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ABSTRACT: Although it is well-known that limited local mutations
of enzymes, such as matrix metalloproteinases (MMPs), may change
enzyme activity by orders of magnitude as well as its stability, the
completely rational design of proteins is still challenging. These local
changes alter the electrostatic potential and thus local electrostatic
fields, which impacts the dynamics of water molecules close the
protein surface. Here we show by a combined computational design,
experimental, and molecular dynamics (MD) study that local
mutations have not only a local but also a global effect on the
solvent: In the specific case of the matrix metalloprotease MMP14,
we found that the nature of local mutations, coupled with surface
morphology, have the ability to influence large patches of the water
hydrogen-bonding network at the protein surface, which is
correlated with stability. The solvent contribution can be experimentally probed via terahertz (THz) spectroscopy, thus opening
the door to the exciting perspective of rational protein design in which a systematic tuning of hydration water properties allows
manipulation of protein stability and enzymatic activity.
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■ INTRODUCTION

MMPs (matrix metalloproteinases) and ADAMs (a disintegrin
and metalloproteinases) are a group of tightly regulated
proteases which are of biological significance in the
extracellular matrix (ECM) and consist of as many as 37
catalytically active proteins.1 They are multidomain Zn2+-
dependent endopeptidases with an N-terminal prodomain
(engaged in latency maintenance), a ∼130−260 residue
globular catalytic domain, and additional functional and/or
regulatory C-terminal domains. All proteolytically active
MMPs/ADAMs share a HExxHxxGxxH/D + Zn2+ binding
motif in their catalytic domain, in which the histidine residues
coordinate the catalytic Zn2+,2,3 as well as a “Met turn” motif
that forms a loop and is crucial for the structure of the catalytic
cleft.4,5 Binding of a substrate to the catalytic site is
coordinated by the structure of the catalytic cleft and by the
so-called “S1’ pocket”. This pocket is hydrophobic in nature,
variable in depth, and therefore one of the specificity
determining factors among various family members.6

Each protease uniquely influences the properties of its
substrate within the ECM and is associated with tissue-specific
processes.3,7 MMP upregulation has been connected to several
types of cancers as well as inflammatory diseases.8−10 As
MMPs have a conserved catalytic site, the development of
MMP inhibitors (MMPIs) that exhibit sufficient specificity and

selectivity to target one member of the family is of fundamental
interest.11 One solution is the development of protein
engineered (PE) inhibitors, such as antibodies or TIMPs
(tissue inhibitors of MMPs), that are based on MMP protein
structures and target not only the catalytic site but nearby
surface exposed residues which vary among family members.12

To date, some PE MMPIs have been successful in vitro or in
vivo,13,14 indicating that there is potential to use such
inhibitors as drugs. However, there remains much to be
understood about the complex biochemical mechanism of their
catalytic protein scaffolds. For instance, we still lack a clear
understanding of the role of the solvent in determining their
stability and selectivity toward their rich substrate portfolios.
In recent years, it has become more apparent that dynamical

properties of proteins such as folding and substrate binding are
influenced by their interaction with the solvent.15−19

Considering local thermodynamics (ΔG = ΔH − TΔS),
some of the entropic contributions are governed by the
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solvent; for instance, the release of water from the protein
surface into the bulk is entropically favorable.20,21 While the
solvent contribution to ΔS is significant, predicting the local
impact of solvent energy changes on the global thermody-
namics remains a challenge, since protein surfaces are
nonplanar and have a nonuniform distribution of polar and/
or charged groups. Estimation of solvent free energy changes
has been accomplished with the transfer model, where free
energy changes in the peptide backbone and residue side
chains have been used to predict the contribution of the
solvent to folding/unfolding processes. Whereas the model is
in general successful, a limitation of this model stems from the
assumption of group additivity, which may not be relevant in
instances in which electrostatics have an important effect, such
as in the case of charge screening from salt solutes or clustering
of charged groups on the protein surface.22,23 Recent
theoretical investigations have concluded that the spatial
arrangement of surface chemical and geometric features can
tune local water properties in a surprisingly complex way.24−29

