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ABSTRACT: Detailed understanding of how the bio-nano inter-
face orchestrates the function of both biological components and
nanomaterials remains ambiguous. Here, through a combination of
experiments and molecular dynamics simulations, we investigated
how the interface between Candida Antarctic lipase B and palladium
(Pd) nanoparticles (NPs) tunes the structure, dynamics, and
catalysis of the enzyme. Our simulations show that the metal
binding to protein is a shape matching behavior and there is a
transition from saturated binding to unsaturated binding along with
the increase in the size of metal NPs. When we engineered the
interface with the polymer, not only did the critical size of saturated
binding of metal NPs become larger, but also the disturbance of the metal NPs to the enzyme function was reduced. In addition, we
found that an enzyme−metal interface engineered with the polymer can boost bio-metal cascade reactions via substrate channeling.
Understanding and control of the bio-nano interface at the molecular level enable us to rationally design bio-nanocomposites with
prospective properties.
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■ INTRODUCTION

Bio-nanomaterials with a well-defined composition, structure,
surface chemistry, and functionalization can be sophisticatedly
synthesized, with wide applications in biocatalysis,1−3 bioimag-
ing,4 biosensing,5 drug delivery,6 and therapeutics for diagnosis
and treatment of human diseases.7,8 In these application
scenarios, one important issue is that the physicochemical
interactions, kinetics, and thermodynamics intricately affect the
formation of bio-nano interfaces,9 in processes including self-
assembly of biomolecules with organic2 and inorganic
materials,1,10 formation of protein coronas,11 particle wrap-
ping,12 intracellular uptake of nanoparticles (NPs),13 and
nanomaterials manipulating cellular function.14 The formed
bio-nano interface mediates the properties and functions of
both biomolecules and nanomaterials, such as protein
conformation,11 enzyme activity,15−17 fate, transport, and
toxicity of nanomaterials in living systems.11,18 Thus, the in-
depth understanding and precise manipulating of the bio-nano
interface are the key for rationally designing novel hybrid
materials with prospective properties and safe use of
nanomaterials.9

For biocatalysis, the enzyme-nano interface is a key factor
that needs to be considered, not only in enzyme immobiliza-
tion with various nanoscaffolds19−21 but also in the enzyme−
metal NP complexes.16,22 However, the mechanistic under-
standing of how nanomaterials affect the enzyme structure and
function is still in its infancy. Several recent studies have aimed

at providing some mechanisms of interaction-encoded enzyme
property change.23,24 To understand the physicochemical
behavior of the bio-nano interface, a versatile but not
complicated and easily controlled model system is needed.
Our recent work on enzyme−metal complex shows the
possibility.16 In our work, single lipase−polymer conjugates
as confined nanoreactors were utilized for the in situ
generation of metal clusters, which shows the advantage in
the controllable synthesis of clusters with different sizes from
2.5 to 0.8 nm. It is worth mentioning that the advantage of this
synthetic method came from polymer engineering. It indicates
that the polymer stabilized the enzyme−metal interface but the
mechanism understanding was lacking.
In this work, relying on the advantage of the synthetic

method we developed before, we illustrated how the
interaction on bio-metal interface stabilizes metal clusters
and tunes enzyme activity. We found that the metal binding to
protein is a shape matching behavior and a transition from
saturated binding to unsaturated binding along with the
increasing size of metal NPs exists. Interestingly, polymer
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engineering of the interface can not only make the critical size
of saturated binding of metal NPs larger but also reduce the
disturbance of the metal NPs to the enzyme function. Our
results also showed that polymer engineering can boost the
enzyme−metal cascade reaction through substrate channeling.
We believe that our work can provide some principles for
rational bio-nano interface engineering.

■ RESULTS AND DISCUSSION

Size-Dependent Activity of Enzyme−Metal Nanohybrids

First, we synthesized enzyme−polymer conjugates through
covalently linking Candida Antarctic lipase B (CALB) with an
amphiphilic poly(ethylene oxide)−poly(propylene oxide)
block copolymer named Pluronic F-127 via the Schiff base
reaction (Figure S1, detailed in the Supporting Information)
according to our previous work.16 Each conjugate (CALB-P)
contained one polymer chain attached to one CALB molecule
(Figure 1a). Our previous analysis showed that Lys136 is the
most possible bonding site of the polymer.16 In the following
simulation and analysis, Lys136 was considered as a linker
between the enzyme molecule and polymer chain. Pd2+ was
reduced within the confinement of the enzyme−polymer
nanoreactor, generating size-controllable Pd NPs (Figure 1b).
Using different concentrations of Pd(OAc)2, the size of Pd
NPs was tuned from 2.5 to 0.8 nm (2.5, 2.2, 1.6, and 0.8 nm),
denoted as 2.5Pd/CALB-P, 2.2Pd/CALB-P, 1.6Pd/CALB-P,
and 0.8Pd/CALB-P, respectively (Figure 1c and Table S1).
This size change not only tunes the activity of Pd NPs but also
regulates the activity of CALB. As shown in Figure 1d, the
polymer attachment did not obviously affect the CALB
activity, but the large Pd NPs significantly inhibited the

