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SUMMARY

Molecular conformational engineering is to engineer flexible non-functional mol-
ecules into unique conformations to create novel functions just like natural pro-
teins fold. Obviously, it is a grand challenge with tremendous opportunities.
Based on the facts that natural proteins are only marginally stable with a net sta-
bilizing energy roughly equivalent to the energy of two hydrogen bonds, and the
energy barriers for the adatom diffusion of some metals are within a similar
range, we propose that metal nanoparticles can serve as a general replacement
of protein scaffolds to conformationally engineer protein fragments on the sur-
face of nanoparticles. To prove this hypothesis, herein, we successfully restore
the antigen-recognizing function of the flexible peptide fragment of a natural
anti-lysozyme antibody on the surface of silver nanoparticles, creating a silver
nanoparticle-base artificial antibody (Silverbody). A plausible mechanism is pro-
posed, and some general principles for conformational engineering are summa-
rized to guide future studies in this area.

INTRODUCTION

Chemistry has long been considered as a mature discipline (Peplow, 2006), especially after artificial intel-

ligence (AI) has been successfully used to plan chemical syntheses (Segler et al., 2018), and robots can be

used to perform the syntheses (Burger et al., 2020). Yet, there is still a large area in chemistry seldom being

explored to date. This novel area is molecular conformational engineering, i.e., controlling the angles of all

rotatable chemical bonds within a molecule to arrange all its atoms in a specific conformation as a molec-

ular machinery to perform sophisticated functions in a concertedmanner, just like natural proteins fold (Yan

et al., 2018). The natural protein folding can be regarded as a special case of molecular conformational en-

gineering. However, even the special case of protein folding is still not fully understood (Cao, 2020a, 2020b;

Dill and MacCallum, 2012; Narayan et al., 2000); the general task of molecular conformational engineering

is apparently a grand challenge.

Generally, for most small molecules, when all their chemical bonds are set, their chemical properties are

set, too. But for largemolecules, especially those with many rotatable chemical bonds, their chemical prop-

erties are also determined by their conformations, i.e., the arrangements of all atoms in 3D space corre-

sponding to each angle of those rotatable chemical bonds. The total number of conformations of a mole-

cule increases exponentially with the number of its rotatable chemical bonds. Fundamentally, the

molecular conformational engineering is intentionally controlling the rotation of all rotatable chemical

bonds of a molecule.

Though it is still almost impossible for chemists to control the conformation of molecules with rotatable

chemical bonds, nature has done it for billions of years. In fact, life emerged only after proteins mastered

the technique of conformational engineering through billions of evolution. The protein structure is the best

example of precisely controlling the rotation of chemical bonds: natural proteins can fold into their unique

active conformation from their astronomical conformational spaces.

Apparently, intentionally manipulating molecules into specific conformations from their all possible enor-

mous conformational spaces is far more complicated than the usual passive observation of conformational

change. In certain sense, both the supramolecular chemistry and self-assembly are related to molecular

conformation; however, they mainly focus on forming molecular complexes and aggregations, not
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controlling the active conformation of individual molecules. For example, most studies on the self-assem-

bly of small molecules on gold surface intended to find certain beautiful patterns assembled by those mol-

ecules, but not controlling the conformation of individual molecules (Claridge et al., 2013; Kühnle et al.,

2002; Liao et al., 2012; Love et al., 2005).

Protein-mimicking with nanoparticles (NPs) has been a long-pursuing goal for scientists (Kotov, 2010; Mar-

tinez-Veracoechea and Frenkel, 2011; Yang et al., 2013). Yet until now, instead of conformational engineer-

ing, most protein-mimicking studies just directly connected functional groups on NPs to enhance the

already existing functions of those groups relying on multivalency effects (Huskens, 2006; Mammen

et al., 1998; Wang et al., 2010; Weissleder et al., 2005) or synergy effects out of random combinatorial li-

braries (Bai et al., 2018; Okesola and Mata, 2018; Riccardj et al., 2017; Rufo et al., 2014; Yang and Liu,

2020; Zhang et al., 2014). In fact, the real challenge for mimicking proteins with NPs is not to endow NPs

with protein-like functions but to endow NPs with protein-like functions in a protein-like way, i.e., creating

novel functions on NPs by conformationally engineering non-functional groups.

Inspired by protein folding, after years of efforts, we managed to demonstrate for the first time that it is

possible to create novel functions on NPs by the conformational engineering of non-functional groups

(Yan et al., 2018). We have successfully restored the native conformation and function of the complemen-

tary-determining region (CDR) fragments of natural antibodies, which are unstructured and non-functional

by themselves, on the surface of gold NPs (AuNPs), and created AuNP-based artificial antibodies, denoted

as Goldbodies. The successful restoration of the native conformation and function of natural proteins’ flex-

ible fragments on AuNPs implies that there must be some fundamental commonalities between AuNP and

natural proteins, which keep the flexible fragments of proteins in the same conformation.

