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ABSTRACT Enzyme inhibitors are ubiquitous in all living
systems, and their biological inhibitory activity is strongly dependent
on their molecular shape. Here, we show that small zinc oxide
nanoparticles (ZnO NPs)—pyramids, plates, and spheres—possess
the ability to inhibit activity of a typical enzyme [3-galactosidase
(GAL) in a biomimetic fashion. Enzyme inhibition by Zn0O NPs is 02
reversible and follows classical Michaelis—Menten kinetics with
parameters strongly dependent on their geometry. Diverse spectro-
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scopic, biochemical, and computational experimental data indicate that association of GAL with specific ZnO NP geometries interferes with conformational

reorganization of the enzyme necessary for its catalytic activity. The strongest inhibition was observed for Zn0 nanopyramids and compares favorably to

that of the best natural GAL inhibitors while being resistant to proteases. Besides the fundamental significance of this biomimetic function of anisotropic

NPs, their capacity to serve as degradation-resistant enzyme inhibitors is technologically attractive and is substantiated by strong shape-specific

antibacterial activity against methicillin-resistant Staphylococcus aureus (MRSA), endemic for most hospitals in the world.
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ent in living organisms as enzymes.
They are relevant to a wide spectrum
of clinical and technological problems:
from antibacterial drugs; to treatment of
diabetes,’ Alzheimes disease,” and some
cancers;’ to production of foods,* biofuels,”
and biosensors.® Correspondingly, there has
been considerable effort to obtain compre-
hensive understanding of enzyme inhibi-
tion over many years. Most studies were
focused on the formation of intermolecular
lock-and-key complexes with small mole-
cules’” or complementary proteins and
peptides.® However, as they are organic in
nature, these traditional enzyme inhibitors
are unstable and, in turn, are degraded by
other enzymes, for instance proteases.
Given the diversity of roles that enzyme
inhibitors play, it is imperative to develop
new types of inhibitors with unconventional

Enzyme inhibitors are as omnipres-
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structures that circumvent degradation pro-
cesses and/or generate different inhibitory
effects. Some inorganic nanoparticles (NPs)
have been shown to reduce enzyme activ-
ity, although the data for NP modulation
of enzyme activity are both limited and
controversial. Specifically, Vertegel et al. re-
ported that adsorption of enzyme onto
the surface of spherical NPs with diameters
ranging from 4 to 100 nm results in loss of
activity.” The inhibition effects were attri-
buted to van der Waals (vdW) forces causing
irreversible denaturation of the protein.'
On the basis of these data, NPs can poten-
tially be viewed as nonspecific irreversible
inhibitors whose activity correlates with
nonspecific binding between enzyme and
NP."" At the same time, Chalkias et al. and
Pandey et al. reported opposite effects,
demonstrating increase in enzyme activity
in the presence of NPs.'>'> In this case,
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magnetic NPs noticeably increase catalytic activity of
horseradish peroxidase. In addition, strong activation of
peroxidase activity by cytochrome C was found when
this protein adsorbed to 4—35 nm silica NPs.'® Both
activation and deactivation of enzyme were observed
with spherical NPs of 11,50, and 150 nm by Wang et al.'*

Nanoscale dimensions and surface chemistries of
NPs coated with organic surface moieties are similar
to those of many protein enzyme inhibitors.'® One
can hypothesize that NPs can potentially provide a
biomimetic platform to control the catalytic activity
of enzymes by replicating the noncovalent interac-
tions between enzymes and traditional biological
inhibitors.'® Improved specificity of inhibition could
be achieved by controlling the shape as well as the
surface chemistry of NPs. Shape effects would be
essential to demonstrate since a large variety of NPs
with very diverse geometries can now be prepared.
Reversibility of NP—enzyme binding could also be
realized via better control of electrostatic'” and vdW
forces3' Our findings in this study indicate that NP
inhibition of biocatalytic processes strongly depends
on their shape varying from very weak to exceptionally
strong inhibition without denaturation of the enzyme.
Analysis of the enzyme inhibition kinetics using
Michaelis—Menten formalism reveals inhibitor prop-
erties and mechanism not previously seen for other
inorganic NPs. Rather, they mimic the properties
and mechanism of traditional small molecule-, DNA-,
and protein-based inhibitors. Furthermore, the strong
shape-dependent inhibitory activity was also observed
for planktonic growth of methicillin-resistant Staphy-
lococcus aureus (MRSA).

