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Through the native chemical ligation, CMP-sialic acid synthe-

tase (CSS) was site-specifically immobilized on magnetic nano-

particles and presented excellent enzymatic performance.

The combination of biotechnology and nanotechnology has

led to the development of biomolecule-conjugated nanomater-

ials that are highly specific with regard to intermolecular

interactions. These versatile materials have promising applica-

tions in drug delivery, cell targeting, protein epitope mapping,

and protein–protein interactions.1 The excellent performance

of nanomaterials in bionanotechnology has encouraged scien-

tists to pursue the practical application of these reagents in

organic synthesis. Due to their small size and ability to be

suspended in reaction media, chemo-catalyst-2 and biocata-

lyst-modified3 nanomaterials result in enhanced reaction effi-

ciency and have the attractive attribute of decreasing

environment pollution by reducing the amount of solvents/

reagents needed for synthetic reactions.

Enzymes are versatile biocatalysts used in many research

areas, including organic synthesis, immunoassay and substrate

sensing.4 The major advantage of using enzymes instead of

chemical catalysts is their remarkable chemo-, regio- and

stereo-selectivities under mild reaction conditions.5 However,

the reusability and long-term stability of enzymes have limited

their applications in organic synthesis. The combination of

rapidly developing nanotechnology and the availability of a

broad range of enzymes provides a new type of enzymatic

platform that has shown superior reusability, stability and

efficiency. Recently, various enzymes3 such as lipase,6 ester-

ase,7 protease8 and lactamase9 have been covalently linked to

nano-scale carriers that present the unique advantages of

potential reuse and long-term stability. However, in most of

the approaches, enzymes have been attached to the nano-

material surface through random amide bond or Schiff base

formation by using lysine or arginine residues, resulting in

significant loss of enzyme activity after immobilization.6

Although noncovalent immobilization of enzymes with site-

specific control, such as the His-tag/Ni interaction, has been

used to immobilize enzymes on agarose beads10 or magnetic

nanoparticles (MNPs),11 the potential dissociation of the

enzyme from the solid surface may interfere the long-term

storage and reusability of the immobilized enzyme.12 Thus,

development of new enzyme immobilization methods remains

of considerable interest in the field of biotechnology for

organic synthesis.

Previously, taking advantage of the large surface area to

volume ratio of nanoparticles, we showed that nanoparticles

are highly promising as the basis for multivalent ligand

carriers13 that interact rapidly with target substrates in

aqueous solution compared with microbeads.14 We have also

demonstrated that the protein binding activity can be main-

tained on the solid support by site-specific covalent immobi-

lization.15 Combined with our previous findings, we now

describe a simple method to immobilize a target enzyme on

MNPs in a site-specific manner using the intein expression

system and native chemical ligation (NCL).16,17 The advan-

tage of this method is that the enzyme is site specifically and

covalently immobilized on MNPs without tedious enzyme

purification steps; moreover, the resulting complex can be

directly separated from solution by a magnet.

As a proof of concept, enhanced green fluorescent protein

(eGFP) and CMP-sialic acid synthetase18 (CSS) were chosen

as target proteins and immobilized at their C termini to

cysteine-functionalized MNPs (MNP-Cys) as illustrated in

Scheme 1. MNP-Cys was prepared from amine-functionalized

iron oxide (MNP-NH2) which was obtained by a conventional

sol–gel process.14b

MNP-NH2 was coupled with Boc-Cys(Trt)-OH to give a

black powder which was then deprotected by trifluoroacetic

acid (TFA) and triisopropylsilane to yield MNP-Cys. Mean-

while, target proteins were expressed with the intein fragment

at their C termini using the IMPACT system.15 Initially,

unpurified eGFP obtained from expressed cell lysate was used

to investigate the efficiency of NCL. We found that reaction at

room temperature (25 1C) and in the presence of mercap-

toethanesulfonic acid (MESNA) provide better conjugation

efficiency than those at 4 1C and without MESNA (see ESIw).
To reduce potential non-specific interactions, the eGFP was

pre-purified as a MESNA-fused protein by treating MESNA

to exchange with intein during affinity separation (Scheme 1).

MNP-NH2 or MNP-Cys was incubated in the presence of

MESNA with either cell lysate of E. Coli that expressed eGFP

(one-pot procedure) or purified eGFP (two-pot procedure).

Then, an equivalent amount of immobilized protein on MNP

complex was spotted on a glass slide, and fluorescence emis-

sion was detected by a microarray reader. The emission
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intensity showed that whenMNP-Cys was used, both one- and

two-pot procedures yielded comparable emission intensity,

indicating that it was not necessary to use purified protein to

achieve site-specific immobilization (see ESIw). As expected,

no emission was observed when MNP-NH2 was used in either

procedure.

The CSS from Neisseria meningitidis serogroup B was then

used to demonstrate the practical application of the method.

CSS catalyzes the formation of CMP-sialic acid 1 from sialic

acid 2 by utilizing CTP 3 (Scheme 1). Compared with many

hydrolytic enzymes, CSS is less robust and thus its activity

may be sensitive to the immobilization method used. The

conjugation efficiency was measured as the amount of CSS

on MNPs, as determined by the BCA protein assay. The

amount of protein per mg enzyme–MNP complex was deter-

mined as 94.3 and 67.2 mg for the one- and two-pot proce-

dures, respectively. When the purified CSS was immobilized

onMNP-NH2 by random amide bond formation using suberic

acid bis-N-hydroxysuccinimide ester as the cross linker,

61.9 mg of enzyme was loaded—similar to that measured for

the two-pot procedure—indicating that the CSS loading ca-

pacity on the particle surface was approximately this amount.