Interestingly, though numerous different interactions are involved, the net stabilizing energy for natural pro-

teins is only about the energy of two O-H,,,O hydrogen bonds (around 10 kcal mol�1) (Taverna and Gold-

stein, 2002). By lucky coincidence, the energy barriers for the adatom diffusion of many metals including

gold are also in the same range (Biener et al., 2007; Cossaro et al., 2008; Ehrlich and Stolt, 1980; Maksymo-

vych et al., 2010; Martı́n et al., 1999; Müller and Ibach, 2006; Paez-Ornelas et al., 2020; Takano et al., 2003; Yu

et al., 2006). Based on these two facts and the success of Goldbodies, we assume that the energy barrier for

themetal adatomdiffusionmight serve as a general replacement for the long-range interactions in proteins

to stabilize the native conformation of protein fragments. To prove this hypothesis as well as that the confor-

mational engineering is not solely limited on AuNPs, herein, we select the widely studied silver NP (AgNP)

(Arvizo et al., 2012; Chen et al., 2016; Flores et al., 2010; Paez-Ornelas et al., 2020;Wang et al., 2016) as a new

scaffold for the conformational engineering of flexible protein fragments. As expected, the isolated flexible

CDR3 peptide of cAB-lys3 (an anti-hen egg white lysozyme (HEWL) antibody) has been successfully engi-

neered into its native conformation on silver NPs, producing a silver NP-based artificial antibody, denoted

as Silverbody. Based on this study, we propose a plausible mechanism for both Goldbody and Silverbody,

and discuss some general principles for molecular conformational engineering.

RESULTS

Design and synthesis of the anti-lysozyme silverbody

The common method for conjugating molecules onto NPs, which links the molecule to NPs with one cova-

lent bond, lacks measures to manipulate the conformation of the conjugated molecule. As demonstrated

by the design of Goldbodies (Yan et al., 2018), there has to be at least two linking positions between the

conjugated molecule and the NP for conformational engineering. Figure 1 shows the rationale for confor-

mationally engineering flexible peptides on AgNPs. The flexible CDR3 fragment of cAB-lys3 was modified

as peptide P1 with one cysteine (Cys) residue added at each of its two terminals, so that each peptide could

be conjugated onto AgNPs with two Ag-S bonds. These two Ag-S bonds were crucial for the conforma-

tional engineering, and the underlining mechanism will be discussed later.

To demonstrate the important role of the two Ag-S bonds, peptide P1m, which would form only one Ag-S

bond with the AgNP (corresponding to the common conjugation method), was used as a negative control

peptide. So, the difference between AgNP-P1 and AgNP-P1m was the net effect of conformational engi-

neering. Another peptide, P1s, which has Cys at both terminals and the same composition as P1 but with a

shuffled sequence, was set as a non-specific control peptide. Generally, if the conformational engineering

works, the function (binding with HEWL) would be in following order: AgNP-P1 > AgNP-P1m > AgNP-P1s.
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AgNPs with an average diameter of around 4.5 nm were synthesized by the common citrate-reduction

method (Flores et al., 2010). The as-synthesized AgNPs were citrate-capped, negatively charged (Fig-

ure S1), and well dispersed with an average diameter of 4.43G 1.14 nm as determined by transmission elec-

tron microscope (TEM) (Figures 2 and S2). The average diameter of AgNPs in solutions increased slightly

after conjugation with peptides (Figure S3). The mass concentration of the as-synthesized AgNPs was

30.4 G 0.2 mg L�1 as determined using atomic absorption spectroscopy (AAS) (Table S1), and the corre-

sponding molar concentration was thus estimated, supposing all AgNPs were spherical balls with a diam-

eter of 4.5 nm. As well known, AgNPs were not very stable, and their size and dispersion might change with

the storage time. So, after synthesis, AgNPs were immediately conjugated with peptides.

The conjugation of peptides with AgNPs was efficient through Ag-S bonds (Luque and Santos, 2012;

Poblete et al., 2016; Gondikas et al., 2012; Smith and Fickett, 1995). As detected by the fluorescence of pep-

tide in solution, almost no free peptides could be detected after reaction with AgNPs (at least at the pep-

tide:AgNP molar ratio up to 120:1. See Figure S4). After peptide conjugation, the AgNPs were more stable

than the as-synthesized AgNPs.