RESULTS AND DISCUSSION

Looking at potential model systems for this study,
we wanted NP inhibitors to be variable in shape, bio-
compatible and desirably inexpensive. We also wanted
the NPs to be small in size and made from light
elements in order to reduce vdW forces. Balancing
nonspecific vdW attraction with other interactions
is necessary in order to minimize denaturation of
proteins on the NP surface and NP agglomeration in
dispersion. Both factors impede the accuracy of the
kinetics analysis, mechanism of inhibitory activity,
and the practicality of such inhibitors. Therefore,
we chose zinc oxide (ZnO) NPs less than 20 nm in
diameter and investigated their effect on the activity
of [f-galactosidase (GAL), whose structure and enzy-
matic activity have been extensively characterized.'®
GAL is a representative carbohydrate energy meta-
bolism enzyme in biological systems and hydrolyses
p-galactosides into monosaccharides. Comparison
with the previous case of inhibition of GAL by gold
NPs was also essential.'®

The shape of ZnO NPs was varied to obtain hexag-
onal nanopyramids,®® nanoplates, and nanospheres.
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They were prepared using similar reactions without
stabilizers to minimize the effect of the different sur-
face chemistry and distribution of stabilizers on the
intermolecular interactions with enzymes. The edges
of the hexagonal base of nanopyramids were 15 nm,
while their side edges were 18 nm (Figure 1A).%° The
diameter and thickness of nanoplates were 18.4 + 2.9
and 3.5 £ 0.2 nm, respectively (Figure 1B). The diam-
eter of nanospheres was 4.4 4+ 0.5 nm (Figure 1Q).

The catalytic activity of GAL was determined by the
increase of fluorescence intensity with time due to the
accumulation of resorufin which is formed by hydro-
lysis of resorufin 5-p-galactopyranoside (RGP) via GAL.
Considering the observations by Wang et al.,'* the
smaller ZnO spherical particles might be expected to
have the strongest inhibition effects. However, experi-
mental findings were contrary to initial expectations.
The inhibition increased greatly from nanospheres to
nanoplates to nanopyramids (Figure 1D and Support-
ing Information Figure STA—C). Continuous decrease
of enzyme activity was observed with increasing con-
centrations of nanopyramids and nanoplates, while
the enzyme activity was found to be virtually invariant
for all concentrations of nanospheres. For the latter,
inhibition of GAL was not observed even when the
concentration of nanospheres exceeded 1.2 uM. For
any concentration, nanopyramids show much higher
inhibitory effect on GAL than nanoplates. For example,
with 0.5 uM concentration of nanopyramids, the
activity of GAL was reduced by ~25% of the original,
whereas the similar concentration of nanoplates led to
only ~9% enzyme activity loss. When the concentra-
tion of nanopyramids increased to ~1.2 uM, the activ-
ity of GAL dropped to ~20% of the original. However,
in the case of nanoplates, GAL still retained about 50%
activity.

The preliminary explanation for the mechanism
of inhibition involved the denaturation of enzymes
on NP surface and/or charge effects, as was observed
previously by Dordick et al.®'* and Rotello et al.,'’*'
respectively. However, our experimental data witnessed
against these mechanisms for the case of GAL and ZnO.
Circular dichroism spectra indicate that the conforma-
tion of GAL did not change appreciably in the presence
of any concentration or shape of ZnO NPs (Figure 2A).
Moreover, the inhibition was reversible unlike cases
of NP inhibition previously observed.'® GAL activity
was completely restored when NPs were removed
by ethylenediaminetetraacetic acid (EDTA) (Supporting
Information Figure S2).

