domain, with the same color scheme as the top figure.

in the central TIM barrel domain (domain 3, blue). Additional
structures from domain 1 (green), domain 5 (yellow), and an
extended loop from the TIM barrel itself modify the substrate
binding site. The domain 5 structure has a role in glucose
binding, while the extended TIM barrel loop and domain 1
stucture interact with galactose and the M". The M binding site
is composed of side chain oxygens from Asp 201 and Asn 604
and the backbone carbonyl oxygen of Phe 601 (Fig. 1b). Asp 201
is part of domain 1 while Phe 601 and Asn 604 are part of the
extended loop from the TIM barrel. This M" site has a low
number—only three—of protein ligands compared to the more
extensively studied transport proteins.

The M" interacts directly with the substrate, coordinating the
galactose 06 oxygen.® Substrates that lack an 06 hydroxyl
group display a 0.9-1.4 kcal/mol decrease in binding free
energy.* The interaction of the M™ with a neutral hydroxyl
substrate group, instead of a charged group, is the only example
of this mode of substrate binding presently confirmed by x-ray
crystallography. (Initial structures of coenzyme Bj,-dependent
diol dehyratase contained a K' coordinating two substrate
hydroxyls.>! However, subsequent studies®> ** suggested that this
atom is actually Ca’" in the diol dehyratase and related
enzymes).** The interaction of the M" with a hydroxyl group is
not, however, unprecedented, as serine and threonine residues are

often found in M" binding sites, such as that of pyruvate kinase.*
Unlike some enzymes, B-galactosidase is active with either Na*
or K* bound although the M" bound to B-galactosidase has large
and complex effects on the enzyme. The Na' enzyme generally
has a greater substrate affinity than the K enzyme, while the
metals have been found to affect the rate of each of the hydrolytic
half reactions differently.?* ** Work to explain these differences
is ongoing.

In this study, a combination of structural and computational
techniques is used to examine the factors that influence the
selectivity of E. coli B-galactosidase for Na“ and K'. A high-
resolution crystal structure of K' ligated B-galactosidase was
obtained and forms the basis for comparisons with the Na“ bound
enzyme and for an understanding of the chemistry that governs
selective Na' binding. Recently developed computational
protocols for a reduced binding site representation allowed us to
isolate the roles played by the structural rigidity of the protein
scaffold and the electrostatic environment, including local
polarization effects. Finally, the biological significance of the M*
site selectivity is considered.

Experimental and Computational Methods
Buffers

Crystallization Buffer: 100 mM Bis-Tris (pH 6.5), 100 mM NaCl,
200 mM MgCl,, 10 mM DTT, and PEG 8000 (10% w/w).
Mother Liquor: 100 mM Bis-Tris (pH 6.5), 100 mM KCl, 200
mM MgCl,, 10 mM DTT, and PEG 8000 (10% w/w).

Crystallography

Standard protocols were used to express and purify f-
galactosidase.”’  Aliquots were frozen in liquid nitrogen and
stored at -70 °C until needed. Crystals were grown at 15 °C by
hanging drop vapor diffusion over 1 mL of Crystallization Buffer
in 24 well plates (Hampton Research).” Diffraction quality
crystals were obtained by microseeding with starting crystals
suspended in Crystallization Buffer. Different dilutions of seed
crystals were utilized; the dilution required was determined
empirically. The hanging drops (10 pL) consisted of equal
volumes of protein and seed solution. The Na* was replaced with
K" via serial dilution of the crystal into mother liquor over several
hours, with estimated final concentrations of 100 mM K and <
16 nM Na'. For cryoprotection the crystal was equilibrated via
serial soaks of about 1 hour in ~5% steps to a solution composed
of 30% DMSO/70% mother liquor. Diffraction intensities were
collected from single crystals at 100 K at ALS Beamline 5.0.2.
Data were processed with MOSFLM®’ and scaled with SCALA.*®
A previously determined structure (1DP0) was used as the
starting model for refinement. The final model was obtained by
iterative cycles of model building with O* and Coot* and
refinement with TNT*' and Refmac.** Anisotropic B-factors
were used for the active site K' ions, which showed oblong
electron density (2F,-F,). Occupancies of all metal ions (K" and
Mg”) and bound DMSO molecules were then refined with
Phenix.* Coordinates and structure factors were deposited in the
Protein Data Bank (4TTG).
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Molecular Dynamics