Conformational engineering and characterization of the anti-lysozyme silverbody

As shown previously, there was an optimum peptide density on AuNPs for restoration of the native confor-

mation and function of peptide P1 (Yan et al., 2018). Therefore, the same optimum peptide P1 density was

directly adopted for the conjugation of P1 on AgNPs. On average, 60 P1 peptides were conjugated on one

AgNP, and this AgNP-peptide conjugate is named as AgNP-60P1. Similarly, the two controls were pre-

pared and named as AgNP-60P1m and AgNP-60P1s, respectively.

If the conformational engineering technique, which was originally developed for Goldbody on AuNPs (Liu

et al., 2022; Luo et al., 2020; Yan et al., 2018), would also effectively work on AgNPs, then AgNP-60P1 would

directly bind into the active cleft of HEWL, inhibiting the enzymatic activity of HEWL. Fortunately, AgNP-

60P1 did inhibit the activity of HEWL (Figure 3A), demonstrating that the conformational engineering tech-

nique worked well on AgNPs too. Amore convincing fact is that both of the two controls (AgNP-60P1m and

AgNP-60P1s) showed much less inhibitive effects on HEWL, indicating that there was a specific interaction

between AgNP-60P1 and HEWL. Therefore, AgNP-60P1 was indeed an artificial anti-HEWL antibody, which

is referred to as Silverbody hereafter. Actually, the inhibition of the anti-HEWL Silverbody on HEWL (the half

inhibitory concentration (IC50) value was around 8.6 nM for 30 nM HEWL (Figure 3B)) was comparable to

that of the anti-HEWL Goldbody (the IC50 value was around 7.9 nM for 30 nM HEWL (Yan et al., 2018)).

The specific interaction between the anti-HEWL Silverbody and HEWL was demonstrated not only by the

different inhibition of HEWL by Silverbody, AgNP-60P1m, and AgNP-60P1s (Figure 3A) but also by the Sil-

verbody’s selective binding with HEWL from other proteins, including RNase A (RNase A), a protein very

similar to HEWL in many aspects (Yan et al., 2018). As shown in Figure 3C, the DLS (dynamic light scattering)

Figure 1. Conformationally engineering the flexible peptide on AgNPs

The peptide is adapted from the CDR3 loop (shown in magenta) of an anti-HEWL antibody (cAB-lys3, green), which is

unstructured by itself. The restoration of the native conformation of the CDR3 on AgNP results in an anti-HEWL

Silverbody. To make the scheme clear, only one peptide is shown on the AgNP.
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data of the mixture of the Silverbody and HEWL show significantly increased size, indicating the formation

of the Silverbody/HEWL complex, but DLS could not detect the presence of the Silverbody/RNase A com-

plex from their mixture. Furthermore, when HEWL was mixed with 5-fold more RNase A, or even after the

Silverbody had been pre-incubated with RNase A, the specific inhibition of HEWL by the Silverbody was

almost not affected (Figure 3D).

The specific interaction between the anti-HEWL Silverbody and HEWL was further characterized by surface

plasmon resonance (SPR) technique on a Biacore T200 (Cytiva), with HEWL and two control proteins (RNase

A and BSA, the most abundant protein in serum) immobilized on a CM5 chip (Figure 4A). Once again, the

SPR binding data showed that the anti-HEWL Silverbody bound strongly to HEWL, but only bound weakly

(non-specific) to RNase A and BSA. And as expected, both of the control peptide conjugations, AgNP-P1m

and AgNP-P1s, only bound weakly (non-specific) with all three proteins including HEWL.

To quantify the affinity between the anti-HEWL Silverbody and HEWL, the binding kinetics was measured

by SPR with HEWL immobilized on the CM5 chip (Figures 4B and S5). The binding kinetics data could be

fitted with the simple 1:1 model, and we obtained an apparent affinity (KD) of 2.03 10�10 M (kon = 1.23 106

M�1 s�1 and koff = 2.3 3 10�4 s�1). The apparent affinity was comparable to that of the previous anti-HEWL

Goldbody (KD = 1.5 3 10�10 M) (Yan et al., 2018), but much higher than that of the antibody cAB-lys3 (Des-

myter et al., 1996). It has to be pointed out that the multivalent effect contributed a lot to the apparent af-

finity (Yan et al., 2018), because the Silverbody, like the previous Goldbody (Yan et al., 2018), had many

binding sites for HEWL on one particle.

DISCUSSION

Mechanism of conformational engineering on metal NPs

All the above experiments have demonstrated that the native conformation and the antigen-recognition

function of the CDR3 fragment of cAB-lys3 were successfully restored on AgNPs, thus proving that, like

AuNPs, AgNPs can also be used as scaffolds to restore (conformationally engineer) the native conformation

of flexible protein fragments. It has to be pointed out that the CDR3 peptide (peptide P1) was unstructured

and non-functional by itself. As the protein folding problem is still not fully understood (despite the recent

Figure 2. TEM images of AgNPs and AgNP-peptide conjugates

(A) AgNPs, Related to Figures S2 and S3.