Electrostatic attraction is another possible explana-
tion for the inhibition and its dependence on NP shape;
this mechanism would follow the model considered for
gold NPs coated with monolayers of charge-bearing
thiols?' and imply complete'® or partial denaturation
accompanied by the conformational change.' The
isoelectric points of GAL and ZnO NPs are pH 4.6'°
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Figure 1. TEM images of ZnO (A) nanopyramids (nPYs), (B) nanoplates (nPLs), and (C) nanospheres (nSPs). (D) Relative
catalytic activity of GAL in the presence of three different shaped ZnO NPs after 60 min incubation time. Each relative catalytic
activity of GAL with ZnO NPs was normalized with respect to free enzyme activity. The initial concentration of GAL was 0.4 nM.
The values for (E) Vax and (F) K., of GAL were calculated from the Michaelis—Menten equation.
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Figure 2. (A) Circular dichroism spectra of GAL in the absence and presence of ZnO NPs. The molar ratio of ZnO NPs to GAL
was 0.25. (B) Gel electrophoresis of GAL with various concentrations of ZnO nanopyramids (nPYs), nanoplates (nPLs),
and nanospheres (nSPs). The concentrations of ZnO NPs from column 1—9 were 0.00, 0.07, 0.20, 0.34, 0.48, 0.62, 0.75, 0.88,
and 1.02 uM, respectively. The concentration of GAL is 360 nM. (C—E) Lineweaver—Burk plots of the GAL with the various
concentrations of ZnO (C) nanopyramids, (D) nanoplates, and (E) nanospheres.
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and pH 9,% respectively. For intermediate pH 7.5,
they are oppositely charged. The electrokinetic zeta
potential, ¢, is almost identical for all ZnO NPs used
here (Supporting Information Table S1), and therefore,
the electrostatic attraction between GAL and ZnO NPs is
expected to be nearly the same regardless of shape. This
indicates that the inhibition mechanism observed be-
tween ZnO and GAL is different from what was observed
before with gold?' or silica NPs® of different sizes.'

Inability of the previous models to adequately
explain the trends of GAL inhibition by ZnO of different
shapes prompted us to evaluate the inhibition mech-
anism of ZnO NPs in greater detail. Following the
classical Michaelis—Menten theory of enzyme kinetics,
a typical enzyme reaction is described as

kq k>
E+S=[ES|=E+P (1)

For the hydrolysis reaction in this study, the substrate
(S) is nonfluorescent RGP. GAL enzyme (E) hydrolyzes
RGP via an intermediate enzyme—substrate complex
(ES) then dissociates releasing the fluorescent product
resorufin (P). Taking advantage of its strong fluores-
cence, the kinetics of product accumulation was in-
vestigated for various concentrations of S, E, and ZnO
NPs. The four rate constants ineq 1 (k;, ky, k_q,and k_5)
were determined (see Supporting Information) and
found to be independent of the concentrations and
shapes of ZnO NP as well as concentrations of S and E
(Supporting Information Table S2). This point is sig-
nificant because it further affirms the conclusion that
primary, secondary, and tertiary structure of GAL is
intact. If the chemical structure or conformation were
not retained when ZnO interacts with GAL, there
should have been marked changes in some or all
kinetic constants. Therefore, the possibility that ZnO
NPs might induce “mutation” of the enzyme by sub-
stituting one of the catalytic nucleophiles involved in
the binding of substrate can be excluded.”