Simulations with additive force-fields (CHARMM-27):
Molecular dynamic (MD) simulations were based on the Na®
replete B-galactosidase structure 1DP0%. Upon hydration, the
system consisted of 340 544 atoms and was approximately 205 x
152 x 106 A in size. Simulations were performed with additive
force-fields (CHARMMS-27), with the Lennard—Jones parameters
for Na" and K" adjusted to yield the experimental solvation free
energies in bulk water’. Periodic boundary conditions in a NPT
ensemble were utilized. The Nose-Hoover thermostat was used to
maintain a pressure of 1 atm and a temperature of 300 K. The
SHAKE algorithm was used to maintain the length of hydrogen
atom bonds. Electrostatic interactions were calculated using the
particle-mesh Ewald (PME) summation method* with a coupling
parameter of 0.34 and a 6th-order spline for mesh interpolation.
Non-bonded pair lists were maintained out to 16 A. A real-space
cut-off of 12 A was used, with Lennard-Jones (LJ) interactions
truncated from 10 to 12 A via an atom-based energy switch
algorithm with long-range LJ corrections applied.*> ** The leap-
frog algorithm was used to integrate equations of motions. A 1.9
ns production run was performed with an integration time of 1 fs.
This run was used to obtain the positional fluctuations and the
water structure needed for construction of the reduced binding
sites models.

Simulations with Drude polarizable force-fields:

MD simulations with polarizable force fields utilized the Drude
polarizable force-field developed by the groups of MacKerell and
Roux. The latest protein force-field compatible with the M"
parameters was used*’>’. The positions of auxiliary Drude
particles (attached to all non-hydrogen atoms) were propagated
via an extended Lagrangian formalism through the assignment of
a small mass (0.4 amu) at low temperature (1 K) using a separate
thermostat, known as a dual-thermostat method. The Velocity-
Verlet2 integrator and Langevin Dynamics*® * were employed.
Minimizations were performed initially on only the Drude
particles with the atoms constrained using the Steepest Descent
(SD) optimizer. The remaining MD parameters were based on
those used with the CHARMM-27 force field.

Quantum Mechanics Optimizations

QM Reduced Models:

Quantum mechanics calculations were used to estimate the
optimal M" position in model systems representing the M
binding site. The calculations were performed with Gaussian 09°'
employing Density Functional Theory with the B3LYP
functional. Geometry optimizations were performed with a 6-
311+G(2df,2p) basis set. The model systems were based on the
Na' replete B-galactosidase structure 1DPO and the K replete
structure 4TTG. In addition to the metal, the system included the
side chains of Tyr 100, Asp 201, Asn 604, and Trp 568. To obtain
a covalently closed system, the CP of these residues were
converted to methyl groups. The system also included the Phe
601 — Cys 602 peptide, with the Ca of each of these residues
converted to methyl groups. Hydrogen atoms were added to the
structures and their positions were optimized. With the positions
of the remaining atoms fixed, the optimal M" location was then

calculated.
QM-MM models:
QM/MM minimizations were performed on systems derived from

both the Na' (IDP0) and K' (4TTG) replete p-galactosidase
structures. The hydrated systems contained a single protein chain
and consisted of approximately 35 000 atoms in a 90 x 90 x 140
A system. The system was equilibrated for at least 1 ns using
CHARMM?27 force fields as described above. Additionally, the
protein backbone, the M, and the side chains of Tyr 100, Asp
201, Trp 568 and Asn 604 were restrained to the experimental
conformation with a harmonic energy of 10 kcal/mol/A?. For
QM/MM  minimizations, SCCDFTTB methods®> ** were
employed with the recently developed DFTB3 functional for
biological ligands and monovalent cations>* 3. The QM/MM
decomposition was introduced with a link atom approach and
implemented the “Divided Frontier Charge” scheme to minimize
potential artefacts of the decomposition.® The QM sub-system
consisted of the M", the side chains of Tyr 100, Asp 201, Asn
604, and Try 568, the main chain atoms (side chains excluded)
from Gln 600 C to Cys 602 C, and the waters within 4 A of the
M". Molecular mechanics atoms were represented with the
CHARMM-27 force field and the TIP3P water model. Protein
atoms further than 10 A from the QM region were fixed in place
and water molecules further than 10 A from the M" were deleted
from the system. The system was exhaustively minimized with
infinite non-bonded interaction cut-offs and a SCF convergence
criteria set to 107

Reduced Representation of the Metal Binding Site

MD simulations were performed with reduced models of the B-
galactosidase M" binding site in order to dissect the effects of the
protein structure and electrostatic environment on ion selectivity.
Such reduced site representations have a long history in the study
of ion selectivity and can range from utilizing a single minimized
structure®™ to an ensemble of structures encompassing the
conformational space of the binding site” ® °%>. The parametric
variation of different renstraints within the reduced model allows
dissection of structural and energetic factors on the emergent
selectivity of the site. The former is almost impossible to
investigate with MD simulations of complete protein systems.