enzyme activity. 2.5Pd/CALB-P only reserved half activity of
the original CALB, while 0.8Pd/CALB reserved more than
80% activity of CALB. It indicates that the small Pd NPs may
have less influence on the structure and essential motions
related to enzyme catalysis. The results of fluorescence spectra
showed that the influence of large Pd NPs on the tertiary
structure of CALB (Figure 1e) was arresting, and it may be the
origin of activity loss of the enzyme. In the following section,
molecular dynamics (MD) simulations will be employed to
investigate how Pd NPs with different sizes were stabilized in
the confinement of CALB-P and how they affected the
structure and activity of CALB.

Bio-metal Interface between CALB and Pd NPs

Although a protein is widely utilized as a carrier for the
synthesis of metal NPs,15,25−28 the mechanism of interaction
between metal NPs and the protein is lacking. We began with
the study of binding behavior between CALB and Pd NPs with
different sizes. It serves as a comparison with the case of Pd
NPs/CALB-P and helps us deeply understand the role of the
polymer in the formation of the bio-nano interface. We
selected truncated octahedron-shaped Pd NPs with four sizes
including Pd19, Pd55, Pd201, and Pd459 in our simulations
(Tables S2 and S3). The diameter of these NPs was 0.8 nm,
1.2 nm, 1.8 nm, and 2.3 nm, respectively, which reproduces the
size of Pd NPs in the synthesized nanohybrids (Figure 1d). To
find the most stable complex of enzyme−metal NPs, shape-
matched docking29 and MD simulations was conducted in
combination (see Materials and Methods and Figures S2−S7).
In short, we generated multiple candidates of binding
structures through rigid docking and then further optimized
the structures through MD simulation to find the most stable

Figure 1. Size-dependent activity of enzyme−metal nanohybrids. (a) Structure of CALB−polymer conjugates. Lys136 is the linker between the
CALB molecule and the F127 polymer. (b) In situ reduction of Pd2+ to Pd NPs within the confinement of the enzyme−polymer nanoreactor. (c)
Number of atoms of Pd NPs (Natom) and the fraction of surface atoms of Pd NPs as a function of the diameter d of Pd NPs. The geometries of four
Pd NPs with different sizes (Pd19, Pd55, Pd201, and Pd459) were given. (d) Enzyme activities of CALB, CALB-P conjugates, and xPd/CALB-P
nanohybrids (x = 0.8, 1.6, 2.2, and 2.5). (e) Fluorescence spectra of CALB, CALB-P conjugates, and xPd/CALB-P nanohybrids (x = 0.8, 1.6, 2.2,
and 2.5). The same protein concentration was used for all samples.
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binding states. The final binding structures for all Pd NPs were
obtained by microsecond long MD simulations. This method
can serve as a standard procedure for studying the binding of
proteins with metal NPs (Figures S3 and S4). Our simulation
results indicate that the binding of metal NPs on the surface of
the protein is a shape matching behavior, which is consistent
with our prediction (Figure S2). It means that the metal NPs
tend to bind with a shape-matched surface region of the
protein. A nonspecific van der Waals interaction drives metal
NPs to find a shape matching region on the surface of the
protein that has more contacts with metal NPs. It is worth
noting that a shape matching glycosylation on the protein
surface can provide significantly more stabilization for small
metal NPs (Figure S5). Hence, surface modification of the
protein could be beneficial to metal NP binding. As shown in
Figures 2a, S6, and S7, we finally obtained the optimal binding
structure of Pd NPs with four sizes. The binding sites of Pd19
and Pd55 were adjacent because of the existence of the
glycosyl group. The binding energy obtained from MD
simulations showed that larger Pd NPs had more interaction
with protein, but the average interaction felt by the surface

atoms gradually decreased (Figure 2b). Interestingly, we
noticed that Pd19 and Pd55 had almost the same binding
energy with protein, but the average interaction felt by the
surface atoms dropped steeply. It indicates that there is a
binding mode transition from Pd19 to Pd55. To investigate
this transition, we analyzed the number of contacts of Pd NPs
with protein. The number of contacts reflects the number of
surface atoms interacting with protein. The binding energy had
a good linear relationship with the number of contacts from
Pd459 to Pd55 except for Pd19 (Figure 2c, inset). When we
plotted the number of contacts of Pd NPs (NC) with protein as
a function of the number of surface atoms (NS), we can
observe that the binding mode transition is actually a transition
from near-saturated binding to unsaturated binding. The
saturated binding has the relationship NC = NS, while the
unsaturated binding has a relationship NC = NS

β, where β < 1.
The binding of Pd19 was located near the saturated binding
region, and from Pd55 to Pd459, it was an unsaturated binding
mode with an exponent β = 0.75. We can reasonably deduce
that the binding behavior of metal NPs on the protein surface
will transit from saturated binding to unsaturated binding with