Now one can see that ZnO NPs are acting with
respect to GAL largely as traditional inhibitors. Hence,
the NP induced inhibition is determined not by the
change of reaction kinetics (i.e.,, intrinsic rate constants
kq, ko, k_q, and k_,) as was the case in previous studies
but by the relative binding between enzyme, substrate,
and inhibitor. This conclusion also stipulates that one
can apply traditional enzyme inhibitor formalisms to
describe NP inhibition of GAL. When an inhibitor binds
exclusively to the free enzyme and the conversion of
substrate is prevented in such complex, the mecha-
nism is labeled competitive inhibition. If the inhibitor
binds only to enzyme—substrate complex, the inhibi-
tion is called uncompetitive. When the inhibitor could
bind both to the free enzyme and intermediate com-
plex, it is denoted as a noncompetitive (mixed) mech-
anism. The inhibition kinetics and mechanism for
GAL by different ZnO NPs can be analyzed using the
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Michaelis—Menten equation, Vo = [Vinax* S/(Km + S)],
where V, is initial rate of the enzyme reaction, S is
the concentration of substrate, V.« is the maximum
reaction rate when E exists primarily as complex with
substrate, ES. K,,, is the Michaelis constant which gives
the numerical value of the substrate concentration
when reaction rate is equal to half of V,,,,,; it describes
the affinity of the enzyme for the substrate.?” The three
inhibition mechanisms can be distinguished by the
difference in trends in V,,ax and K, expressed as plots
relating the initial rates and substrate concentration
also known as Lineweaver—Burk analysis.

With the use of this conceptual framework of tradi-
tional biomolecular inhibitors to describe the inhibi-
tory effects of NPs, nanospheres had little effect on the
enzymatic activity of GAL and resulting Lineweaver—
Burk plot (Figure 2E); K, of GAL in the presence of
nanospheres remained unchanged at 178 + 5.5 uM.
Note that this value of K, is typical for galactosidase—
RGP pair. Likewise, nanospheres had very little effect
on Vinax of GAL (Figure 1E). In the case of nanoplates, K.,
increases as the concentration of nanoplates increased
(Figure 1F), while V., remained unchanged (Figure 1E).
For nanopyramids, one can observe consistent mono-
tonic increase in K,,, with concomitant reduction of V.«
for GAL as the concentration of nanopyramids increased
(Figure 1EF). These trends of change for both K, and
Vinax Of GAL in the presence of ZnO nanopyramids could
be also confirmed by another graphical representation
of enzyme kinetics, Eadie-Hofstee plot (Supporting In-
formation Figure STE). The values of y- and x-intercepts,
which indicate Vinax and Vinax/Kin, respectively, decrease
with increasing concentration of ZnO nanopyramids
(Figure 1F). Therefore, the binding affinity of substrate,
i.e. RGP to GAL, is reduced by both nanopyramids and
nanoplates. However, there is no significant difference
between K,, values for the same concentrations of
nanopyramids and nanoplates, implying that the rela-
tive effect of nanopyramids and nanoplates on the
binding of RGP to GAL is similar.

Translating this data to Lineweaver—Burk analysis
allowed for relative comparison of the differential
effect of shape and delineated the specific inhibi-
tion mechanism. For nanoplates, the slopes in the
Lineweaver—Burk plots (Figure 2C—E) increased with
increasing concentration of nanoplates, while the
y-intercepts were almost unchanged (Figure 2D). In
terms of the Michaelis—Menten description of inhibi-
tion kinetics, the gradual increase in K, and relatively
unchanged V., for nanoplates match the competitive
inhibition mechanism; the K; for this competitive in-
hibition behavior was ca. 3 uM.

In the case of nanopyramids, both the slopes and
y-intercepts increased with increasing concentration of
NPs (Figure 2C). Such trends are not frequent among
traditional inhibitors and correspond to noncompetitive
or mixed inhibition behavior. That is, both the ability of
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Figure 3. Three-dimensional (A) molecular structure and (B) map of electronic potentials of GAL. Blue and red colors indicate
areas with relatively positive and negative molecular potential, respectively. Approximate location of the essential amino
acids of the active site is highlighted with green and magenta stars.