We followed the protocol of Yu, Noskov and Roux,*® ¢ one
of several like-spirited approaches developed over the last 30
years.®" This protocol has been validated for several systems
and displays formidable predictive power.”'  This protocol
models the protein structure of the M" binding site with two
forces. The first force (AW,i®) represents the general
architectural confinement provided by the protein. Specifically, it
represents the smallest spherical volume encompassing the
dynamic fluctuations of each atom as measured from all atom
MD simulations of the protein. When only this restraint is
imposed the ligands in the M" binding site act like a confined
microdroplet and are able to move sufficiently to accommodate
different size ions. Within this regime, it is the local interactions
that provides selectivity. The second force (AWgSite) represents
the case where the protein imposes a precise geometry on the
coordinating ligands. In the limiting case, this force reduces the
binding site to a rigid pocket and site volume dominates
selectivity. This force is imposed by means of the Lagrange
multiplier A,. Numerous simulations exhaustively sampled both
the confining forces,

The reduced system was based on Tyr 100, Asp 201, Trp 568,
Phe 601, Cys 602, and Asn 604. Ala was substituted for Phe 601

This J. is © The Royal Society of Chemistry 2014
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and Cys 602, as the backbone peptide between these residues, not
the side chains, interacts with the M*. Tyr 100 and Trp 568 do not
directly interact with the M", but were included as they formed
hydrogen bonds with Asp 201 and Asn 604, respectively. Nine
water molecules (from the equilibrated complete protein system)
were also included and confined within a 6 A sphere of the M*
site using a harmonic energy of 20 kcal/mol/A2. The size of the
hydration sphere was selected to encompass two solvation shells
of K ** 72 the larger of the two ions being studied. The M" was
maintained at the centre of the system with a harmonic energy of
5 kcal/mol/A?. Coordinates were derived from the Na® replete
crystal structure 1DP0%. Architectural confinement restraints
(AWSi¢) were calculated from the last 1 ns of the complete
protein MD simulation described above. Before this calculation,
each frame of the equilibration simulation was aligned using only
the residues selected for the model system. This alignment step
insured that the restraints represented only local fluctuations in
the binding site and not larger scale movements, such as that
between entire domains, which also occurred. Reduced system
simulations were performed with the CHARMM-27 force field
(TIP3P water) and with the polarizable Drude force field
(SWM4-NDP water). In the latter case, the polarizable force field
model was used for all atoms except those of Trp 568.

Free Energy Perturbation

Free Energy Perturbation (FEP) simulations for ion selectivity
were performed using the CHARMM PERTurb*® module to
evaluate the relative free energy of selectivity between pairs of
ions.
AAGNa,K - [Glf]i;e _ G]\c]/gter] _ [Glséite _ G]\gyater]
= AG}LS — AGYST

AGygfg describes the free energy difference between two ions
in bulk water and AG;%;’K corresponds to the free energy
difference between two ions in the protein binding site. AAGy, k
is the free energy difference between the two ions in the binding
site and the two ions in the bulk water. Thus, AAGyg is
calculated from two independent FEP simulations, a protein
system and a bulk water system. Each of the FEPs simulations in
one direction consisted of 11 A-windows. The sampling time for
each A-window was set to 1 ns. The integration time step was set
to 1 fs. The WHAM (weighted histogram analysis method) was
used to compute the free energy differences, and the WHAM
tolerance was set to 0.00001.

The bulk water system consisted of a solvent box containing
512 water molecules (either TIP3P or SWM4) and, fixed at the
centre, a single ion atom. Simulation parameters were unchanged
from the protein systems. The AG,‘(,"g/t,irwas 18.12 kcal/mol for the
CHARMM-27 force-field and 17.39 kcal/mol for the polarizable
Drude force field. The computed free energy difference between
Na" and K' in water corresponds closely to the previously
published data for CHARMM-27 and Drude force-fields.>*" *

Results and Discussion

B-Galactosidase has a dissociation constant (K,;) for Na* of 0.36 +
0.09 mM while the K, for K™ is 10.8 times higher, 3.9 + 0.6
mM.* The selectivity between Na" and K in B-galalactosidase
is at the lower end of the typical range (10 to 100 fold) of other
enzymes and is much less than the 1000 fold selectivity

Table 1 Statistics for crystallographic data collection and refinement of
the K" structure. Data in parentheses refer to the highest resolution shell.