Figure 2. Binding behavior between CALB and Pd NPs with different sizes. (a) Optimal binding structures of Pd NPs with four sizes obtained
through docking and MD simulations. Two alpha helixes near the active site named α5 and α10 were marked. (b) Binding energy and average
interaction felt by the surface atoms (binding energy/surface atom) of Pd NPs with different sizes. (c) The number of contacts of Pd NPs with
protein (NC) is plotted vs the number of surface atoms of Pd NPs (NS). Inset: binding energy of Pd NPs vs the number of contacts. (d) Binding
energy distribution of Pd19/CALB, Pd55/CALB, Pd201/CALB, and Pd459/CALB (the last 0.5 μs long trajectories were used for calculations).
The 10 residues that contribute the most to the binding energy were listed.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.2c00077
JACS Au 2022, 2, 961−971

963

https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00077/suppl_file/au2c00077_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00077/suppl_file/au2c00077_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00077/suppl_file/au2c00077_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00077/suppl_file/au2c00077_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00077?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00077?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00077?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00077?fig=fig2&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00077?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


increasing size, and there exists a critical size. Only the metal
NPs below the critical size can be effectively stabilized. The
critical size depends on the surface structure of the protein. For
CALB, the critical size is below 0.8 nm, and only extremely
small Pd NPs such as Pd19 can be well stabilized by the surface
of CALB. We decomposed the binding energy contributions in
a per-residue basis through the molecular mechanics Poisson−
Boltzmann surface area approach (Figure 2d, see Materials and
Methods). For Pd19/CALB and Pd55/CALB, glycosyl had a
remarkable contribution to the binding energy as it was a much
larger group than protein residues. The top 10 residues with
the highest binding energy contained many types of residues,
and it confirmed the nonspecificity of Pd NP binding. With the
increasing size of Pd NPs, the number of more strongly
interacted residues increased, but the ratio of interacted Pd
atoms decreased. From the binding energy distribution of Pd
atoms (Figures 2d and S10b−e), we found that heterogeneity
existed, and the corner and edge atoms had more binding
contribution. It indicates that the corner and edge atoms of
metal NPs are easier to bind with the protein surface. Hence,
small metal NPs with more corner and edge atoms are more
likely to be stabilized (Figure S10a). The size-dependent bio-
nano interactions are key factors in imaging, drug delivery,
diagnosis, and clinical therapeutic purposes.30−32 It greatly
affects the function and ultimate efficiency of nanomedicines.
The critical size in Pd NP binding with the protein is
speculated to exist in the bio-nano interaction between small
NPs and protein. These conclusions can be utilized for
rationally designing protein-nano complexes.
We then explored the influence of Pd NPs on the structure

and dynamics of CALB. Compared with wild CALB, the
structure of CALB in Pd NPs/CALB had obvious change
except for Pd55/CALB (Figure S11). Some helixes near the Pd
NP binding region uncoiled due to the interaction of Pd NPs.
It indicates that metal binding may destroy the second
structure of proteins. The root-mean-square deviation
(RMSD) between the average structure of CALB in Pd
NPs/CALB during equilibrium simulation and that of wild
CALB is shown in Table 1. Pd55 had a minimum impact on

the structure of CALB, and larger Pd NPs can obviously
disturb the protein structure. To probe how Pd NP binding
affects the dynamics of CALB, we calculated the Cα root-
mean-square fluctuation (RMSF) for both Pd NPs/CALB and
wild CALB states. Higher RMSF values correspond to greater
flexibility during the simulation. Although the Cα RMSF
profiles for Pd NPs/CALB and wild CALB states were similar,
indicating similar dynamics, there were some discernible
differences (Figures 3a and S12). In equilibrium simulations
of wild CALB, the hydrophobic core of the enzyme was stable
and showed limited fluctuations (Figure S14). Most of the

