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ABSTRACT: Site-specific immobilization of proteins on a surface has been a long-
lasting challenge in the fields of biosensing and biotechnology because of the need for
improving the biological activity of immobilized protein via the maximal exposure of its
bioactive domain. Herein, we reported a new site-specific immobilization method for
His-tagged proteins onto a vinyl sulfone (VS)-bearing surface in a covalent manner. X-
ray photoelectron spectroscopy characterization indicated the specificity of the addition
reaction of the imidazole group in histidine on the VS-bearing surface at pH 7.0.
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Solution-based experiments were carried out to verify the reaction priority of the

imidazole residue of histidine with the VS group at neutral conditions. The real-time immobilization process of two His-tagged
proteins (HaloTag-6His and anti-HER2 Fab-6His) on surfaces presenting VS, preactivated carboxyl, and NTA groups were
studied by quartz crystal microbalance. Compared to the existing methods utilizing covalent (NHS/EDC activated carboxyl)
and coordinate (Ni**-NTA) linking, our method offers two significant advantages for protein immobilization: high density and
high specificity. The orientation of the two His-tagged proteins on the VS-bearing surface was confirmed by an enzyme-linked
assay and an HER2" liposome binding experiment. Our method of site-specific immobilization of His-tagged proteins is efficient
and straightforward, which would be helpful to expand the applications of recombinant proteins in enzyme immobilization,

biosensor and array fabrication, and drug delivery system.

B INTRODUCTION

Well-controlled protein orientation has been proven to
improve both biosensing sensitivity and enzymatic reactivity
effectively.'~ It is due to the maximal exposure of the binding
domain or bioactive site to target molecules in solution. To
realize a specific orientation, the proteins of interest are
designed to be anchored on a substrate surface in a site-specific
manner.*”® Through either physical or chemical binding of
proteins onto the surface, a variety of methods have been
developed, and the resulting enhancements in the activities of
the immobilized proteins were observed. For example, it was
reported that the orientation of IgG on the surfaces of surface
plasmon resonance (SPR) chips’ and nanoparticles®” could be
controlled through electrostatic interactions, thus improving
the sensitivity of SPR and delivery of nanoparticles. The
unique interaction between the adjacent diols in carbohydrate
moieties and boronic acids has been used for the site-specific
immobilization of glycoproteins.'>"" Although the specific
binding and the simple steps have been reported, these
methods are limited to a few of natural proteins.

For the site-specific immobilization, the recombinant protein
engineering approach is a powerful tool to introduce an affinity
tag at the N- or C-terminus of a protein.””'* Among a variety
of affinity tags, the hexahistidine tag (His-Tag) has been widely
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used because of its short motif and minimal interference of
protein expression and folding'>~"” (Scheme 1a). However,
the intrinsic reversibility of coordination binding that is
mediated by a coordinate bond would cause a slow and
continuous dissociation of the immobilized His-tagged
proteins into solution.'® Therefore, a more stable immobiliza-
tion method of His-tagged protein is highly desirable.
Compared to other active amino acid residues in a protein
for immobilization, for example, lysine and arginine, the
imidazole side chain in histidine has a lower pK, (6.04),"
which is deprotonated even at a neutral or slightly acidic
condition.”® Thus, the imidazole group can function as a
nucleophilic agent in a Michael-type reaction,””** which has
been widely used for bioconjugation and polymer synthesis
due to its high efficiency and mild reaction conditions. In
addition, rather than a single histidine, His-Tag would have the
significantly enhanced reactivity. Recently, two electrophilic
reagents, that is, PEG-mono-sulfone reagent™>** (Scheme 1b)
and thiophosphorodichloridate® (Scheme 1c), are employed
to demonstrate the site-specific conjugation of His-tagged
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Scheme 1. Site-Specific Immobilization and Conjugation of His-Tagged Proteins”

thiophosphorodichloridate

PEG-Mono-Sulfones

(b)

(d)

“Site-specific immobilization of His-tagged proteins using a coordinate linking method on the Ni**-NTA surface (a) and site-specific conjugation of
His-tagged proteins using PEG-mono-sulfones (b) and thiophosphorodichloridate (c) in solution, and site-specific immobilization of His-tagged

proteins onto VS-bearing surface (d).

proteins in solution. According to the reaction specificity and
efficiency, the conjugation methods are applausive. Unfortu-
nately, the site-specific immobilization of His-tagged proteins
onto surfaces using such electrophilic reactions has not been
unexploited.

Herein, we aim to develop a covalent site-specific
immobilization method of the His-tagged protein onto a
vinyl sulfone (VS)-bearing surface (Scheme 1d). VS-bearing
surface was prepared by introducing VS groups onto hydroxyl-
terminated self-assembled monolayers (SAMs) through
organocatalysis.”> On the as-prepared VS-bearing SAM surface,
XPS was used to examine the surface reaction with the
histidine and lysine in which both a-amine groups are
protected. To compare the reactivity and specificity of the
imidazole side chain in histidine and the w-amine in lysine, *C
NMR was used to analyze the solution-based reaction of a VS-
bearing compound with histidine and lysine containing the
protected a-amine group. Subsequently, the amount and
specificity of two His-tagged proteins, that is, HaloTag-6His
and anti-HER2 Fab-6His, onto the VS-bearing surface was
systematically studied by using quartz crystal microbalance
(QCM). For the quantitative comparison, the kinetics of
protein adsorption/desorption onto preactivated carboxyl-

terminated and NTA surfaces are analyzed. Finally, the
orientation of the two His-tagged proteins was assessed by
an enzyme-linked immunosorbent assay and HER2" liposome
binding experiments.