Data Collection Statistics

Space Group P212124

Unit Cell
a b, c(d) 149.3,168.1, 200.3
o B,y (%) 90, 90, 90

Resolution Range (A)
Unique Reflections

56.453-1.60 (1.64-1.60)
604,015 (39,123)

Completeness (%) 92.9 (81.6)
Redundancy 2.9 (2.5)
Rmeas (%) 8.9 (30.5)
Average(1/o(D)) 9.5 (3.3)

Refinement Statistics
Resolution Range (A)
Number of reflections

55.81-1.60 (1.64-1.60)
595,237 (37,696)

Rfree St SiZE 10,033
Number of atoms
Total 37,642
Protein 32,632
Solvent (HOH/ions) 4482
Heterogen (DMSO) 528
R (%) 0.1598
Riree (%) 0.1880
Average B-factor (A?) 16.1
RMS bond (A) 0.020
RMS angles (°) 1.96
PDBID 4TTG

“ Rineas Was calculated by SCALA.*

commonly reported for Na'/K™ membrane channels. The
selection of Na“ or K" by proteins is ultimately due to the
difference in free energies of the cations in a totally solvated
system versus a protein bound system. The free energies of each
are large numbers and selection is due to a relatively small
difference between these large numbers. Experimental and
theoretical investigations with ion channels have found the
factors that govern Na™ or K' selectivity can be dissected into
three, albeit at times interrelated, categories: the site coordination
number, the site volume, and the local electrostatic
environment.*

X-Ray Structure

To investigate how these factors apply to the Na selectivity of B-
galactosidase, the structure of the enzyme complexed with K*
was solved. Statistics for data collection and refinement are
presented in Table 1. This structure was compared (Fig. 2) with
the structure of the enzyme complexed with Na* (1DP0).** Both
structures were of high quality (Na" resolution 1.7 A, R=15.7; K*
resolution 1.6 A, R=16.0) allowing detailed analysis. The two M"*
ions bind in essentially the same location. Both ions are
coordinated by 3 protein ligands—the side chain oxygens of Asp
201 and Asn 604, and the main chain carbonyl of Phe 601.
Overall, there are no major conformational differences between
the two structures and the RMSD between the structures is only
0.12 A. However, structural differences are observed at the M"
binding site. Compared to Na', the larger K" causes an increase
of 0.19 A in the average coordination distance to the three protein

4 Phys. Chem. Chem. Phys., 2014, o, co—00
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Fig. 2 Comparison of sodium and potassium complexed f-
galactosidase. Metal coordination interactions are shown in yellow.
Hydrogen bonds involved in metal binding site stabilization are
shown in orange. The 2Fo-Fc electron density maps are contoured at
1 standard deviation. (Fo=Observed amplitudes, Fc=Calculated
amplitudes.)

ligands—from 2.38 A to 2.57 A (Table 2). Specifically, in the
K'structure the side chains of Asp 201 and Asn 604 move a small
amount but the position of the main chain atoms in these residues
is largely unchanged. The Phe 601 main chain carbonyl is slightly
displaced, requiring a slight movement of the protein backbone
but this change does not propagate to neighbouring amino acids.
The first shell of waters coordinated by the M" is different
between the Na" and K replete enzymes. The Na' enzyme has 2
water ligands (5 ligands total) forming a square pyramidal
coordination structure while K" has 3 water ligands (6 ligands
total) forming a trigonal biprismatic structure. In both structures,
a water molecule is coordinated to the face of the metal opposite
the active site (below Asp 201 in Fig. 2). However, on the
opposite side of the metal, facing towards the substrate-binding
site, there is one water in the Na' structure compared to two in K
structure. The location of each of these two waters in the K
structure is different from that of the one water in the Na
structure. The average water to M distance increases by 0.51 A
in the K* compared to the Na* structure, from 2.26 A to 2.77 A.
With both Na" and K, the amino acids coordinating the metals
have temperature factors less than the average of the entire
protein.