RMSF variance was observed in the α5 region and the loop
region near it and the α10 region. Nevertheless, these largely
fluctuated regions were consistently restricted in Pd NPs/
CALB. This phenomenon can also be observed in RMSD
calculated as a function of the fraction Cα, core Cα RMSD
superimposition, and average positional Cα deviations (Figures
S13−S15). The conformational fluctuation of CALB was
sometimes observed to be intensified, such as residues 25−32
of CALB in Pd201/CALB. In summary, the Pd NP binding
makes the structure of CALB more rigid. In addition, this
influence could be direct or indirect because Pd19 and Pd55
are not directly interacted with α5 and α10 regions. Principal
component analysis (PCA) was carried out to further illustrate
the change of conformation states of CALB after binding with
Pd NPs. The average conformation of the CALB structure in
Pd NPs/CALB was shifted relative to that of wild CALB
(Figure 3b) when the dynamic configurations were projected
onto the two principal vectors. We found that Pd55/CALB
had the largest (69%) subspace overlap with wild CALB from
the calculated dot product matrix (Figure S16). In contrast,
Pd459/CALB had only a 53.8% subspace overlap. This
conformation space shift may perturb the active site of
CALB and cause activity loss. The binding sites of Pd NPs
except for Pd459 were far from the active site (Figure S7).
Therefore, remote regulation of Pd NPs to enzyme catalysis is
likely to exist. To understand how conformational dynamics
orchestrates allosteric regulation of catalysis, we calculated
dynamic cross-correlation maps (DCCMs)33,34 (Figure S17).
DCCM results showed that Pd NP binding introduced some
negative correlation between interacted residues and other
noncontiguous residues, especially in Pd19/CALB and Pd459/
CALB. The impact induced by Pd NPs was propagated into
the active site through the dynamical network of protein. To
investigate how the Pd perturbation is remotely felt by the
active site of CALB, we then calculated the probability density
distributions of side-chain torsion angles (PDSTAs).35 A
torsion angle analysis may be more sensitive than a contact
analysis as more subtle changes can be captured.36 Based on
the change of the distributions of side-chain torsion angles, we
can directly detect the subtle conformation change of the
enzyme. We used the Jensen−Shannon (JS) divergence to
measure the difference of torsion angle distributions across
ensembles (see Materials and Methods). Dynamically
“responsive” residues with apparently shifted distributions
can be easily distinguished. Figure 3c shows the JS divergence
of the probability density distributions of side-chain torsion
angles of each amino acid residues of wild enzyme state and Pd
binding states. It reflected the response of the whole protein to
the perturbation of Pd NPs. We can find several responsive
residues located both near and distal to the Pd NP binding site.
Obviously, the active site felt the perturbation of Pd NPs. For
instance, there were some responsive residues at the loop
region where Asp187 is located. Both Ser105 and Asp187 of
the catalytic triad were disturbed to various degrees. We
summed the JS divergence of residues within 5 Å of the active
site to show the perturbation of Pd NPs to the active site
(Table 1). It indicates that Pd55 has the least impact on the
active site while Pd459 has an arresting perturbation. By
identifying responsive residues, we finally identified residue
pathways connecting the Pd binding sites to the active site.
There were two similar pathways in Pd19/CALB and Pd55/
CALB mediating the allosteric communication between
residues directly interacted with Pd NPs and the active site

Table 1. RMSD between CALB in Pd NPs/CALB and That
of Wild CALB and Summed JS Divergence of Residues
within 5 Å of the Active Sitea

System RMSD (Å) summed JS divergence

Pd19/CALB 1.12 5.8
Pd55/CALB 0.86 4.2
Pd201/CALB 1.65 7.9
Pd459/CALB 1.68 15.4

aThe higher value of JS divergence indicates a larger perturbation of
Pd NPs to the active site of the enzyme.
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(Figures S18−S23). One pathway was identified in Pd201/
CALB (Figures S24 and S25), and no pathway was identified
in Pd459/CALB since Pd459 directly interacted near the active
site (Figures S26 and S27). Taking the results of various
analyses together, we can conclude that Pd55 has the least
influence on the conformation of CALB, followed by Pd19,
Pd201, and Pd459. Large metal NPs cause severe damage to
the protein structure. Interestingly, a smaller size is not always
better, although Pd19 can be better stabilized by CALB.

Bio-metal Interface between CALB-P and Pd NPs

According to the results of our experiments, CALB-P has an
obvious advantage in controllably synthesizing Pd NPs.16 We

then comprehensively investigated the origin of the advantage
of CALB-P by MD simulations. We built the model of CALB-P
and obtained the equilibrium state of it through enhanced
conformational sampling, followed by 1 μs long MD
simulation (see Materials and Methods, Figures 1a and S28−
S30). In water, CALB and polymer were loosely complexed,
and only ∼10% of the CALB surface was covered by the
polymer, which is different from the structure in organic
solvent.2,16 The polymer did not induce perceivable structure
change to CALB (Figure S31). The RMSF variance in the α5
region and the loop region near it and in the α10 region were
also reduced (Figures S32 and S33). We speculated that the

Figure 3. Influence of Pd NP binding on the structure and dynamics of CALB. (a) RMSF and the difference between CALB in the Pd NPs/CALB
complex and wild CALB. The α5 and α10 regions and the catalytic triads Ser105, Asp187, and His224 were marked. (b) Dynamic conformations
projected onto the vectors of two lowest-frequency principal components (PC1 and PC2). (c) Visualization of JS divergence of the probability
distribution of side-chain torsion angles between Pd NPs/CALB and wild CALB. From green to red, the JS divergence gradually increases. The
catalytic triads Ser105, Asp187, and His224 were shown.