Here, we aim to explore “solvent tuning” and demonstrate that
THz spectroscopy allows one to probe these subtle changes.
Exchanging a hydrophobic group with a hydrophilic one in the
middle of a hydrophobic patch has been shown to reduce the
water density fluctuations, and hence local hydrophobicity in a
very extended portion of the patch.30,31 Underlying this

complexity is the competition in directional interactions (i.e.,
hydrogen bonds) with neighboring surface groups as well as
with other water molecules.26 The subtle balance between
water−surface interactions and water−water correlations can
be tuned by varying specific parameters, such as the dimension
of hydrophobic/hydrophilic patches and their spatial distribu-
tion,24,26,32 surface polarity and surface charge,33,34 surface
morphology,32 and by adsorbed ions.28 Along with a suitable
experimental probe, this is proposed to open the way for the
design of enzymes with optimized dynamical and thermody-
namical properties.25−28,32−34

Here we present the results of a combined study using
terahertz (THz) spectroscopy, computational design, and
classical molecular dynamics (MD) simulations to probe the
change in hydration properties of the catalytic domains of
human wild type MMP14 (MMP14-WT) and MMP9
(MMP9-WT) as well as the catalytic domain of the MMP14
protein which was computationally designed using the PROSS
stability-design method (stabilized inactive mutant MMP14-
SIA, see the Supporting Information (SI) for rational design
details).35 These three MMP variants are structurally
homologous but have different relative surface electrostatic
potentials. Comparison of these three MMPs gives insight into
the relationship of the surface properties to the THz response
of the solvent, and in the specific case of MMP14 and its

Figure 1. Average number of HBs/molecule formed by bound and unbound water populations in the inner hydration layer dissected in terms of
water-driven (red) and MMP-driven (blue) HB network components for MMP14-WT (A), MMP14-SIA (B), and MMP9-WT (C). The water-
driven HBs account for HBs formed between water molecules within the inner hydration layer. The MMP-driven HBs are given by the sum of the
water−MMP HBs and water−water HBs between water molecules of the inner and outer hydration layers. (D) Comparison between the average
number of bound water molecules in the inner hydration layer of the two MMP14 mutants.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.1c00155
JACS Au 2021, 1, 1076−1085

1077

https://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00155/suppl_file/au1c00155_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00155?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00155?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00155?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00155?fig=fig1&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.1c00155?rel=cite-as&ref=PDF&jav=VoR


stabilized inactive mutant provides direct correlation of the
THz response to the stability. Our results reveal significant
differences in the THz response of MMP9, MMP14, and the
MMP14 mutant, indicative of pronounced changes in the
solvation shell. Notably, the changes in THz absorption
increases with an increasingly positive surface electrostatic
potential. These changes can be correlated to an increase in the
hydrophilic nature of the protein surface, and in the specific
case of MMP14-WT and MMP14-SIA the distribution of these
hydrophilic groups in conjunction with the protein surface
morphology act cooperatively to impact large patches of
hydration water, revealing that surface mutations significantly
impact the extended global, rather than local, solvation
network. Taken together, these results demonstrate the
possibility for a controlled solvent “tuning” for the stabilization
of proteins. As part of a rational design of engineered enzymes
and inhibitors, in future studies these protein hydration
properties can be manipulated with a few ad hoc chosen
mutations, thereby changing the stabilization and/or activity of
proteins in a controlled way.

■ RESULTS AND DISCUSSION

Water Mapping of Wild Type and Mutant MMPs via MD
Simulations

In order to gain insight into the structure and dynamics of
hydration water around MMPs, classical MD simulations were
performed, where MMP14-WT, MMP9-WT, and MMP14-SIA
were solvated in liquid water at room temperature (see the SI
for simulation details). Briefly, MMP14-SIA comprises 17
mutations relative to the human wild type enzyme (Table S1)
and exhibits an apparent melting temperature 16 °C greater
than that of the wild type as well as a significantly greater
heterologous expression levels in E. coli (see Figures S1 and S2

for characterization of the stabilized inactive mutant MMP14-
SIA and the stabilized active mutant MMP14-SA). This
stabilized design provided us with a unique opportunity to test
the impact of polar surface mutations on a protein’s interaction
with its hydration shell, since many stabilizing mutations
increase surface polarity and charge.36 In the case of MMP14-
SIA, 15 of the 17 mutations (all but A258Y and Y141F) are
surface exposed, and of these five introduce new charges and
one eliminates a charge (E248G). Thus, these designed
mutations are likely to significantly alter the solvation
properties of the enzyme.
There are pronounced structural differences in the inner part