Selectivity and Coordination Number

The crystal structures showed that the Na" and K" bound at the
active site have different coordination numbers. When bound to
proteins, the general trend is that a higher coordination number is

found with the larger K* ion. In a survey of protein structures,
Na' was found to have from 3 to 7 ligands with an average of 5,
while K" had 4 to 9 ligands, with an average of 6. This
difference is due to reduced steric repulsion allowing a larger
number of ligands to more easily pack around the larger ion. In
simulations of the K" selective pore in the KcsA channel, the
observed selectivity for K' was attributed to the eight
coordinating oxygen atoms. Decreasing the number of ligands in
the binding site corresponded with increasing selectivity for
Na*,®* showing the coordination environment can influence
selectivity. However, the B-galactosidase M* site has only 3
protein ligands, leaving a large part of the coordination sphere
filled by mobile water. This design appears incompatible with a
single defined coordination environment and, indeed, the crystal
structures show that the coordination number can change between
5 and 6 ligands. Additionally, this site composition allows both
Na' and K" ions to achieve their average coordination number for
a protein environment. Overall, the above observations make it
unlikely that the coordination environment is important for M*
selectivity.

Selectivity and M* Site Volume

Based on small molecule crystal structures and high-resolution
protein structures, Na' to ligand distances normally have a range
of approximately 2.2 to 2.6 A, with an average of around 2.4 A.
K" to ligand distances are larger, with a range of approximately
2.6 t0 3.0 A and an average of 2.8 A.”* " In B-galactosidase the
Na' to protein distances are around 2.4 A, or close to the average
(Table 2). However, the distance from K" to the three protein
ligands averages around 2.6 A, less than the average and close to
the minimum normally observed. When we deliberately increased
the coordination distance by increasing constraints during
refinement, signals in the resulting F,-F. electron density map
(which represents differences between the model and the data)
indicated the new model was inconsistent with the
crystallographic data. These observations suggest that constraints
on the volume of the binding site by the three protein ligands may
be important for selecting the smaller Na* over the larger K'. A
snug fit model has been used to explain selectivity in small
molecules such as the cyclic membrane carrier valinomycin.”” In
addition, simulations of some protein Na" binding sites, such as
the NA2 Na' site of the membrane transporter LeuT, show that
structural constraints are necessary to account for the observed
Na' selectivity.’

In this case, however, the M" binding site of B-galactosidase
has only three protein ligands, arranged in a ring surrounding the
metal (Fig. 2). The remaining ligands are water molecules, which
are relatively mobile compared to the covalently linked protein
ligands. In the crystal structures the M" is found in the plane
defined by the three protein ligands, however, there appears to be
little to constrain the M" to this plane. Thus K" should be able to
move out of this plane and to more optimal coordination
distances if being in the plane was energetically unfavourable.
Both experimental and computational evidence supports this
reasoning. First, [B-galactosidase has been crystallized with
numerous compounds representing various stages along the
reaction pathway. Alignments of these structures, an example of
which is shown in Fig. 3, indicate that the Na" can move relative

This J. is © The Royal Society of Chemistry 2014
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Table 2 Monovalent Cation Coordination Distances. Distances (A) for each of the four subunits of the tetramer are reported. Database (DB) numbers are
from,74 except for the K to Asn distance, which is not reported in this reference. In this case the K to carbonyl distance was used. Distances in boldface
deviate from the database value by more than one o. Ch A refers to chain A of the tetramer, etc.

ChA ChB ChC ChD Average DB Deviation
Sodium structure
Asp2010D2 239 233 236 231 2.35 241 -0.06
Phe 601 0 237 239 240 236 2.38 2.38 0.00
Asn 6040D1 242 224 231 243 2.40 2.38 0.02
Avg 2.38 2.39 -0.01
Water 1 226 2.28 229 214 2.24 241 -0.17
Water 2 2.28 2.25 220 237 2.27 241 -0.14
Potassium Structure
Asp2010D2 2.60 2.59 2.62 2.53 2.59 281 -0.24
Phe 601 0 2,55 2,51 254 248 2.52 2.74 -0.19
Asn 6040D1 2.60 2.62 2.61 2.57 2.60 2.74 -0.15
Avg 2.57 2.76  -0.19
Water 1 245 2.53 259 236 2.48 281 -0.40
Water 2 282 275 2.70 294 2.80 2.81 -0.04
Water 3 3.05 3.03 293 3.07 3.02 2.81 0.21