Figure 4. Binding behavior between CALB-P and Pd NPs with different sizes. (a) Optimal binding structures of Pd NPs with four sizes obtained
through MD simulation. The amino acid residues of the enzyme interacted with Pd NPs were shown with blue color and the catalytic triad was also
shown. (b) The number of contacts of Pd NPs with protein (NC) is plotted vs the number of surface atoms of Pd NPs (NS). Inset: binding energy
of Pd NPs vs the number of contacts. (c) Binding energy distribution of Pd19/CALB-P, Pd55/CALB-P, Pd201/CALB-P, and Pd459/CALB-P. (d)
Proportion of binding energy contributed by the protein and polymer in Pd19/CALB-P, Pd55/CALB-P, Pd201/CALB-P, and Pd459/CALB-P.
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dynamics of these regions could be restrained when a partner
interacts with CALB. The restraining is not distinctly harmful
to the activity of CALB as CALB-P reserved ∼90% activity of
CALB in our experiments (Figure 1d). Analysis of DCCMs
and PDSTA showed the negligible influence of polymer on
dynamic networks of CALB (Figure S34). It is consistent with
the experimental results. We then obtained the optimal
complex structure of Pd NPs/CALB-P through a longtime
MD simulation with different starting geometries (see
Materials and Methods, Figures S35−S40). Figure 4a shows
the structures of Pd19/CALB-P, Pd55/CALB-P, Pd201/
CALB-P, and Pd459/CALB-P. The binding positions of Pd
NPs with CALB-P varied from each other. The Pd NPs
interacted with both the protein and the polymer, and the
binding region with protein increased with larger Pd NPs. The
most surface of Pd NPs was covered by the polymer chain.
With the Pd NPs becoming larger, it was more difficult to be
enwound by the polymer just as Pd459. There is an enthalpy−
entropy competition in polymer coating behavior. Although
the coating behavior is enthalpy favored, it will be inhibited
when the entropy loss of polymer is insufferable. Hence, large
Pd NPs can only be partially coated by the polymer.
Interestingly, the pattern of polymer absorbed on the surface
of Pd201 and Pd459 had a folding form like the parallel
arrangement of polymers in the lamellae (Figure S41). The
binding energy between Pd NPs and CALB-P increased with
the increasing size of Pd NPs, and no sharp drop of the average
interaction was felt by the surface atoms (Figure S44). The
binding energy had a good linear relationship with the number
of contacts (Figure 4b, inset). Hence, it elucidates that no
transition happens, and it is verified in Figure 4b. Pd19, Pd55,
and Pd201 were located at the saturated binding region, and
Pd459 was nearly saturatedly bound. CALB-P can provide a
larger critical size of saturated binding of metal NPs (>1.8 nm).
This explains why the Pd NPs can be more controllably
synthesized in CALB-P. Figure 4c shows the binding energy
distribution in each case. With the increasing size of Pd NPs,
more binding energy was contributed by the protein (Figure
4d), while the polymer was always the major contributor. The
flexibility of the polymer enables it to bind with metal NPs
abundantly and tunes the critical size of saturated binding.
Compared with Pd NPs/CALB, the structure of CALB in Pd

NPs/CALB-P was less affected by Pd NPs (Figure S45), and
no obvious helix uncoiling happened (RMSD in Table 2). The

results of RMSF of Pd NPs/CALB-P were similar to that of
CALB-P (Figure 5a), and conformational fluctuation in the α5
region and the loop region near it and in the α10 region was
also reduced (Figures S46−S48). PCA further illustrates that
the change of conformation states of CALB in the Pd NPs/
CALB-P complex shows a conspicuous size-dependent effect.
The larger the Pd NPs were, the larger the shift of
conformation space would be induced by Pd NPs (Figure

5b). The subspace overlap of conformation with wild CALB
decreased with the increasing size of Pd NPs from 78.4 to
62.9% (Figure S49). DCCM results also showed that the
disturbance of Pd NPs in the Pd NPs/CALB-P complex to the
dynamic networks of CALB was alleviated compared with that
of Pd NPs/CALB (Figure S50). The DCCMs of Pd19/CALB-
P and Pd55/CALB-P were nearly the same as that of CALB,
while some negative correlations were introduced in the
DCCMs of Pd201/CALB-P and Pd459/CALB-P. The differ-
ence of the PDSTA of each residue from wild state to Pd
binding states in Pd NPs/CALB-P further demonstrated the
protection function of the polymer and pathways of
communication between residues directly interacted with Pd
NPs and the active site (Figure 5c). The active site of CALB in
Pd19/CALB-P and Pd55/CALB-P was slightly affected except
for a small region near Asp187. Although many large shifted
probability density distributions of angles existed in Pd201/
CALB-P and Pd459/CALB-P, the degree of influence was less
than Pd201/CALB and Pd459/CALB (summed JS divergence
in Table 2). The pathway of propagation of perturbation was
also identified in Pd55/CALB-P, Pd201/CALB-P, and Pd459/
CALB-P (Figures S52−S57). All these results show the
advantages of polymer engineering in both stabilization of
metal NPs and protection of protein function. Polymers play
the role of a mediator in the bio-nano interaction at the
interface.