(B) AgNP-60P1 (Silverbody), Related to Figures S2 and S3.

(C) AgNP-60P1m, Related to Figures S2 and S3.

(D) AgNP-60P1s. Related to Figures S2 and S3.
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breakthrough on protein structure prediction made by AlphaFold2 (Jumper et al., 2021), which is basically

just a numerical approximation of a partial problem of protein folding), it is amazing how simple NPs such

as AuNPs and AgNPs could replace the complicated protein scaffold to restore the native conformation

and function of the flexible protein fragments.

To answer this fundamental question, we proposed the ‘‘Confined Lowest Energy Structure Fragment’’

(CLESF) hypothesis (Cao, 2020a) (later unified as the CLEF hypothesis (Cao, 2020b)) for the protein folding

problem. The main idea of the CLEF hypothesis is that the whole peptide chain of a protein can be divided

into many CLEFs. Each CLEF is a semi-independent folding unit, whose native conformation is at least one

of the energyminima (not necessarily the lowest one) as schematically shown in Figure 5B. But the favorable

enthalpy (DHN) of the CLEF is usually not big enough to counterbalance the large entropy of the enormous

non-native conformations, so the isolated protein fragments are usually unstructured (random coil or a

huge number of conformations). In the protein, there are a small number of key residues to hold all the

CLEFs together with strong long-range interactions, such as disulfide bond and hydrophobic packing.

The CLEF hypothesis provides a simple solution for the protein folding problem, and a simple explanation

for the success of conformational engineering on AuNPs and AgNPs: The Au-S and Ag-S bonds are satis-

factory replacements of the strong long-range interactions within the original antibody to stable the native

conformation of the CDR peptide.

Figure 5 illustrates a general mechanism for the conformational engineering of those initially unstructured

peptides into their native conformations on NPs like AuNPs and AgNPs. As mentioned previously, a distin-

guishable feature of the current conformational engineering is the two anchoring positions for each pep-

tide on NPs. The first advantage of the two anchors is to greatly reduce the entropy of the non-native state

of the peptide by excluding a large number of conformations (Liu et al., 2022). As the free peptide fragment

(e.g. P1) is unstructured, when it forms two metal-S (M-S) bonds with the adatoms of one NP, there would

Figure 3. Interactions between HEWL and AgNP-peptide conjugates

(A) The different inhibitions of the enzymatic activity of 30 nM HEWL by 30 nM (left) or 10 nM (right) AgNP-60P1 (the

Silverbody, black), AgNP-60P1m (red), and AgNP-60P1s (blue). Error bars indicate SDs (n = 3).

(B) IC50 measurement of the Silverbody for 30 nM HEWL.

(C) Sizes of the Silverbody after mixed with RNase A (black) or HEWL (red) as measured by DLS.

(D) Little influence of RNase A on the inhibition of enzymatic activity of HEWL by the Silverbody (AgNP-60P1, left) and the

control AgNP-60P1s with different incubation procedures. Black columns: Conjugates were incubated with pure HEWL;

red columns: Conjugates were incubated with the mixture of HEWL and RNase A (in a 1:5 M ratio); blue columns: Con-

jugates were pre-incubated with RNase A, and then HEWL was added into the mixture. Error bars indicate SDs (n = 3).
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still be a large number of possible conformations for the conjugated peptide, corresponding to different

distances between the two S atoms (Figure 5A). As the native conformation of the peptide requires a spe-

cific distance between the two S atoms, the conformational engineering therefore requires the initially

formed distance between the two S atoms being changed, either by the movement of S atoms (breaking

ofM-S bonds or sliding of the S atoms on theNP surface) or by themovement of the adatoms (together with

S atoms). Because the M-S bond is weaker than most covalent bonds, it is possible for the peptide to break

one M-S bond and hop to another adatom (hoping mode). In addition, it has been reported that S atoms

could form Au-S-Au bridging bonds and the S atoms can move (slide) from one Au adatom to another, and

the mobility of Au adatoms has been also generally observed (Biener et al., 2007; Cossaro et al., 2008; Mak-

symovych et al., 2010; Yu et al., 2006).