to the ligand ring. Note that the Na" moves twice as far (0.8 A) as
the protein ligands (0.4 A). Similar ranges of positions are found
with K* bound structures (D. H. Juers, unpublished observations).
Second, QM/MM systems that modelled the M" binding site and
surrounding water show that, after minimization, the optimal K"
position is again in the plane of the ligand ring. The coordination
distances were also less than optimal, averaging 2.67 A. A Na®
replete system was found to be similar to the crystal structure,
with a 2.37 A average coordination distance. As it was possible
the hydrogen bond network from the solvent in the QM/MM
system was forcing the K into a strained coordination site, full
QM models of an unhydrated binding site were also analysed.
These models retained the binding site geometry from the crystal
structures but allowed the M" to move. Again, the M" was found
to stay essentially in the plane of the ring. The optimal Na*
coordination distance was calculated as 2.43 A, and the optimal
K" distance was 2.63 A. When a model was constructed with K
substituted into the Na“ binding site (starting coordination
distances 2.40 A), the metal was indeed found to move away
from the plane of the ring. In this case, an average coordination
distance of 2.56 A was obtained. All together, this analysis
suggests the K' coordination distances, while less than average,
reflect the chemical environment of the B-galactosidase binding
sitt and do not impose a significant energy penalty for K*
binding. The smaller than average coordination distances
observed in the K" crystal structure only correlated with, and did
not cause, the Na" selectivity.

Selectivity and the Local Electrostatic Environment

The electrostatic environment is the final factor identified as
being important for Na'/K' selectivity. The presence of a
negative charge has been shown to favour selection of the smaller
of two cations,’® as this produces a shorter, and hence stronger,
electrostatic bond.  Simulations with simple models have
suggested that the replacement of ester groups with carboxyl

groups changes the selectivity from K to Na’ in membrane
channels.* The presence of a carboxylate group in the LeuT NA1
Na' binding site accounts for this site’s selectivity.” In pB-
galactosidase, the carboxylate side chain of Asp 201 places a
formal negative charge in the binding site. The data from the
crystal structures, which eliminated coordination number and site
volume as selectivity factors, indicates, albeit in a negative
manner, that the electrostatic environment is key to Na'
selectivity in B-galactosidase.

To provide further evidence that the electrostatic environment
accounts for the M' selectivity, computational studies were
employed. As discussed in the Methods section, such a goal was
most readily achieved with a molecular dynamics protocol that
employs a reduced model of the ion binding site (Fig. 4) to isolate
electrostatic and structural factors involved in selectivity.®® This

PHE 601

ASN 604

Fig. 3 The dynamic nature of the M* binding site. A comparison of the
Na* position in three structures representing various phases of the 3-
galactosidase reaction. Orange: unligated with substrate site water as
red sphere (1DPO0). Blue: IPTG inhibitor representing substrate in a
precatalytic complex (1JYX). Green: galactosylated enzyme
representing the covalent intermediate (1]JZ4).
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Phe 601 (Ala) Asn 604
Cys 602 (Ala)
(>
Tyr 100
< Trp 568
q p
(o
Asp 201

Fig. 4 Reduced system used for molecular dynamic modeling. Metal
coordination interactions are shown in yellow. Hydrogen bonds
involved in metal binding site stabilization are shown in orange. For
clarity, the 9 water molecules included in the system have been
omitted from this diagram. Note the side chains of Phe 601 and Cys
602 were modeled as alanine residues.

protocol investigates the relationship between two extremes. The
first is a confined microdroplet model in which the atoms are
relatively free to move and the general charge environment
provides selectivity. The second is a rigid pocket model
(imposed by means of the Lagrange multiplier A,) where site
volume dominates selectivity. By performing simulations which
exhaustively sample the two confining forces, all feasible effects
of the protein structure on the binding site are calculated. The
results from FEP simulations utilizing the Drude polarizable
force-field are shown in Fig. 5a. AAGyg values greater than 0
indicate the system is selective for Na". The 10.8 fold selectivity
of B-galactosidase corresponds to a AAGyg of +1.4 kcal/mol.
Significantly, the system was selective for Na', even at high
RMSD values. The high RMSD regime represents the confined
microdroplet extreme and shows that, for this binding site, the
electrostatic environment alone is sufficient to result in Na
selectivity. As expected, when additional structural forces were
applied (A, force was very strong), the selectivity for Na’
increased further. However, this structural effect was only
observed when the ), force held the model atoms in position with
sub-angstrom precision and the atomic motion (RMSD) was
much less than a biologically relevant ~0.5 A (positional
fluctuations calculated from all atom simulations). Thus, the
rigid pocket regime did not appear to be biologically significant,
a finding consistent with the analysis of the crystal structure.
Also importantly, when the RMSD was damped to the
biologically realistic ~0.5 A, the system quite closely replicated
(within 0.7 kcal/mol) experimental Na' selectivity, indicating the
system was a valid model of the binding site. Boot-strapping and
block-averaging analysis for WHAM estimates of free energies
differences between two monovalent cations (AAGyyx:) have
generally found uncertainties to be within 0.5 to 0.75 kcal/mol.
In summary, these calculations indicate that for the
B-galactosidase M" binding site, selectivity is primarily governed
by the electrostatic environment.