of the MMPs hydration layer (within 4.1 Å from the protein
surface) with respect to bulk water, while in the outer
hydration layer (up to 5.9 Å from MMP) an almost bulk-like
environment is recovered (see Figure S3 and Table S2 in the
SI). Water molecules within the inner hydration layer of all
MMPs form less water−water hydrogen bonds (3.0 HBs/
molecule) than in the bulk (3.3 HBs/molecule). For water
molecules hydrating polar/hydrophilic MMP domains (bound
water), this arises from the competition of water−water
interactions and favorable H-bonding to the protein surface.
The rest of hydration water molecules (unbound water, also
referred to as wrap water) minimize the number of broken
HBs by forming extended water−water HB structures parallel
to the MMP surface (denoted as water-driven ordering).37

Similar extended two-dimensional water HB networks were
observed before at planar hydrophobic interfaces and near
model protein surfaces exposing both hydrophilic and
hydrophobic patches.32−34,38 The degree of water-driven
ordering is reduced in the proximity of polar surface regions
due to preferential interactions with the MMP surface
(denoted as MMP-driven ordering).34

Figure 2. (A) Probability distribution of the group specific water density fluctuations ([⟨N2⟩ − ⟨N⟩2]/⟨N⟩), calculated within spherical observation
volumes around each surface group of the three MMP surfaces. The corresponding 3D spatially resolved maps are also shown for MMP14-WT (B),
MMP9-WT (C), and MMP14-SIA (D). In the maps, each sphere identifies one hydrophilic/-phobic group at the MMP surface, while the color
coding provides the magnitude of local water density fluctuations within a 3.5 Å radius from the group. The second color scale reports the
associated free energy of wetting for the surface groups, ΔGwetting in kBT units (as deduced from eq 1). The green and gray arrows in panels (B) and
(D) highlight two examples of surface patches containing mutated residues, L117K and G285S, respectively, which have been mutated from
hydrophobic in MMP14-WT to hydrophilic in MMP-SIA.
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In the following, “water-driven” is defined as water
molecules that HB with other waters within the inner hydration
layer, while “MMP-driven” refers to waters that form HBs with
either the protein surface or waters in the outer hydration layer.
To illustrate the balance between water-driven and MMP-
driven orderings around hydrated MMPs, we quantify in
Figure 1A−C both components in the inner hydration layer for
bound and unbound water populations. We find that unbound
water molecules (i.e., located above hydrophobic patches) are
largely water-driven and on average form 2.0 HBs with other
hydration water molecules (red in Figure 1A−C). In contrast,
bound water (i.e., near hydrophilic patches) on average forms
an almost equal water-driven and MMP-driven HBs. While the
average properties of the bound/unbound hydration water
populations are maintained between the MMP variants, their
relative abundance is significantly modulated by the mutations.
Figure 1D shows that the number of bound waters increases
for MMP14-SIA with respect to the WT. This is almost
exclusively due to water molecules interacting with amine,
amide, and arginine groups, which are more abundant on the
MMP14-SIA surface (for which 15 surface residues have been
mutated relative to MMP14-WT; see the SI for exact
mutations).
Evaluation of the fluctuations of interfacial water density can

be used to map the local hydrophobicity/hydrophilicity, taking
into account the environmental and topological con-
text.24,30,31,39 Interfacial displacements and thus density
fluctuations are typical for water in contact with hydrophobic
surfaces but are largely suppressed for water at a hydrophilic
surface.30,31,39 Density fluctuations can be quantified by
computing the probability, P(N), to find N water molecules
in a defined probing volume.30 We performed a group-specific,
spatially resolved analysis of water density fluctuations around
the MMP variants and introduce [⟨N2⟩ − ⟨N⟩2]/⟨N⟩ as the
normalized average water number fluctuations in a spherical
volume of 3.5 Å radius around each hydrophilic/-phobic group
(e.g., −CH3, −CH2−, −OH, −NH2, etc.).