All three modes (hoping and sliding of S, and diffusion of M adatom) for the change of the span of the pep-

tide on NPs are possible, but which one dominates depends on their activation energy (Ea) and experi-

mental conditions (Figure 5A). Because the Ea for breaking M-S bonds is the largest one, the M adatom

diffusion and the S atom sliding are likely the major modes for metal NPs at the experimental conditions

used here. In principle, no matter which mode is adopted, there is generally little net energy gain from

the movement of M-S bond on the surface of NPs (neglecting the energy difference between the adatoms

at the starting and ending locations on the metal surface). However, when the adatom (and also the M-S)

moves to the right position corresponding to the right distance between the two S atoms for the native

conformation of the peptide, the native conformation of the peptide will be stabilized. In other words,

the reason that those initially unstructured peptides can fold to their native conformation on NPs is the

coupling of the favorable enthalpy (DHN) of the native conformation of the peptide and the stability (the

activation energy for the mobility, Ea) of S-M bonds. That is, the coupling will set a high energy barrel

(DHN + Ea) for the unfolding of the native conformation of the peptide to overcome. Basically, the Ea plays

a similar role in stabilizing the native conformation of the peptide as that of the key long-range interactions

(DHLR) of the original protein for the peptide fragment (Figure 5B) (Cao, 2020a, 2020b).

Principles for molecular conformational engineering

Together with previous Goldbodies (Liu et al., 2022; Luo et al., 2020; Yan et al., 2018), the current success of

Silverbody highlights the general possibility of conformational engineering on NPs. Though molecular

conformational engineering is still in its infancy, some principles might be concluded from the successes

of Goldbody and Silverbody, as well as from the theoretical consideration.

The first principle is about the molecules to be conformationally engineered. Apparently, not every mole-

cule could be engineered into a unique conformation, just as not any arbitrary peptide could be folded. In

fact, the foldable peptides including all natural proteins are only a very tiny portion in the astronomical

amino acid sequence space. Figure 6 schematically shows three types of energy landscapes for molecules

with rotatable chemical bonds. From the statistical thermodynamics point of view, the molecules with a

relatively flat energy landscape (Figure 6A) are not suitable to be conformationally engineered, because

Figure 4. SPR binding between HEWL and AgNP-peptide conjugates

(A) SPR binding of AgNP-60P1 (the Silverbody, black), AgNP-60P1m (red), and AgNP-60P1s (blue) onto the immobilized

HEWL, BSA, and RNase A. Error bars indicate SDs (n = 3).

(B) SPR binding kinetic curves (black) of the Silverbody at different concentrations (indicated) onto the immobilized HEWL.

Red curves are the fitting lines. Related to Figures S5.
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they do not have energetically favorable conformations, or the favorable enthalpy for the lowest energy

conformations is too small to stabilize the conformation. As for those molecules whose energy landscapes

have many deep wells (Figure 6B), they are also difficult to be conformationally engineered, because they

are prone to be kinetically trapped in those unwanted conformations that also have large favorable en-

thalpies. Therefore, suitable molecules should have a typical energy landscape like that of CLEFs as shown

in Figures 5B and 6C, i.e., the molecules with one or a few conformations that have reasonably favorable

enthalpies (largely equivalent to the energy of two hydrogen bonds). Even for these molecules, they can

only be conformationally engineered into those favorable conformations (energy minima). It has to be

pointed out that the goal for conformational engineering is not necessarily the one with the lowest energy,

so both conformations #1 and #2 in Figure 6C are the possible conformations, just like that the same pep-

tide fragment could adopt different native conformations in different proteins or at different conditions (Liu

et al., 2022; Luo et al., 2020).

Naturally, all CLEFs from natural proteins are possible to be conformationally restored on suitable NPs. As

CLEFs have some tolerance on the peptide terminals, peptide fragments that consist of the majority of

CLEFs are all possible to be restored on suitable NPs. Usually, after the proper peptide fragment is

selected from natural proteins, it has to be properly modified, such as the mutation of strong binding res-

idues (e.g. Cys, Lysine, and Arginine) to prevent the strong interaction with NPs at unwanted positions, and

the incorporation of Cys residues at suitable positions in order to form at least two M-S bonds with NPs (Liu

et al., 2022; Luo et al., 2020; Yan et al., 2018).

Figure 5. Mechanism of the restoration of the native conformation of peptide fragments of natural proteins

(A) Model for restoring the native conformation of peptide fragments conjugated on the surface of metal NPs through

M-S bonds.

(B) Typical energy landscape of a CLEF, whose native conformation has favorable enthalpy (DHN), while the random

conformation does not (DHR �0). When the peptide (CLEF) is conjugated onto AuNP or AgNP, the activation energy for

the adatom diffusion (Ea) will increase the energy well, and then the native conformation is stabilized.
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Besides, peptides screened from phage display (Smith, 2019) are also excellent candidates for conforma-

tional engineering. In principle, non-natural peptides and non-peptidyl molecules could also be designed

to have suitable energy landscapes like that showed in Figure 6C for further conformational engineering to

achieve better properties.