SDS-PAGE analysis of the fabricated MNP complex pro-

duced by the one-pot procedure revealed smeared bands,

indicating that the higher protein loading rate measured for

the one-pot procedure may be caused by non-specific absorp-

tion of contaminating proteins on the MNP surface (see ESIw).
The activity (i.e., per weight of protein) of the immobilized

CSS from the one-pot procedure was 63 � 2% relative to the

two-pot procedure (see ESIw), demonstrating that CSS activity

was insignificantly affected by the contaminating E. coli

proteins.

To evaluate the activity of CSS on MNPs, an HPLC assay19

was used to measure the initial rate of CMP-sialic acid

synthesis and the decrement of CTP concentration. CMP-

sialic acid synthetase catalyzed reactions were performed in

Tris-HCl buffer (pH 8.5) containing MgCl2 and DTT. After

addition of CTP and an equimolar amount of sialic acid to the

reaction buffer, the pH of solution was readjusted to 8.5 with

NaOH. The reaction was initiated by the addition of inorganic

pyrophosphatase and CMP-sialic acid synthetase, shaking at

37 1C. The reaction was stopped by addition of SDS. The

resultant precipitate was removed by 0.22 mmmembrane filter,

then analyzed by reverse phased HPLC (see ESIw). In compar-

ison with purified CSS, the relative activity of site-specifically

immobilized CSS was 76.8%, whereas that of the randomly

immobilized CSS was 33.2%. Otherwise, we also immobilized

CSS on magnetic microbead with site-specific manner, and the

relative activity was 36.6% (Fig. 1(a)). The X-ray crystal

structure of CSS20 was used to elucidate the enzyme activity

loss by random immobilization. The X-ray structure reveals

that 5 of 19 lysine and arginine residues on the protein surface

are located near the active site. These amino-containing

residues may react with activated esters involved in protein

immobilization, causing a partial or complete block of the

active site (Fig. 1(b)). By contrast, the C terminus of CSS is far

from the active site, and thus immobilization at this site would

not be expected to impact the structure and, hence, activity of

CSS. Our data demonstrate that the site-specific fabrication of

MNP-CSS preserved enzymatic activity significantly better

than the random immobilization method. The observed loss

of B23% of the CSS activity after site-specific immobilization

may be caused by the bulky MNP, which may decrease the

enzyme dynamics (i.e., a kinetic constraint), resulting in a

lower reaction rate. Notably, CSS naturally forms a dimer20

that exhibits the highest activity, whereas the immobilized

enzyme is monomeric and thus would be expected to have

somewhat decreased activity. The specific activity of MNP-

CSS was determined as 62 mmol min�1 per mg of CSS, whereas

that of purified CSS was 81 mmol min�1, in agreement with the

enzyme activity results mentioned above.

Due to the large surface area to volume ratio and stable

carrier features of MNPs,14 we investigated the potential

advantages of the MNP-CSS for long-term storage, ease of

recovery, and reusability. To study the long-term stability of

MNP-CSS, the same batch of MNP-CSS was divided into

Scheme 1 Combination of the intein expression system and native
chemical ligation for site-specific and covalent immobilization of
target proteins. eGFP: enhanced green fluorescent protein; CSS:
CMP-sialic acid synthetase; MNP: magnetic nanoparticle; Cys:
cysteine.

Fig. 1 MNP-CSS activity affected by the immobilization method. (a)

Relative activity of CSS. Column 1: native CSS, column 2: site-specific

immobilized CSS, column 3: random immobilized CSS, column 4: site-

specific immobilized CSS on microbeads. (b) Elucidation of steric

effect by CSS X-ray structure.
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several equivalent aliquots that were stored at 4 1C. At 7-day

intervals, an aliquot of MNP-CSS was incubated with freshly

prepared reaction solution and the reaction kinetics were

measured. As shown in Fig. 2(a), essentially full CSS activity

was maintained even after seven months. This long-term

stability illustrates the advantage of attaching the enzyme in

a chemically specific manner to MNPs. The reusability of

MNP-CSS was determined by assessing the CSS activity of

the same MNP-CSS particles in repeated reactions. After

being mixed vigorously for 5 min to allow the reaction to

proceed, MNP-CSS was then separated from solution via a

magnet, and the remaining solution was analyzed by HPLC to

determine the formation of CMP-sialic acid. The MNP-CSS

was recovered by washing with Tris buffer (pH 8.5) and then

used directly for the next identical assay. As shown in Fig.

2(b), repeated use of MNP-CSS for ten times had little effect

on the observed enzyme activity and maintained about half

activity after thirty times operation. To further demonstrate its

practical application, MNP-CSS successfully used to prepare

367.1 mg CMP-sialic acid with 91% purity at one trial, shown

in Fig. 2(c).

In conclusion, using a combination of an intein-fused

protein expression technique and NCL, target proteins were

covalently immobilized on MNPs in a site-specific manner

without tedious protein purification procedures. Due to their

nano-scale size, MNPs maximize the surface area available for

enzyme attachment, and the MNPs are easily recovered from

aqueous suspension by applying a magnetic field. Our MNP-

CSS preparation retained almost 100% activity even after

storage at 4 1C for 7 months or reuse for at least ten

consecutive enzyme assays. The site-specific immobilization

of CSS on a solid support yielded superior enzyme activity

compared with that measured for CSS covalently immobilized

using the conventional random linkage technique. Further-

more, we demonstrated that this method could be applied to

large-scale reaction with satisfying yield and purity. These

features of MNP-CSS, and perhaps other MNP-enzyme

preparations, make it amenable to applications in organic

synthesis.
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Fig. 2 The stability and reusability of MNP-CSS. (a) Stability of

MNP-CSS. (b) Enzymatic activity of MNP-CSS with repetitive use in

the enzyme assay. (c) Prepared sample of CMP-sialic acid.
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