31 Large/small water
density fluctuations correspond to large/small average [⟨N2⟩ −
⟨N⟩2]/⟨N⟩ values.
The probability distribution, P (%), of the group specific

[⟨N2⟩ − ⟨N⟩2]/⟨N⟩ values for MMP14-WT (red), -SIA (blue),
and MMP9-WT (black) is illustrated in Figure 2A. All MMPs
exhibit a bimodal distribution, with one maximum at low [⟨N2⟩
− ⟨N⟩2]/⟨N⟩ values (<0.4) and one maximum at high values
(>0.7). We find that the probability of large water density
fluctuations (>0.7) is increased for MMP14-WT, indicative of
large hydrophobic patches, while hydrophilic surface patches
with small fluctuations (<0.4) are more abundant at the
MMP14-SIA surface. MMP9-WT shows an intermediate
behavior, with values systematically in between the two
MMP14s.
To better visualize the hydrophilic/hydrophobic patches on

MMPs surfaces, 3D spatially resolved maps of the group-
specific water density fluctuations are reported in panels B−D
of Figure 2. As can be seen, large hydrophobic patches (red
areas) are formed on the MMP14-WT surface. The number of
hydrophobic patches on the surface decreases in the order
MMP14-WT > MMP9-WT > MMP14-SIA, in accordance
with the expectation that the stabilized design would exhibit a
more hydrophilic surface than the others. On the contrary, the
larger number of bound waters interacting with polar groups of
MMP14-SIA causes an increase in the areas occupied by
hydrophilic patches (blue). The surprising result is that the

mutation-induced changes in local hydrophobicity are not
restricted to local spots, but rather extend over the whole
MMP14 surface. Such changes in water density fluctuations
around the various surface patches can be directly connected
to the free energy associated with the hydration of the protein
surface.
In particular, the probability that, due to density fluctuations,

water evacuates the volume around an exposed surface group is
directly related to the associated free energy cost via eq 1:39,40

β
δ

π δΔ =
⟨ ⟩

⟨ ⟩
+ ⟨ ⟩G

N
N

N
2 ( )

1
2

ln(2 ( ) )v

v
vdewetting

2

2
2

(1)

where β = 1/kBT, ⟨N⟩ is the average number of water
molecules in the chosen probe volume and ⟨(δN)2⟩v is the
related mean-square fluctuation. βΔGdewetting can be seen as the
free energy cost (in kBT units) to dewet the surface group
exposed to the probing volume V, so that βΔGwetting =
−βΔGdewetting is a local measure for the free energy of surface
wetting. The group-specific, spatially resolved ΔGwetting values
are reported in the 3D maps of panels B−D of Figure 2, as a
second color-scale, showing how hydrophobic surface patches
with increased density fluctuations (red areas) are less
favorably wetted by water (βΔGwetting > −2.6kBT) than the
hydrophilic ones (blue, for which βΔGwetting < −4.2kBT).
We find that local changes induced by mutations can cause

an extended change from hydrophobic to hydrophilic. Overall,
15 surface residues were mutated (Table S1), but here we will
focus on the specific impact of just two of these mutated
residues, L117K and G285S: The green and gray arrows in
Figure 2B/D indicate the positions of these mutations. In the
case highlighted by the green arrow (L117K), a large
hydrophobic patch (red in Figure 2B, with an area of about
4 nm2) is entirely converted into a hydrophilic one (blue in
Figure 2D). The addition of a hydrophilic “spot” at the center of
a hydrophobic patch is able to quench density fluctuations,30

and βΔGwetting decreases accordingly in the entire patch. This
example shows how the L117K mutation does not contribute
additively to βΔGwetting, but rather induces larger changes in
the free energy that extend to the surrounding surface residues.
On the other hand, the gray arrow (G285S mutation)

illustrates how introducing an isolated hydrophobic spot in the
middle of a hydrophilic background has a negligible impact on
density fluctuations, as illustrated by the predominant blue
color persisting in the area near the gray arrow. In this case, the
contribution of the mutated residue to the free energy is
restricted to its own hydration (βΔGwetting changes color in the
map only for the mutated spot) and is well described by an
additive model where the global change induced in the MMP
hydration free energy is simply the free energy difference to
hydrate the residue before and after the mutation.
Together, the two discussed mutations show how the local

topological context, i.e., the nature and disposition of the
surrounding residues around a single mutation, plays a crucial
role in determining the impact on hydration free energies. The
fact that even a small number of specifically selected mutations,
if strategically placed, can change the local hydrophilicity of a
protein on a scale of several nanometers provides novel
opportunities for protein engineering.
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THz Spectroscopy Probes Significant Changes in the
Solvation Dynamics for MMP14, MMP14-SIA Mutant, and
MMP9