Substrate Channeling in Pd NPs/CALB-P

In nature, electrostatic guidance is an effective manner to
control the diffusion of charged reaction intermediates
between the catalytic active sites of two enzymes; this process
is known as substrate channeling.37 This natural phenomenon
has been applied to artificial reaction cascades.19,38 A special
channel which can facilitate diffusion of the intermediates is
the key to substrate channeling. Inspired from it, we envisioned
that the polymer on the enzyme−metal interface of Pd NPs/
CALB-P could serve as a bridge to facilitate restricted diffusion
of a hydrophobic intermediate between the catalytic sites of
enzyme and Pd NPs (Figure 6a). We can find that the polymer
linked the enzyme and Pd NPs as a continuous medium in the
complex of Pd NPs/CALB-P (Figure 4a). We guess that before
diffusing to the bath, the intermediate products catalyzed by
the enzyme may diffuse directly from the active site of the
enzyme to Pd NPs through a polymer medium. The cascade
reaction can be boosted by this substrate channeling
phenomenon. To verify this hypothesis, we designed a model
cascade reaction catalyzed by 0.8Pd/CALB-P in water. The
cascade consisting of the ester hydrolysis reaction catalyzed by
CALB and the Suzuki reaction catalyzed by Pd NPs can take
place in two ways (Figure 6b). We assumed that the
hydrophobic intermediate 2 or 3 can diffuse directly between
the enzyme and Pd NPs. We synthesized the Pd NPs on the
bovine serum albumin-polymer conjugates (BSA-P) with the
same size and activity (Figure S58) and used the cascade
reaction catalyzed by Pd NPs/BSA-P and CALB-P as a
reference reaction. Figure 6c showed the catalytic performance
of 0.8Pd/CALB-P and the performance of the combination of
0.8Pd/BSA-P and CALB-P. The cascade reaction of 0.8Pd/
CALB-P was obviously boosted, which proved our hypothesis.
We also performed MD simulations to further prove that the
reaction intermediates can directly diffuse between the enzyme
and Pd NPs. The results showed that the intermediate 2 can be
transferred from the active site of CALB to the surface of Pd

Table 2. RMSD between CALB in Pd NPs/CALB-P and
That of Wild CALB and Summed JS Divergence of Residues
within 5 Å of the Active Site

system RMSD (Å) summed JS divergence

Pd19/CALB-P 0.71 2.1
Pd55/CALB-P 0.82 3.8
Pd201/CALB-P 1.01 6.8
Pd459/CALB-P 1.24 12.8
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NPs, which was mediated by the polymer. Our studies
demonstrated that polymer engineering on the enzyme−metal
interface can not only protect enzymes but also boost bio-
metal cascade reactions through substrate channeling.

■ CONCLUSIONS
In summary, we investigated the mechanism of enzyme−metal
NP interface tuning enzyme activity and shed some light on
the principles of bio-nano interface engineering. We found that
the metal NP binding is a shape matching behavior, and the
binding sites varied between different sizes of metal NPs. With
the increasing size of metal NPs, the binding behavior of metal
NPs on the protein surface transits from saturated binding to
unsaturated binding, and a critical size exists. In addition, metal
NPs obviously disturb the structure, dynamics, and catalysis of
the enzyme. The tight binding of metal NPs causes the loss of
protein function, and the bio-metal interface should be

engineered to protect the protein function. We showed how
the polymer engineering of the interface makes the critical size
of saturated binding of metal NPs larger and reduces the
disturbance of the metal NPs to enzyme function. The
mechanism of interaction on the enzyme−metal interface and
how the structure and activity of the enzyme are influenced
would enable us to rationally design the bio-nano interface at
the molecular level.

■ MATERIALS AND METHODS

Shape-Matched Docking between the Protein and Metal
NPs
The interaction between Pd NPs and protein comes from the van der
Waals interaction, which is described through the Lennard-Jones (LJ)
12-6 potential (LJ potential). Based on our previous experience and
LJ potential analysis (Figure S2), the interaction of Pd NPs is
nonspecific. The key factor determining the interaction between Pd

Figure 5. Influence of Pd NP binding on the structure and dynamics of CALB in Pd NPs/CALB-P. (a) RMSF and the difference between CALB in
the Pd NPs/CALB-P complex and wild CALB. The α5 and α10 regions and the catalytic triads Ser105, Asp187, and His224 were marked. (b)
Dynamic conformations projected onto the vectors of two lowest-frequency principal components (PC1 and PC2). (c) Visualization of JS
divergence of the probability distribution of side-chain torsion angles between Pd NPs/CALB-P and wild CALB. From green to red, the JS
divergence gradually increases. The catalytic triads Ser105, Asp187, and His224 were shown.