the substrate to bind to the reactive center and the
enzyme's ability to carry out the catalytic reaction are
reduced. Combination of these effects yields a syner-
gistic increase in the inhibitory activity. With the use of
the Lineweaver—Burk data (Supporting Information
Figure S4), the competitive binding constant between
the enzyme and the inhibitor was calculated to be
Ki=0.72 uM, whereas the binding constant for the inhibitor
and enzyme—substrate complex (representing the un-
competitive component leading to dependence of V,,ax
on the inhibitor concentration) was calculated to be
oK; = 1.39 uM. One can see that the inhibitor binds
more readily to the free enzyme than the enzyme—
substrate complex but only by a factor of 2. Given that
these NPs are not true substrate or transition state
analogues in chemical structure, this is not entirely
surprising. The values of K; and oK; place nanopyramids
among the best known natural inhibitors for GAL*®

Looking into greater details of the inhibitory activity,
the decrease of Vi, in the presence of nanopyramids
suggests that the substrate concentration has no influ-
ence on the degree of enzyme inhibition and the inhibi-
tion ability of nanopyramids is preserved even at high
concentrations of RGP. That is, RGP cannot outcompete
the ZnO nanopyramids, which leads to high inhibitory
activity. Considering that the maximum reaction rate
according to eq 1 is defined as Vinax = kz* Eo, Where E, is
the total concentration of enzyme and k, characterizes
how fast ES converts into P,%* the decrease of V.. in the
presence of nanopyramids should originate from the
concentration decrease of E, due to the overall constant
value for k, (Supporting Information Table S2). Since the
measurements of enzyme activity were conducted with
the same initial concentration of GAL, the decrease of E,
originates from a decrease in the relative number of GAL
molecules displaying catalytic activity with increasing
concentrations of nanopyramids.

Since there are no denaturation-related structural
changes in GAL upon interactions with NPs as indi-
cated by UV—vis (Supporting Information Figure S3)

CHA ET AL.

and circular dichroism (CD) (Figure 2A) spectra,®®
more specific shape-dependent binding between
ZnO NPs and GAL attributed to noncovalent and none-
lectrostatic forces (Supporting Information Table S1) is
responsible for the inhibition. Indeed, electrophoretic
mobility assays between GAL and the various ZnO
NP shapes indicate that GAL was bound more tightly
to nanopyramids than nanoplates and significantly
more so than to nanospheres (Figure 2B). The trend
here repeats the trend in inhibition activity in Figure 1D.
Note that GAL—NP binding may not be associated with
a specific stoichiometry as is the case of many tradi-
tional inhibitors. Due to the high strength of van der
Waals attraction associated with the semiconductor
core of the NPs and multiple hydrogen bonding sites
on their surface, the association of enzyme and NPs can
occur in multiple points on the protein surface. While
some of these binding events could be nonspecific and
shape-independent, some of them are. Finding rever-
sible conditions for protein—NP association is essential,
therefore, for observation of such phenomena.

To explain why the inhibitory activity and binding
between GAL and ZnO NPs are dependent on the
shape, it is instructive to correlate the kinetic data
with the location of the active site on the molecular
structure of the enzyme. The functional form of GAL
is known to be a tetramer composed of four identical
subunits (Figure 3A).2 There is a continuous network
of grooves running along the GAL surface (Figure 3B).
The four active sites are located at the bottom of such
surface grooves and correspond to residues 335—624
in each of the monomers forming the tetrameric barrel
protein.2® The first step in the molecular operations
of the active site is believed to be the formation of a
covalent bond between galactose and Glu 537 initiated
by proton donation from Glu 461. The second step is the
displacement of the substrate with water initiated by
proton abstraction by Glu 461.The distance between Glu
537 and Glu 461 is ca 3.5 nm, while the molecular size of
galactose is 0.6 nm. Therefore, the active site requires
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Figure 4. (A—C) Planktonic growth curves measured turbidometrically (ODgqo) for MRSA in the presence of each of the three
ZnO NPs shapes at various concentrations from 0 to 1.4 uM. (D—F) Box plots of bacteria concentration after 10 h of growth
expressed as colony forming units per milliliter (CFUs per mL). The limit of detection was 200 CFUs/mL. The red line represents

the MRSA concentration starting inoculum at time 0.