THz spectroscopy has been established as a sensitive method
to probe changes in the solvation dynamics.17,41,42 Water has
an extended hydrogen-bonding network in which hydrogen
bonds break and reform on the order of sub-picoseconds.
While infrared spectroscopy is sensitive the intramolecular
vibrational modes of water, THz spectroscopy probes the low
frequency, collective, intermolecular motions of the hydrogen-
bonding network. In the frequency range up to 3 THz (100
cm−1), collective modes involving several water molecules are
probed. Any change in the radial and angular intermolecular
potential energy surface will affect the intermolecular water−
water stretch, centered between 160 and 200 cm−1, and the
hindered rotation of a single water molecule within the
hydrogen network, centered between 350 and 700 cm−1,
respectively.43 Coupling of water to the surface of a solute,
such as a protein, introduces modifications to the water
network that can extend several molecular layers from the
solute surface. Water which has properties distinct from those
of bulk water is defined as hydration shell water. THz

spectroscopy, therefore, is sensitive to changes in the hydration
shell and reports on spectral fingerprints corresponding to
distinct hydration water populations (see the SI and ref 35 for
more details). In previous studies, single point or multiple
mutations lead to significant changes, which were probed by
their distinct THz response.44,45

Figure 3 (left) shows the low frequency THz spectra
measured by THz-TDS and FTIR of MMP14-WT as a
function of protein concentration (see the SI for experimental
details). The relative absorption, Δα = αsolution − αbuffer, is
independent of the setup: both spectra fit together seamlessly.
The spectra show an overall decrease of absorption in the
entire frequency range compared to bulk. In Figure 3 (right),
we compare the measured data for selected concentrations
(solid lines) to the expected decrease in Δα due to volume
exclusion of water by the protein (dashed lines). The volume
exclusion was calculated assuming that the protein in solution
has a spherical volume, determined from its radius (Rg = 24.7
Å for MMP14-WT; see Figure S4 in the SI), and displaces an
equal volume of water from the solution. The expected
decrease in the relative absorption is calculated via Δα(cprotein)
= (Vprotein/Vtotal)αbuffer− αbuffer, with cprotein and Vprotein/Vtotal

Figure 3. Δα(ν) of MMP14-WT determined from THz-TDS and THz-FTIR with increasing protein concentration (left). The Δα(ν) of the lowest
and highest concentration (right) greatly exceeds the expected decrease in Δα(ν) based on water volume exclusion. Error of the measurements are
on average 0.6 cm−1 in the region 10−80 cm−1 and 5 cm−1 in the region 80−550 cm−1.

Figure 4. Δα(ν) of MMP14 variants at 1 THz (left) and 2 THz (right) as a function of protein concentration. The solid line in each panel
represents the expected decrease in Δα(ν) based on volume exclusion of water. Error bars are on average 0.6 cm−1.
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being the protein concentration and the relative volume of the
proteins in the total volume, respectively. Neglecting density
changes, we estimate that the observed decrease in the
measured Δα relative to the pure volume exclusion Δα would
correspond to a dynamical hydration shell extending 13 water
layers (or a radius of 39 Å) from the protein surface. While low
frequency modes of the HB network (<100 cm−1) extend over
three hydration layers,43 and both theoretical and experimental
studies have found the solvation shell to encompass water 40−
50 Å from the solute surface,46,47 it is unlikely that this
decrease can only be attributed to volume exclusion. We note
that the decrease in Δα is frequency dependent and more
pronounced in the frequency range between 250 and 550
cm−1, i.e., the frequency range of the water libration.
Librations, i.e., hindered rotational motions of water molecules
in the surrounding water cage, encompass distinct frequency
regimes, where softer rotational motions (rocking librations)
occur between 300 and 550 cm−1 and stiffer rotations
(wagging librations) occur at higher frequencies (>550
cm−1).48 A blue shift of the librational band is observed in
the case of a stiffening of the water network hydrating
hydrophobic moieties.33 Therefore, we propose that stiffening
of the water network due to protein−water interactions could
contribute to the decreased absorption.
In Figure 4, we plot Δα of all MMP samples at 1 THz (left)