Figure 6. Substrate channeling in the bio-metal cascade reaction catalyzed by 0.8Pd/CALB-P. (a) Schematic diagram of the possible substrate
channeling effect in 0.8Pd/CALB-P. (b) Bio-metal cascade reaction catalyzed by 0.8Pd/CALB-P. (c) Catalytic performance of 0.8Pd/CALB-P at
50 °C and performance of the combination of 0.8Pd/BSA-P and CALB-P in the cascade reaction. (d) Diffusion of intermediate products
(intermediate 2) from the active site to Pd19 in MD simulation.
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NPs and protein is the contact area between them. More contacts
mean higher binding energy. Therefore, the problem of finding the
most stable binding site of Pd NPs on the surface of the protein is
converted to the problem of finding a shape-matched surface region of
protein for Pd NP binding. Hence, docking is a suitable method for
this problem. The PatchDock algorithm is inspired by object
recognition and image segmentation techniques used in Computer
Vision.29 Given two molecules, PatchDock can divide two surfaces
into patches according to the surface shape. These patches correspond
to patterns that visually distinguish between puzzle pieces. Once the
patches are identified, they can be superimposed using shape
matching algorithms. This shape matching algorithm is appropriate
for our problem. Using PatchDock and refinement of FireDock, we
applied rigid-body docking for protein with Pd NPs of different sizes.
Four truncated octahedral Pd NPs (Supporting Information Table 3)
were selected. For each case, we obtained the top 100 highest scored
complex structures. These structures were aligned into a single
structure to see the position distribution of Pd NPs on the protein
surface (Figure S4). Several possible binding sites were found, and the
shape of the two surfaces was well matched. It indicates that
PatchDock is very efficient. Generally, docking results showed that the
possible binding sites of metal NPs decrease with increasing size.
Although the top 100 highest scored docking results were selected,
most of the positions were overlapped (Figure S4), and only several
possible binding sites existed on the protein surface. Considering the
flexibility of the Pd NPs in binding with protein, these docking
structures were finally optimized through MD simulations, and the
most stable binding structure was selected.

MD Simulation of CALB and Complex of Pd NPs/CALB

The crystallographic structure of CALB (PDB ID: 1TCA)39 was used
as the starting geometry. PROPKA 340,41 was employed to assign the
protonation states of titratable residues. In addition, the protonation
states and side-chain orientations were also checked by visual
inspection. All amino acid residues except for Asp134 were negatively
charged, while alkaline Lys and Arg residues remained positively
charged. His224, the only HIS residue, of the catalytic triad, was
singly protonated at Nσ. The total charge of the protein was zero.
There is an N-glycosylation site at Asn74, and the glycosylation was
built by GLYCAM tools.42 All crystal waters were retained. This
processed structure was used as the initial structure for a subsequent
MD simulation. All MD simulations of the complex of CALB and Pd
NPs were conducted using GROMACS 2019.3,43 along with the
Amber ff14SB44 force-field parameters and the reoptimized
parameters for the ω torsional angle45 for protein. The GLY-
CAM_06j-146 force field was used for glycans. The embedded atom
model (EAM) was wildly used for metal simulation.47 However,
embedded atom potentials for metals are of an entirely different
functional form and are very difficult to combine with force fields for
polymers and biomolecules, which rely on harmonic energy
expressions.48 Heinz et al. presented 12-6 and 9-6 LJ parameters for
several face-centered cubic metals (Ag, Al, Au, Cu, Ni, Pb, Pd, and
Pt).49 The performance is comparable to tight-binding and EAMs,
and it has compatibility with widely used force fields, including
AMBER, CHARMM, COMPASS, CVFF, OPLS-AA, and PCFF. It is
embedded with some force fields such as the INTERFACE-
CHARMM force field to simulate the properties of the bio-metal
interface.48,50 We embedded the 12-6 LJ potential parameters of Pd49

into the Amber ff14SB force field to carry out our simulation. The
initial geometries of CALB-Pd NPs were selected from docking results
(Figure S3). We selected 9, 8, 4, and 5 possible complex structures
from docking results of Pd19, Pd55, Pd201, and Pd459 as the initial
geometries of simulations of Pd NPs/CALB. The Pd NPs/CALB
complex was placed in a periodic cubic box of water molecules
represented by the three-point charge TIP3P model, whose boundary
is at least 15 Å from any atoms. The total system was energy-
minimized by a succession of steepest descent and conjugate gradient
methods. Thereafter, the solvent was equilibrated for 10 ns at a
constant temperature (298.15 K) and pressure (1 bar) (NPT) by
restraining the positions of the complex, followed by NPT

equilibration for another 200 ns by restraining the positions of
CALB (Pd NPs were free). Then, we calculated the binding energy
between CALB and Pd NPs (Figure S4) through MMPBSA.51−53 The
structures with the highest binding affinity were selected for the
following 1 μs long NPT simulation (298.15 K, 1 bar) without
position restraints (2 μs for Pd19/CALB) (Figure S6). We used a V-
rescale thermostat54 and Parrinello−Rahman barostat55 to maintain
the temperature and pressure constant, respectively. The cutoff radius
for neighbor searching and nonbonded interactions was taken to be
12 Å, and all bonds were constrained using the LINCS algorithm.56