substantial geometrical transformation during the re-
action. Although more detailed studies of the associa-
tion patterns between GAL and NPs are needed, one
can hypothesize that the inhibitory action of the NPs
could be related to their interference with the molecular
mobility of the reactive center facilitated by site-specific
electrostatic attraction to the domain surrounding it
(Figure 3B). The interplay of the complex electrostatic
interactions determined by the potential map (Figure 3B),
hydrogen bonds, vdW interactions, and the shapes of the
protein and the NPs results in the strong shape depen-
dence of the inhibitory activity of NPs. One depiction of
such shape effect can be the ability of nanoplates and
nanopyramids to partially penetrate into the grooves
where the active center is located and interfere with its
reconfiguration needed for the catalytic reaction. Other
geometries of NP-GAL complexes that can give prefer-
ence to reversible intermolecular binding to association
with pyramidal NPs, are certainly possible, too. Regard-
less of particular “docking” modality, greater inhibitory
activity of nanopyramids compared to nanoplates is
attributed to better geometrical match with the enzyme
surface due to sharper apexes and edges.*° Enhanced
inhibitory activity compared with traditional inhibitors
is related to the fact that the relatively small molecules
of substrate have particular difficulty in displacing the
comparatively heavy NPs.

The mode of NP—enzyme interaction described
above is unlikely to lead to high specificity of inhibition.
Nevertheless, it can play a considerable role in biology.

CHA ET AL.

Moreover, their ability to interact with multiple structu-
rally similar enzymes and enhanced resilience against
biodegradation characteristic for inorganic materials
can be great advantage for many applications exem-
plified here by the antibacterial activity of ZnO NPs.
ZnO NPs are known to have a broad spectrum of anti-
bacterial action which has often been associated with
the generation of reactive oxygen species (ROS)?’2®
or disruption of bacterial cell wall (see Supporting
Information). However, these hypotheses cannot
explain antibacterial action of ZnO in its entirety, for
instance, their high antibacterial activity in the absence
of light and the increased efficacy with reduction in
particle size?*° Inhibition of a family of enzymes
represented by GAL leading to global dysfunction of
the organism could also be a mechanism of the anti-
bacterial properties of ZnO NPs. It is also known that
many enzymes responsible for ROS scavenging require
divalent cofactors like GAL, and thus, the higher con-
centration of ROS can be a byproduct of their inhibition.

If inhibition of GAL-like enzymes contributes to the
antibacterial action, one would expect a similar pattern
of shape-specific inhibition of bacterial growth as was
seen for GAL. Other mentioned mechanisms would
likely favor the nanospheres to be most inhibitory
due to small size and high surface area to weight ratio.
We tested this hypothesis by examining planktonic
growth of Methicillin resistant S. aureus (MRSA) in the
presence of various concentrations of ZnO nano-
plates, nanospheres, and nanopyramids. Bacterial growth
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was inhibited by ZnO NPs in a shape-specific pattern
identical to that for GAL inhibition (Figure 4A—C).
The pyramids had near-complete inhibition at all
concentrations tested. Nanoplates showed a dose-
dependent inhibition and spheres showed almost no
inhibition.

To confirm the role of NP geometry in antibacterial
activity and avoid potential interference from the
turbidity of NP dispersions, we also enumerated
the actual colony forming units for a subset of the
planktonic cultures in the presence of each for NP
shape (Figure 4D—F). Unlike the other shapes, ZnO
nanopyramids revealed not only suppressive but also
bactericidal function at higher doses. This set of experi-
ments provided additional support to the strong shape-
dependence of the antibacterial function of ZnO NPs
and the role that enzyme inhibition may play in it.