and 2 THz (right) as a function of protein concentration as
probed by THz time domain spectroscopy (see Figure S5 for
full THz regime spectra). Also shown in Figure 4 as solid lines
are the calculated Δα based solely on volume exclusion of
water. The radius of gyration of MMP9-WT is Rg = 19.6 Å (see
Figure S4 in SI). It was assumed that MMP14-SIA has the
same radius as the WT. We find a clearly distinct concentration
dependent Δα for MMP14-WT compared to MMP9-WT and
MMP14-SIA mutant: MMP14-WT has a negative Δα, and the
absolute magnitude of the decrease increases with an increase
in protein concentration. The SIA form has positive values of
Δα, which increases up to 40 μM; and beyond this point, Δα
decreases but stays positive. MMP9-WT displays behavior
intermediate of the two MMP14 variants, with slightly negative
Δα values.
Since the THz response is most sensitive to changes in

hydration,41,17,42 it becomes clear that the site-specific
mutations of MMP14 significantly alter the way in which
water interacts with the protein surface. The mutations
introduced in MMP14-SIA induce changes in the surface
electrostatic potential: the charge of six surface exposed groups
(L117K, Q120D, A139E, E248G, V270R, E286 K; Table S1)
is altered, the majority of which result in a more positively
charged surface. The change of a charge, from i.e., negative to
positive, as well as surface charge density is known to influence
the organization of water molecules within the interfacial
regime.49−51 In a recent study, we could show that the THz
absorption coefficient Δα provides a measure for local
electrostatics of amino acids, with the positively charged
state giving rise to an increased THz response.52 Considering
the surface electrostatic potential of the three MMPs
investigated here, the following trend of increasing positive
potential is revealed: MMP14-WT < MMP9-WT < MMP14-
SIA.11 We note that this trend corresponds surprisingly well
with the observed THz absorption coefficients in which the
THz response becomes more positive in sign for a more
positively charged surface distribution. Based on the MD
simulations, the increased THz absorption for more positively

charged MMP surfaces is correlated with an increased
hydrophilic nature.

■ CONCLUSIONS
In summary, experimental and theoretical characterization of
MMP hydration reveals that changes in solvation may play a
significant role in the stabilization of the designed variant. THz
spectroscopy is able to probe these global solvation changes
resulting from local mutations. We could correlate the
dynamics of the extended HB network, as probed by the
change in the THz absorption coefficient, and the surface
electrostatic potential of MMP proteins. MD simulations
explain changes in the hydrogen-bonding network by an
increased population of bound water molecules at the protein
surface. For MMP14, local mutations are shown to alter the
hydrogen bond environment even for large patches, changing
the local hydrophilicity. One key result from the MD
simulations is that depending on the nature of the substituted
residue and on the local surface topology and morphology, the
effects of several mutations can propagate through the water
HB network in the hydration layer and affect hydrophobicity
and wetting on a scale of several nanometers. Moreover,
depending on the local surface topology, the contribution of a
muted residue to the free energy of protein hydration can be
nonadditive, as shown here in the case of a hydrophilic residue
introduced in a patch mostly composed by hydrophobic
surface residues. In this scenario, the changes in hydration free
energy cannot be quantitatively described by the existing
models that rely on the assumption of group additivity since
the effect of the local topological environment (distribution of
neighboring amino acid residues) has to be explicitly
considered together with the nature of the mutated residue
and the eventual changes in the exposed surface area induced
by the mutation.22 Our results provide insight into the
understanding of such topological effects and suggest that
tuning of protein hydration properties through point or
“patch” mutations that take advantage of the surface topology
could develop into a powerful tool for the rational design of
proteins with increased stability and activity.

■ EXPERIMENTAL AND SIMULATION DETAILS

Design of the MMP14 Stabilized Mutant

To design a stable protein variant of MMP14 we applied a stability-
design algorithm dubbed PROSS, a fully automated method
implemented on a Web server (http://pross.weizmann.ac.il/bin/
steps).35 The PROSS workflow comprises homology-based con-
struction of a multiple sequence alignment to define at each position a
set of amino acid options that frequently appear across the protein
family natural diversity. Next, the target protein’s closest molecular
structure has been used for Rosetta53 computational design
simulations that identify a subset of mutations from the above
amino acid options, each predicted to be independently stabilizing
compared to the wild type sequence. Finally, Rosetta combinatorial
sequence design is applied to scan all combinations of mutations from
the above subset to identify optimal sequence variants, with
substantially improved native-state energy.