MD Simulation of CALB-P and Complex of Pd NPs/CALB-P
The polymer Pluronic F-127 (PEO99−PPO65−PEO99) covalently
bonds with CALB at Lys136. Parameters for the modified Lys136,
PEO monomer, and PPO monomer were generated with the
antechamber module of Amber1857 using the general Amber force
field (GAFF),58 with partial charges set to fit the electrostatic
potential generated with HF/6-31G(d) by RESP.59 The model of
CALB-P was generated through Ambertools60 and VMD.61 After
modifying with polymer, the total charge of CALB-P is −1. The
system was neutralized by adding one Na+. The kinetics of
entanglement of protein by Pluronic F-127 is beyond the capability
of MD simulation because the polymer chain is long. Since sampling
the thermodynamic equilibrium state of CALB-P is difficult, the
following approach was employed to accelerate the process of finding
the stable configuration of the protein−polymer conjugate. This
approach was employed in some previous work.2,16

Step 1: The CALB−Pluronic conjugate was put in a cubic box. The
initial structure under vacuum is given Figure S28, Vb. The CALB−
Pluronic conjugate was simulated under vacuum for 20 ns, and the
NVT ensemble (constant number of particles, temperature, and
volume) was employed with the V-rescale thermostat (a constant
temperature of 600 K). In this step, the heavy atom of CALB (except
for H atom) was constrained at its initial coordinate to maintain the
structure of CALB at high temperature.

Step 2: The obtained structure of the CALB−Pluronic conjugate
under vacuum (Figure S28, Ve) was then embedded in water (Figure
S28, Wb). The simulation at 600 K was performed to enhance the
sampling of the CALB−Pluronic conjugate. The NPT ensemble
(constant number of particles, temperature, and pressure) was
applied. The temperature and pressure are coupled via the Vrescale
algorithm and the isotropic Berendsen barostat (the reference
pressure 1 bar). The simulation lasted for 200 ns with the CALB
heavy atom constrained.

Step 3: After that, the position restraints of CALB were switched
off. The final structure of the CALB−Pluronic conjugate (Figure S28
We) was obtained by simulation at 298.15 K for 1 μs (Figure S29).

Employing the above approach, we obtained similar equilibrium
structures of the protein−polymer conjugate with different initial
structures (Figure S30). It indicates that the approximate equilibrium
state was obtained. Then, the obtained equilibrium structure was used
for the simulation of Pd NPs/CALB-P. As our previous experimental
study16 indicates that Pd NPs were stabilized by both protein and
polymer, we reasonably believe that the Pd NPs in the Pd NPs/
CALB-P complex were located at the interface between the protein
and the polymer. We selected eight starting positions of Pd NPs at the
interface as the starting geometries of Pd NPs/CALB simulations.
The simulation settings were the same as the simulation of Pd NPs/
CALB. The complex in water was equilibrated for 10 ns at a constant
temperature (298.15 K) and pressure (1 bar) (NPT) by restraining
the positions of the complex, followed by NPT equilibration for
another 200 ns by restraining the positions of CALB (Pd NPs and
polymer were free). Then, we calculated the binding energy between
CALB-P and Pd NPs (Figure S36). The structures with the highest
binding affinity were selected for the following 1 μs long NPT
simulation (298.15 K, 1 bar) without position restraints (Figures
S37−S40).
Analysis of MD Simulation Results
MMPBSA51−53 was used for binding energy calculations and energy
contribution of residues to the binding. The binding energy
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contribution of each residue was visualized by VMD.61 The analysis of
mobility and structural fluctuation of the simulation was realized by
MDLovofit.62 It allows the automatic identification of rigid and
mobile regions of protein structures (Figures S13, S14, S46, and S47).
DCCMs have been previously used to identify networks of coupled
residues in enzymes. We calculated DCCMs using Bio3D.63 PCA of
the trajectories was carried out by using pyPcazip, a PCA-based
toolkit for compression and analysis of molecular simulation data.64

The distribution of side-chain torsion angle was calculated by python
library MDTraj.65 We examined side-chain torsion angles up to χ2.
Glycine, alanine, and proline are excluded because they have no
proper side-chain torsion angle. To quantitatively compare the
influence of Pd NPs on the probability distribution of side-chain
torsion angles, we used the JS divergence to measure the difference of
two angle probability distributions. JS divergence is based on the
Kullback−Leibler (KL) divergence, with some notable and useful
differences, including that it is symmetric and it always has a finite
value. For discrete probability distributions P and Q defined on the
same probability space, χ, the KL divergence from Q to P is defined as
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Using the JS divergence, we visualized the change of probability
distribution of side-chain torsion angles of each residue after Pd NP
binding. When both χ1 and χ2 of a residue existed, the larger JS
divergence was chosen.
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