The Drude polarizable force fields explicitly account for
electronic polarizability of the binding pocket. Results, however,
are drastically different for FEP computations performed with
less sophisticated classical force fields, in which the electric field

Q)
=
N

=
o

AAGp;, k (kcal/mol)

o N b~ O @

12

(o)

10

AAGp; k (kcal/mol)

oV © N A O ®

0.4 0.6
RMSD (&)

0.8 1.0

Fig. 5 Free energy perturbations with the model system. (a)
Polarizable Drude force field. (b) Classical CHARMM-27 force field.
For each data series, AW,***¢ was held to a constant value (green 0.01,
cyan 0.1, magenta 1, blue 10 kcal) while AW/%¢ was varied from
0.005 to 500 kcal. The dotted line indicates the experimental Na*
selectivity.

distribution on the protein atoms remain constant regardless of
the environment. Specifically, FEP simulations performed with
the CHARMM-27 force field were under most conditions
selective for K', and underestimate the free energy difference by
approximately 2.5 kcal/mol at the biologically relevant ~0.5 A
RMSD (Fig. Sb). This difference significantly exceeds the
expected 0.5 to 0.75 kcal/mol resolution of FEP simulations. The
finding that the CHARMM-27 force-field does not represent this
binding site showed that even though the binding site contained a
carboxylate group (Asp 201), the presence of this charge alone
was not sufficient to produce a Na' selective system. The
positive charge on the M" would also be expected to induce an
increased negative charge on the binding site ligands. It was only
by including this effect in the computational system, using the
polarizable force field, that the experimentally observed
preference for Na* was reproduced. Related QM calculations also
found that M" binding has a significant effect on the partial
atomic charges of the M" ligands (Supplementary Table 1). In
summary, local polarization effects are critically important in the
B-galactosidase binding site and this work shows that in
moderately selective systems these effects can become
significant.

This J. is © The Royal Society of Chemistry 2014
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AAGn;, k (kcal/mol)

(o)

AAGy, k (kcal/mol)

0.0 0.2 0.4 0.6 0.8 1.0
RMSD (A)

Fig. 6 Free energy perturbations with modified systems (polarizable
Drude force field). (a) Tyr 100 deleted. (b) Trp568 deleted. For each
data series, AW,**¢ was held to a constant value (green 0.01, cyan 0.1,
magenta 1, blue 10 kcal) while AW,5*¢ was varied from 0.005 to 500
kcal. The dotted line indicates the experimental Na* selectivity.

Secondary Coordination Shell Interactions

An interesting aspect of Asp 201 is that while one carboxyl
oxygen interacts with the M", the second carboxyl oxygen forms
a hydrogen bond with Tyr 100. When Tyr 100 was deleted from
the model system (Fig. 6a) the system actually became more
selective for Na', with an AAGy, x increase of approximately 1.1
kcal/mol around biologically relevant conditions. Significantly,
the crystal structures show the hydrogen bond between Tyr 100
and Asp 201 averages 2.47 A in the four units of the Na" tetramer
and 2.53 A over the subunits of the K" tetramer. This bond is
quite short, consistent with the presence of a shared proton.
Hence this interaction would reduce the negative charge on the
Asp 201 carboxylate group and in turn reduce the selectivity for
Na'. QM calculations (data not shown) using the model system
described above but with Tyr 100 deleted also found such an
electrostatic effect occurs. This data shows that residues outside
the first coordination shell can be important for selectivity.

In addition to its effect on selectivity, the Tyr—Asp hydrogen
bond is important for maintaining the geometry of the binding
site. Specifically, the bond orients Asp 201 so that only one
carboxyl oxygen interacts with the M’. Using a whole protein
model, both molecular dynamic and QM/MM simulations show
that when Ala is substituted for Tyr 100, the Asp 201 side chain
will move so both carboxyl oxygens are approximately

equidistant from the M" (see Supplementary Fig. 1). It also
should be noted that the geometric restraints of the model system
were necessary for maintaining the correct geometry of the Tyr
100 — Asp 201 interaction. When the restraints were relaxed
(RMSD of the system much greater than biological), the Asp
carboxyl group would move away from Tyr 100 and towards the
M". This problem was found with both the classical and the
Drude polarizable force fields and shows the complexity of
modelling even simple interactions between amino acids with
current force fields.