To design MMP14 stabilized mutant, a human orthologue (PDB
entry: 1BUV) served as an input in the PROSS run, and amino acid
positions at the active site, defined as all positions within 5 Å from the
binding interface (i.e., chain T) or from the metal ions, were held
fixed during all simulation steps (see Table S1), yielding a small list of
suggested mutants, out of which a variant bearing the highest amount
of mutated residues was selected for manual inspection. In total, 14
mutations were suggested by PROSS, to be integrated into the
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sequence of human MMP14, based on the 1BUV structure (see Table
S1, PROSS generated mutations). Following manual inspection of the
aforementioned design and of the multiple sequence alignment, we
decided to introduce three more mutations; Y141F, G285S and
E286K. All three, in addition to the PROSS suggested S251N, match
in sequence identity to the mouse orthologue of MMP14. Thus, the
final design, referred to as MMP14-SA, comprised 17 or 15 mutations
when compared to the human or mouse MMP14, respectively.
MMP14-SA expression and thermostability were assayed and
compared to that of mouse MMP14-WT, displaying a significant
increase in protein expression and thermostability (Figure S1).
Finally, in order to produce the catalytically inactive variant mutant
(MMP14-SIA), we have introduced two additional mutations at the
enzyme active site (H240E and E249H) of MMP14-SA.

MMP Protein Expression and Purification

The human catalytic domain (residues Y112−K292) of mouse
MMP14-WT was prepared as previously described in the literature.54

Post expression the enzymes autodigest the hinge region, in vitro,
following which the processed protein comprises residues Y112−
S287.54,55 The mouse MMP14-WT and stabilized SIA and SA
mutants catalytic domain (residues Y112-G288) were codon-
optimized for expression in E. coli (Gen9, currently Ginkgo Boston).
The three genes were cloned into the pET28-TevH expression vector
with an N-terminal 6xHis tag followed by TEV cleavage site (https://
pubmed.ncbi.nlm.nih.gov/18542865/) and was expressed in Bio-
BL21(DE3) competent bacterial strains (Biolab, Ashkelon, Israel).
Following expression overnight at 15 °C, the cells were harvested,
washed, and lysed in an ice-cold lysis buffer (50 mM Tris pH8 at 4
°C, 0.5 M NaCl, 5 mM CaCl2, 5 mM imidazole, 10 μM MgCl2, 0.1%
Brij35, lysozyme at 100 μg/mL and 2 pills of cOmplete protease
inhibitor cocktail, Merck). The lysed culture was centrifuged for 1 h at
13 kRPM following supernatant collection and filtration (0.2 μm).
The sample was loaded on a HisTrap (GE Healthcare) affinity
column that was precalibrated with 50 mM Tris pH 8 (at 4 °C), 0.5
M NaCl, 5 mM CaCl2, and 10 mM imidazole. The protein was eluted
with elution buffer of 50 mM Tris pH 8 (at 4 °C), 500 mM imidazole,
500 mM NaCl, 5 mM CaCl2, and 2.5 μM ZnCl2 in a single-step
elution. Following affinity purification, the samples were submitted to
size exclusion chromatography using the HiLoad 26/600 Superdex 75
pg column (GE Healthcare Life Sciences) in 25 mM Tris pH 8 (in 4
°C). Next, the protein was further submitted to ion exchange
chromatography (IEC, MonoQ) that was washed with 25 mM Tris
pH 8 (at 4 °C), following a gradient elution step with IEC elution
buffer: 25 mM Tris pH 8 (at 4 °C) with 1 M of NaCl. The purity of
all protein samples was evaluated with sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), concentrated in 50
mM Tris pH 8 (at 4 °C), 100 mM NaCl, 5 mM CaCl2, 2.5 μM ZnCl2
and 0.01% Brij35, aliquoted, and frozen in liquid nitrogen and stored
at −80 °C until further use. The human MMP9-WT catalytic domain
(residues 107−215, 391−443) was cloned into the pET28-TevH
(https://pubmed.ncbi.nlm.nih.gov/18542865/) and also expressed in
the E. coli BL21(DE3) strain. Cells were harvested, washed, lysed, and
centrifuged to isolate the inclusion bodies. Inclusion bodies were
solubilized through suspension in 8 M urea, 25 mM Tris, pH 8. The
protein was purified using a HisTrap FF column (GE Healthcare,
USA) and dialyzed slowly with a buffer of 6 M urea, 25 mM Tris, pH
8, and 25 mM NaCl at 4 °C. Further purification was done with a
HiTrap Q HP column (GE Healthcare), and the protein was diluted
to 0.1 mg/mL in 6 M urea, 25 mM Tris, pH 8, 250 mM NaCl.
Refolding was achieved by dialysis with stepwise reduction of urea
concentration. Final protein purification was done with a size
exclusion column (HiLoad 26/600 Superdex 75 pg, GE Healthcare
Life Sciences). The purity of all protein samples was checked with
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Protein aliquots were frozen in liquid nitrogen and stored at
−80 °C until further use.
Characterization of the wild type (WT), stabilized (SA), and