The second principle is about the technical measures to manipulate the conformation of the selected mol-

ecules. According to the mechanism illustrated in Figure 5, the basic requirement for the technical mea-

sures is to provide a stabilizing energy for the target conformation of the molecule. The technical measures

include choosing proper anchoring positions in the target molecules and suitable anchoring methods (for

example the positions mutated to Cys in peptide P1 for forming M-S bonds), and choosing suitable scaf-

folds to stabilize the conformation of the target molecules. Apparently, there should be at least two

anchoring positions for each target molecule, so they can reduce the flexibility of the molecules and

exclude a major portion of the conformational space to achieve a large favorable entropy effect. And

the scaffolds basically provide extra enthalpy benefit and should accommodate the right orientation of

the anchoring positions. Generally, the favorable scaffolds are those that cause little or no extra energy dif-

ference for molecular conformations corresponding to different distances between the anchoring posi-

tions, such as AuNPs and AgNPs.

Besides NPs, organic molecules, including peptides, are also possible to be used as scaffolds. As the CLEF

hypothesis points out, natural proteins could be regarded as peptides (CLEFs) assembled together, help-

ing each other to stabilize their favorable conformations. This might be how natural proteins evolved at the

first place as proposed by the ‘‘stone age’’ or ‘‘CLEF age’’ hypothesis (Cao, 2020a, 2020b).

It is also possible to conformationally engineer different molecules on the same NPs, for example to pro-

duce Goldbodies or Silverbodies with multiple specificities. More challenging and more marvelous are to

arrange different molecules onto one ‘‘particle’’ to carry out novel functions, just like how natural proteins

evolved from assembling different CLEFs (Cao, 2020a, 2020b). As the human-manipulated evolution can

produce much better enzymes or antibodies than natural ones (Arnold, 2019; Smith, 2019; Winter, 2019),

the conformational engineering approach may also produce unprecedented molecules/particles with un-

imaginable properties.

In summary, a silver NP-based artificial antibody, denoted as Silverbody, has been successfully synthesized

by conformationally engineering non-functional flexible peptides on the surface of AgNPs. The results

show that besides AuNPs, other NPs, such as AgNPs could also be used as scaffolds to restore the native

conformation and function of fragments of proteins. And a general mechanism is proposed for the confor-

mational engineering on NPs. Accordingly, a new class of artificial proteins could be made, with both the

excellent stability of NPs and the high specificity of proteins, demonstrating enormous opportunities in the

new area of conformational engineering. It is foreseeable that as life emerged after natural proteins

Figure 6. Typical energy landscapes of molecules with large conformation space

(A) Molecules with an energy landscape too shallow.

(B) Molecules with an energy landscape too rough.

(C) Molecules with an energy landscape suitable for conformational engineering.
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‘‘mastered conformational engineering’’ through billion years’ evolution, wonderful things will happen

when chemists master the skills of molecular conformational engineering.

Limitations of the study

Although the restoration of original antigen-recognizing function is unambiguously demonstrated by enzy-

matic inhibition and binding affinity measurements with different control experiments, the restoration of

the native conformation of the peptide on AgNPs is only a conclusion deduced on the basis of struc-

ture-determined function. Because there is currently no available technique to determine the structure

of the conformationally engineered loop peptides on AgNPs, computational simulations with semi-empir-

ical/force field would be helpful to provide the direct evidence of the engineered conformation of the pep-

tides in the future.
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Lovelock, K.R.J., Milligan, P.K., Jones, R.G.,
Woodruff, D.P., and Dhanak, V. (2006). True
nature of an archetypal self-assembly system:
mobile Au-thiolate species on Au(111). Phys. Rev.
Lett. 97, 166102. https://doi.org/10.1103/
physrevlett.97.166102.

Zhang, C., Xue, X., Luo, Q., Li, Y., Yang, K.,
Zhuang, X., Jiang, Y., Zhang, J., Liu, J., Zou, G.,
and Liang, X.J. (2014). Self-assembled peptide
nanofibers designed as biological enzymes for
catalyzing ester hydrolysis. ACS Nano 8, 11715–
11723. https://doi.org/10.1021/nn5051344.

ll
OPEN ACCESS

iScience 25, 104324, June 17, 2022 11

iScience
Article

https://doi.org/10.1038/nchem.1894
https://doi.org/10.1038/nchem.1894
https://doi.org/10.1038/nature25978
https://doi.org/10.6028/jres.100.012
https://doi.org/10.6028/jres.100.012
https://doi.org/10.1002/anie.201908308
https://doi.org/10.1002/anie.201908308
https://doi.org/10.1016/s0040-6090(02)00905-7
https://doi.org/10.1016/s0040-6090(02)00905-7
https://doi.org/10.1002/prot.10016
https://doi.org/10.1002/prot.10016
https://doi.org/10.1021/ja1043177
https://doi.org/10.1021/ja1043177
https://doi.org/10.1039/c6en00031b
https://doi.org/10.1038/nbt1159
https://doi.org/10.1002/anie.201909343
https://doi.org/10.1002/anie.201909343
https://doi.org/10.1073/pnas.1713526115
https://doi.org/10.1073/pnas.1713526115
https://doi.org/10.1002/smll.201201492
https://doi.org/10.1002/smll.201201492
https://doi.org/10.1016/j.chempr.2020.08.013
https://doi.org/10.1016/j.chempr.2020.08.013
https://doi.org/10.1103/physrevlett.97.166102
https://doi.org/10.1103/physrevlett.97.166102
https://doi.org/10.1021/nn5051344
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-