CONCLUSIONS

For any concentration, ZnO nanopyramids show
much greater inhibition of GAL compared with those
of nanoplates and nanospheres. From the investigation
of enzyme kinetics via Michaelis—Menten formalism,
Lineweaver—Burk analysis, and Eadie-Hofstee analysis,
it is found that ZnO nanoplates and nanopyramids
follow competitive and noncompetitive (or mixed) inhi-
bition mechanisms, respectively, while nanospheres
have little effect on GAL activity. The shape-dependent

EXPERIMENTAL SECTION

Materials. -Galactosidase from Escherichia coli (GAL) and
resorufin f-p-galactopyranoside were purchased from Sigma
and used without further purification. Zn acetate dihydrate,
Zn(CH5COO0), - 2H,0, was purchased from Aldrich. Buffer solu-
tion (pH 7.5) and tetrabutylammonium bromide were obtained
from Fluka. Sodium resorufin was obtained from Molecular
Probes, Invitrogen.

Synthesis of Zn0 NPs. We have previously described the
synthesis of nanopyramids.” In a typical method of the prepara-
tion of nanoplates, 2.75 g of Zn(CH3COO),-2H,0 in 150 mL of
ethanol was heated to reflux with stirring for 1 h, and then 0.5 g
of KOH dissolved in 5 mL of deionized water was added. After
12 h stirring, the white precipitates were purified by washing
several times with methanol. The nanospheres were prepared
by using 0.5 g of KOH dissolved in 5 mL of methanol instead of
deionized water.

Catalytic Activity Measurement of f3-Galactosidase. The concentra-
tion of GAL was kept constant at 0.4 nM while eight different
concentrations of resorufin 3-p-galactopyranoside within the
range 20—300 uM were applied. Before the measurement of the
catalytic activity, GAL was incubated with varying concentra-
tions of ZnO NPs in 20 mM sodium phosphate buffer solution
(pH 7.5) for 1 h at room temperature with gentle mixing. The
catalytic reactions were started by addition of 50 uL of resorufin
p-p-galactopyranoside into 100 uL of the mixture of ZnO NPs
and GAL. The fluorescence intensities were observed using
fluorescence microplate reader from BioTek every minute in
order to determine the time profiles of product formation
and the initial reaction rate (V;), at each concentration of ZnO
NPs. The initial linear phase lasted approximately 5 min. The
intensity of fluorescence was converted into concentrations of
the product (resorufin) using a fluorescence standard curve
(Supporting Information Figure S1D).
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inhibition behavior is associated with several factors
determining the association of NPs and the enzyme
with geometrical match at molecular and nano scales
between the enzyme surface around the active center
and ZnO nanopyramids being one of them. This inhibi-
tion mechanism is unlikely to be specific to a particular
enzyme which differentiates biomimetic NP inhibitors
from evolution-tuned biological inhibitors possessing
lock-and-key molecular match. While being a limiting
factor for some biomedical areas, this mechanism
opens the possibility for the purposeful engineering
of ZnO NPs as broad spectrum inhibitors, for instance,
for bacterial enzymes bearing structural similarities to
GAL. Discovery of synthetic methods for synthesis of
chiral NPs and other nanostructures, makes possible
enhancing (when necessary) the specificity of NP-
enzyme association.3>3*3%, Considering the fact that
the rate of MRSA infections has risen 12-fold for the past
decade and is spreading now from hospitals to commu-
nity outbreaks, a broad spectrum antibacterial resilient to
potential mutations of the bacteria altering molecular
structure of the typical drug targets is much needed.
The findings presented here denote a shift in the
conceptualization of NPs in biological systems from
delivery vehicles to nanoscale biomimetic entities with
distinct biological function. Looking further, one can
also see a possibility of a broad spectrum of interactions
between inorganic NPs and microbial ecosystems.