stabilized inactive mutant (SIA) MMP14 samples (Figure S1) reveals

increased thermal stability and overexpression of the stabilized
mutants relative to the WT.

Simulation Details

Classical MD simulations were carried out using the GROMACS
package.56 The CHARMM27 and TIP3P force fields were used for
the MMPs and water, respectively.57,58 The adopted CHARMM27
model can lead to issues with protein secondary structure, however it
was shown by a previous study that the combination of CHARMM27
and TIP3P reproduces with a satisfactory accuracy the structural,
dynamical and vibrational properties of hydration water around
proteins of the MMP family.58 It is also important to consider that the
choice of the TIP3P water model affects the absolute values obtained
for the number of H-bonds formed by water molecules, as well as the
magnitude of density fluctuations discussed in the main text, which
are known to depend on the chosen water model. These issues do not
affect the conclusions of the present study, which are systematically
based on a comparison and ranking of the 3 investigated proteins, and
not on absolute values.

For all MMP14-WT, MMP9-WT and MMP14-SIA systems, the
initial configuration in the simulations is systematically taken as the
folded structure, obtained by optimizing at the chosen level of theory
the configuration extracted from PDB: 1BUV. The folded
configuration is maintained during the simulation time for all three
MMPs. In the simulations, the mutations are allowed to perturb the
global protein structure, which is unconstrained. After proper
equilibration, including a first run in the NPT ensemble and a
subsequent run in the NVT ensemble, 60 ns simulations were carried
out in the NVT ensemble (298 K) and used for analysis. A time-step
of 1 fs was employed and stretching motions involving H atoms were
constrained. A cubic box with a length of 89 Å has been used for all
simulations in combination with Three-Dimensional Periodic
Boundary Conditions. The HBs are defined using the standard
distance and angle criterion from Luzar,59 with O−X distance cutoff
of 3.5 Å and H−O−X angle in the 0−30° range, where X = O for
water−water HBs, and X can be either O or N for water-MMP HBs.
Different criteria have been tested with H−O−X angle in the 0−40°
range and O−X distance cutoff of 3.2 Å to ensure that our results are
not biased by the chosen criterion. Water molecules are assigned to
the inner/outer/bulk regions based on the distance from the MMP
surface (see water-MMP radial pair distribution function in Figure
S3). A water molecule in the inner hydration layer is further classified
as bound water if it is located within 3.5 Å from MMP polar groups
(i.e., H-bonding sites) and as unbound water otherwise.

Terahertz Spectroscopy

Terahertz (THz) absorption spectra were measured with a THz time
domain spectrometer (THz-TDS, range 10−80 cm−1) and a FTIR
spectrometer (80−600 cm−1). The THz-TDS is a custom-built
spectrometer system that has been previously described,60 while the
FTIR spectrometer is a commercially available spectrometer (Bruker
Vertex 80 v) equipped with a helium cooled silicon bolometer
detector. For the THz-TDS measurements, a demountable cell
consisting of two z-cut quartz windows (4 mm thick) and a Teflon
spacer (100 μm thick) was used. Spectra were measured 10 times with
an integration time of 30 s per scan. In the case of the FTIR
measurements, a similar demountable cell with diamond windows
(0.5 mm thick) and a Kapton spacer (13 μm thick) was used. The
spectra are an average of 128 scans with 1 cm−1 resolution. All
samples were measured at least two times with each technique to
ensure reproducibility. The sample cell temperature was kept constant
at 20 °C with an external chiller, and the sample compartment was
purged with nitrogen. The absorption coefficient (and refractive index
if applicable) of the sample was determined from previously described
methods.60,61 Error of THz-TDS and FTIR measurements are 0.6 and
5 cm−1, respectively.
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