tact, Aoneng Cao (ancao@shu.edu.cn).

Materials availability

This study did not generate new unique reagents.

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Micrococcus lysodeikticus cells Sangon Biotech A008736

Chemicals, peptides, and recombinant proteins

Silver nitrate Sinopharm Chemical Reagent CAS: 7761-88-8

Sodium tetrahydroborate Sinopharm Chemical Reagent CAS: 16940-66-2

Trisodium citrate dehydrate Sinopharm Chemical Reagent CAS: 6132-04-3

Sodium dihydrogen phosphate Sinopharm Chemical Reagent CAS: 13472-35-0

Disodium hydrogen phosphate Sinopharm Chemical Reagent CAS: 7558-79-4

Hydrochloric acid Sinopharm Chemical Reagent CAS: 7647-01-0

Nitric acid Sinopharm Chemical Reagent CAS: 7697-37-2

Sodium hydroxide Sinopharm Chemical Reagent CAS: 1310-73-2

Lysozyme from chicken egg white Sigma-Aldrich L4919; CAS: 12650-88-3

Bovine serum albumin Sigma-Aldrich B2064; CAS: 9048-46-8

Ribonuclease A Sangon Biotech B694345; CAS: 9001-99-4

Acetate 4.5 Cytiva BR100350

103HBS-EP Buffer Cytiva BR100669

Peptide-Pep1 (P1) Shanghai Science Peptide Biological Technology

Co., Ltd.

N/A

Peptide-Pep1m (P1m) Shanghai Science Peptide Biological Technology

Co., Ltd.

N/A

Peptide-Pep1s (P1s) Shanghai Science Peptide Biological Technology

Co., Ltd.

N/A

Critical commercial assays

Amine coupling kit Cytiva BR100050

Deposited data

Raw and analyzed data This paper https://doi.org/10.17632/22vwv5yk6s.1

Software and algorithms

ProtParam tool SIB Swiss Institute of

Bioinformatics

https://web.expasy.org/protparam/#userconsent#

Nano Measurer 1.2.5 Jie Xu, Fudan Univ. shine6832@163.com

Biacore T200 Software v3.0 Cytiva https://www.cytivalifesciences.com.cn/zh/cn/

shop/protein-analysis/spr-label-free-analysis/software

Other

Surface plasmon resonance CM5 sensor chip Cytiva 29149603
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Data and code availability

Data generated in this study have deposited in Mendeley Data (https://doi.org/10.17632/22vwv5yk6s.1).

Key words: anti-lysozyme silverbody.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

None.

METHOD DETAILS

Synthesis of AgNPs

AgNPs with an average diameter of around 4.5 nm were synthesized by the common citrate-reduction

method (Flores et al., 2010) with a little modification. Before synthesis, all glassware was cleaned with

aqua regia and rinsed thoroughly with ultrapure water. The reaction temperature was controlled at 4�C.
Briefly, 1 mL of 17 mM sodium citrate was diluted with 15 mL of water, and then 1 mL of 5 mM AgNO3 so-

lution was added. After stirred for 1 min, 100 mL of 100 mM freshly prepared sodium tetrahydroborate was

added into the mixture with a syringe pump. The reaction mixture was stirred for 105 min to complete the

reaction. The as-prepared AgNPs were stored at 4�C in the dark.

Determination of the concentration of the AgNPs

The as-synthesized AgNP solution was first ultracentrifuged with an Amicon Ultra 15 filter (MWCO: 30 kD) at

1500 g for 15 min to remove the unreacted Ag ions. The purified AgNPs were digested in aqua regia, and

the mass concentration of Ag element (CAg) was determined by atomic absorption spectroscopy (PinAAcle

900T, Perkin Elmer).