Enzyme Kinetics and Calculation of K. The calculation of enzyme
kinetics parameters followed the cannons of enzymatic
catalysis represented by the reaction 1 in the main text.>?
Kinetic constants in this equation were calculated following
the protocol as described. Briefly, time-dependent profiles of
P (Supporting Information Figure S1A—C) were found to fit very
well to a two-exponential function, I(t) = A, exp(—t/T;) + A,
exp(—t/t,), where 7, and 7, are the two characteristic reaction
times.* Using the plots of 7,7 + 7, ' and 7, ', ' vs the con-
centrations of GAL and RGP, the four rate constants in eq 1 could
be determined® (Supporting Information Table S2). All rate
constants are specific to the enzyme—substrate pair.

The Michaelis—Menten parameters K, and V.x for GAL
with ZnO NPs, were evaluated using Lineweaver—Burk analysis,
a linear transformation of the Michaelis—Menten equation
and V,. The nanoplates demonstrated a competitive inhibition
mechanism. For this mechanism type, the K; is determined from
the slope of the K., vs [/] plot as

K
Slope = K )
where [/] in this case is the concentration of ZnO nanoplates
(Figure 1F). For the mixed inhibition mechanism demonstrated
by nanopyramids, we used a modified form of the classical
Michaelis—Menten equation® and applied it to obtain the K;
values for ZnO nanopyramids.

Lk Y1 (W
Vo K(”E) [51+vm(1+ou<i> ®

To determine these parameters, we translated the specific
Lineweaver—Burke plot for nanopyramids shown in Figure 2C.
Specifically, we plotted the y-intercepts vs [/] and the slopes vs [/],
where [/] in this case is the concentration of ZnO nanopyramids
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(Supporting Information Figure S4). The x-intercept of the
y-intercept vs [/] plot is equal to —aK;, while the x-intercept of
the slope vs [/] plot is equal to —K;. Typical values of K; for
GAL inhibitors found in nature range from 2 uM to 220 mM.°®
The lowest reported value of an engineered GAL inhibitor K;
is 0.11 nM.

Gel Electrophoresis. Binding of GAL with ZnO NPs was deter-
mined using electrophoretic mobility assay using precast
polyacrylamide gels. Electrophoresis runs were performed in a
mini-PROTEAN Tetra cell with a constant voltage of 130V for 1 h,
and gels were placed in Coomassie stain solution. All reagents
and equipment were from Bio-Rad. The patterns of the ob-
served bands indicate that the mobility of free enzyme gradu-
ally decreases with increasing concentrations of nanopyramids.
The same is observed for nanoplates, but to a lesser extent.
For a given concentration of ZnO NPs, the mobilities of GAL with
nanopyramids were always lower than one with nanoplates.
Nanospheres had no effect on the electrophoretic mobility of
the enzyme.

Characterization. Circular dichroism (CD) spectra were ob-
tained using Aviv model 202 spectrometer. For each sample,
five CD spectra were recorded and averaged. Then, the spectra
were smoothed using Adjacent-Averaging method. UV—vis
spectroscopy was carried out on an 8453 UV—vis ChemStation
spectrophotometer produced by Agilent Technologies. A quartz
cuvette with an optical path length of 1 cm was used for both
CD and UV—vis measurements. The transmission electron micro-
scopy (TEM) images were obtained using a JEOL 2010F analytical
electron microscope at 200 keV. The zeta potentials measure-
ments were performed by Zetasizer Nano ZS from Malvern
Instruments.

Bacterial Growth Inhibition. Methicillin resistant S. aureus
(MRSA) subspecies COL was used in this study. All strains were
stored in glycerol at —80 °C and plated on tryptic soy agar,
cultured overnight at 37 °C and stored at 4 °C. Single colony
inoculates were grown in Tryptic Soy Broth + 1% glucose (w/v)
(Sigma) (TSBG) under aerobic conditions for 16 h at 30 °C and
diluted 1:50 in ZnO NP suspensions in TSBG to initiate plank-
tonic growth experiments. The optical density at 600 nm was
measured every hour for 10 h and normalized to the initial
(time = 0) value. For quantitative cultures, 10x serial dilutions
of the 10 h culture were plated and grown for 36 h at 37 °C
to enumerate the number of colony forming units (CFUs) per
milliliter.
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