The role of Asp 201 in M" binding has been previously
investigated experimentally by substitution with Asn.>* It was
expected that this substitution would increase the selectively for
K" by eliminating the negative charge in the binding site.
However, it was found that the substituted enzyme bound both
Na' and K* poorly. With the Asn substituted enzyme, preserving
the polarity of the hydrogen bond with Tyr 100 would require the
Asn side chain carboxamide to be oriented with the oxygen
towards Tyr 100. In turn the carboxamide nitrogen would be
oriented towards the ion-binding site, an orientation detrimental
for ion binding.

Trp 568 is the other second shell residue that interacts with a
M" coordinating ligand, forming a hydrogen bond with the side
chain oxygen of Asn 604. In this case, the hydrogen bond is close
to typical distances (average of 2.89 A in the Na' crystal and
2.87 A in the K" crystal) and would be expected to have only
minor effects on the binding site charge. When Trp 568 was
deleted from the model system (Fig. 6b) selectivity remained
within the computational precision of the experimental value.
However, it was found that, as restraints were relaxed, the RMSD
of the M" ligating Asn OD1 atom increased rapidly compared to
the initial system with Trp 568 included (data not shown). Thus
Trp 568 functions in stabilizing the position ofAsn 604 within the
binding site.

Conclusion

The fact the P-galactosidase selectivity mechanism is based on
the electrostatic environment has consequences for enzyme
function. In B-galactosidase the M' binding site has a small
number—only three—of protein ligands. Such an arrangement
keeps a large face of the M" exposed for substrate binding (Fig.
1). Additionally, the design of the binding site allows the M" to
move during the reaction (Fig. 3). Thus, a selectivity mechanism
based on the electrostatic environment allows for a highly
dynamic metal binding site. Mechanisms based on coordination
number or site volume require more ligands around the metal and
would not be as compatible with such requirements. As enzyme
sites where the M™ interacts with the substrate would have, to
some extent, a dynamic nature, M" sites with selectivity based on
the electrostatic environment would have a broad biological
utility.

The relativity low selectivity between K" and Na' in E. coli B-
galactosidase may also be important, providing a novel
mechanism for optimizing enzyme activity. In the energized
(actively metabolizing) E. coli cytoplasm there is generally a
tenfold lower concentration of Na* than K. Since B-galactosidase
binds Na* about 10 fold better than K*, under conditions in the
actively metabolizing cell cytoplasm, the ratio of Na":K* bound
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Fig. 7 Effect of the ratio of Na*K* in the medium on the B-
galactosidase reaction rate at various concentrations of substrate.
From the ratio of cations in the medium, the ratio of Na*:K* bound to
the enzyme was calculated using the Kd values for each cation.
Activity is calculated from the kinetic data for the standard model
substrate pNPG?* and is relative to the rate calculated for a medium
containing only K*.

to B-galactosidase would be close to 1:1. Under these conditions
(medium Na":K" ratio of 1:10) and high substrate concentrations,
Fig. 7 shows the mixed enzyme population is about 70% more
active than the enzyme with Na® alone. However, the low
intracellular Na" concentration is maintained by active transport,
since compared to the cytoplasm most environments contain
much more Na' than K". Sea water contains 480 mM Na' and
only 10 mM K. In de-energized (non-metabolizing) E. coli, the
Na' gradient gradually collapses’’ and the result is that non-
metabolizing cells have a higher intracellular Na" concentration
than metabolizing cells. Fig. 7 shows that, under conditions of
low substrate concentrations and a 10:1 Na":K" medium ratio, -
galactosidase activity is close to twice that which would be found
with the Na":K" ratio of energized cells. This calculation suggests
that under starvation conditions, the M" selectivity could provide
a mechanism which optimizes f-galactosidase for low nutrient
concentrations.

In conclusion, Na* selectivity in the E. coli B-galactosidase M
binding site was not due to the coordination environment or
geometric constraints. Instead, the electrostatic environment was
found to determine the preference for Na“ over K'. Factors
affecting the electrostatic environment included the induced
polarization effects of the M" and the interaction of second shell
residues (Tyr 100). Finally, this work suggests how selectivity
mechanisms can be important for enzymes function.
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