Preparation of AgNP-peptide conjugates

The pH of the AgNPs solution was adjusted to 7.4 using 0.2 M trisodium citrate. The peptide dissolved in

phosphate buffer (PB) solution (0.01 M, pH 7.4) was added dropwise to the AgNPs solution, and the mixture

was stirred for 12 h at room temperature. The conjugation efficiency was determined by measuring the

fluorescence of the total peptides before the reaction and the unreacted peptides in the filtrate after ultra-

centrifugation with an Amicon Ultra 15 filter (MWCO: 30 kD) at 1500 g for 15 min. Since the conjugation was

very efficient, the peptide density or the average number of peptide molecules per AgNP was simply

achieved by mixing the peptide and the AgNP solution in stoichiometric proportions for 12 h at room

temperature.

Characterization of AgNPs and AgNP-peptide conjugates

The size and morphology of AgNPs and AgNP-peptide conjugates were characterized by TEM (200CX;

JEOL) and UV-Vis spectroscopy (U-3010; Hitachi). The hydrodynamic diameters and zeta-potentials were

measured with a Nanosizer ZS90 (DLS; Malvern) at 25�C.

Enzymatic activity assay of lysozyme

The enzymatic activity of HEWL was assayed using the method reported previously (Luo et al., 2020; Yan

et al., 2018), by monitoring changes of the absorbance at 450 nm, using Micrococcus lysodeikticus

(M. lysodeikticus) as the substrate. The enzymatic digestion of M. lysodeikticus within first 90 s was re-

corded on the U-3010 UV-Vis spectrophotometer (Hitachi). The stock suspension of M. lysodeikticus

(1/3 g$L-1) was freshly prepared in PB buffer (0.1 M, pH 6.2), and the HEWL stock solution (1.5 3 10�7

M) was prepared in PB buffer (0.01 M, pH 7.4). In a typical assay, 0.5 mL of the HEWL stock solution

was added to 1 mL of 75 nM AgNP-peptide conjugates and mixed well for 1 min. Then 1 mL of the stock

suspension of M. lysodeikticus was added to the mixture. After short vigorous mixing, the mixture was

quickly transferred to a cuvette for the absorbance measurement. All samples were pre-incubated at

25�C and all assays were conducted at 25�C.
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IC50 determination

The IC50 of AgNP-60P1 to inhibit HEWL was determined bymeasuring the enzymatic activity of 30 nM (final

concentration) HEWL in the presence of 0, 1.2, 1.8, 2.4, 4.0, 6.0, 8.0, 12, 15, 20, 24, or 30 nM (final concen-

tration) AgNP-60P1, following the above assay procedure.

SPR experiments

SPR experiments were carried out on a Biacore T200 instrument (Cytiva) at 25�C. The standard HBS EP

buffer was used as the running buffer. HEWL, RNase A, and BSA were coupled to different channels of

CM5 chips of series S following the standard amine coupling procedure.

To investigate the binding specificity of the Silverbody, the running buffer-diluted 2 nM AgNP-60P1, 2 nM

AgNP-60P1m, or 2 nM AgNP-60P1s was injected into the HEWL-, BSA-, and RNase A-immobilized chan-

nels, at a flow rate of 30 mL$min-1.

For binding kinetics measurements, HEWL was coupled to a CM5 chip at a much lower level than the above

binding specificity experiments to prevent the possible binding of one AgNP-60P1 particle with more than

one HEWL, so that the binding kinetics could be fitted with the 1:1 model. Then, different concentrations of

AgNP-60P1 (diluted in the running buffer) were injected into the HEWL-immobilized channel at a flow rate

of 30 mL$min-1.

QUANTIFICATION AND STATISTICAL ANALYSIS

The molar concentration of the as-synthesized AgNP solution ([AgNPs]) was estimated from the mass con-

centration of Ag measured by AAS, assuming that all AgNPs were spherical with the same diameter (the

average diameter measured by TEM). The equation for estimating [AgNPs] is:

½AgNPs� = CAg

��
NArð4 =3Þpr3

�

where, NA is the Avogadro constant, r is the density of Ag (10.492 g$cm-3) (Smith and Fickett, 1995), and r is

the average radius of AgNPs determined by TEM.

Using the average radius of 2.25 nm, the calculated molar concentration of the as-synthesized AgNPs was

100.7 nM. Considering AgNPs were not perfectly spherical with a distribution of size, the calculated con-

centration was only a rough estimation, therefore, the decimal was omitted for easy dilution (the as-synthe-

sized AgNP solutions were used as the stock solutions).

The slopes of the recorded absorbance changes at 450 nm were calculated as the activity of HEWL. The

relative activities of HEWL in the presence of different additives were calculated as the ratio of the corre-

sponding slopes to the slope of free HEWL, and the inhibition rates were calculated as the percentage of

relative activity loss.

The activity data vs the logarithm of inhibitor concentrations were plotted and fitted to the logistic function

to obtain the IC50 value.

The SPR kinetic data of the binding of the Silverbody with HEWLwere fitted with the simple 1:1 model using

the Biacore T200 Software v3.0.
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