B EXPERIMENTAL SECTION

Reagents and Materials. N-Alpha-(tert-butoxycarbonyl)-L-histi-
dine (Boc-His), N-alpha-(tert-butoxycarbonyl)-L-lysine (Boc-Lys),
D,0, bovine serum albumin (BSA), divinyl sulfone (DVS), N-
hydroxysuccinimide (NHS), and 1-(3-dimethylaminopropyl)-3-ethyl-
carbodiimide hydrochloride (EDC) were purchased from Sigma
(Milwaukee, USA). The oligopeptides of Boc-HHHHHH, RGD, and
GGGRGDS were synthesized by GL Biochem Ltd. (Shanghai,
China). Horseradish peroxidase (HRP) and TMB (3,3',5,5'-
tetramethylbenzidine) two-component substrate solution and strepta-
vidin-6His were obtained from Solarbio Science & Technology Co.,
Ltd. (Beijing, China). Streptavidin was purchased from Thermo
Fisher Scientific Inc. (USA). Anti-HER?2 antibody was provided from
Hangzhou HealSun Biopharm Co., Ltd. (Hangzhou, China). HaloTag
coumarin ligand was purchased from Promega Biotech Co., Ltd.
(USA). Hydroxy-EGg-undecanethiol and carboxy-EGg-undecanethiol
were obtained from Dojindo Molecular Technologies (Tokyo, Japan).
Triphenylphosphine (PPh;) was purchased from Guangfu Fine
Chemical Research Institute (Tianjin, China). Ethanol (HPLC
grade) was purchased from Tedia (Fairfiele, USA). Other chemicals
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were of analytical grade from local sources. All chemicals were used as
received without further purification. Ultrapure water with an 18.2
MQ-cm resistivity was used in all experiments.

Preparation of Au Substrates. The preparation of Au substrates
was reported in our previous work.” Specifically, silicon wafers were
immersed in piranha solution (a 3:1 mixture of 97% sulfuric acid and
30% hydrogen peroxide) for 30 min (caution: piranha solution reacts
violently with most organic materials and must be handled with
extreme care). Once the wafers were removed from piranha solution,
they were rinsed with a copious amount of water and ethanol and
then dried under a stream of nitrogen. Titanium (S nm) and gold (4S
nm) were sequentially deposited onto the cleaned silicon wafers (10
X 10 mm) using a Turbo sputter coater KS75XD (Kent, U.K.).

Preparation of EG4,-OH SAMs. The Au substrates were cleaned
in an ultraviolet (UV)/ozone cleaner for 30 min and rinsed
intensively with ethanol. The cleaned Au substrates were immersed
in an ethanolic solution of hydroxy-EG¢-undecanethiol (0.2 mg/mL)
for 24 h at 25 °C. The resulting EG,-OH SAM samples were then
washed with a copious amount of ethanol and dried under a stream of
nitrogen.

Preparation of VS-Bearing Surfaces. The preparation method
of the VS-bearing surface starting with the OH surface was reported
previously.” Briefly, the as-prepared EG¢-OH SAM samples were
immersed in DVS solution (1 M in acetonitrile containing 10 mM
PPh; as a catalyst) and incubated at 25 °C for 6 h. The samples were
then washed with copious amounts of acetonitrile and dried under a
stream of nitrogen. The sample surfaces bearing VS groups were
named as VS-EGg surface.

Preparation of Carboxy-EGg Surfaces. The cleaned Au
substrates were immersed in an ethanolic solution of carboxy-EGg-
undecanethiol (0.2 mg/mL) at 25 °C for 24 h. The substrates were
then activated in NHS/EDC solution (20 mM NHS, 40 mM EDC, 20
mM PB, pH 6.5) for 1 h in an ice bath. At last, the surfaces were
washed with copious amounts of ultrapure water and dried under a
stream of nitrogen. The sample surfaces bearing NHS activated
carboxyl groups were named as Carboxy-EGg surface.

Preparation of NTA-EG¢ Surfaces. The NTA modification
method of VS surface refers to our previous work.”® After washing
with acetonitrile and drying under a stream of nitrogen, the as-
prepared VS-bearing surface was dipped into a HEPES buffer (pH
8.5) with 20 mM ab-NTA at 25 °C for 12 h. The substrates were then
blocked with SO mM ethanolamine (HEPES buffer, pH 8.5). Then,
the substrates were dipped into NiCl, solution (0.1 M in water) for 30
min at 25 °C. At last, the surfaces were washed with copious amounts
of ultrapure water and dried under a stream of nitrogen. The prepared
substrates were named as NTA-EG surface.

X-ray Photoelectron Spectroscopy (XPS) Characterization.
XPS measurements were performed on a Thermo Scientific
ESCALAB 250Xi X-ray photoelectron spectrometer (Waltham,
MA) equipped with a monochromatic Al Ka radiation. The survey
spectra and high-resolution spectra of C 1s, N 1s, O 1s, and S 2p were
scanned at pass energies of 100.0 and 20.0 eV, respectively. All XPS
data were carried out at a photoelectron takeoff angle of 90°. All
binding energies were referenced to the C 1s peak calibrated at 285.0
eV. Each sample was tested with a spot size of 900 pm.

Solution-Based Reactions. VS-EG;-OMe (10 mM), Boc-His
(20 mM), and Boc-Lys (20 mM) were mixed in the pH 7.0 PB buffer
at 25 °C for 48 h. The samples were prepared by drying in a
lyophilizer and then dispersed in D,0. 3C NMR spectrum was
collected by using an Avance 11400 MHz spectrometer (Bruker,
Switzerland).

Real-Time Measurement of Protein Immobilization Behav-
iors Using Quartz Crystal Microbalance (QCM). The real-time
monitor of protein immobilization was conducted on a 5 MHz QCM
(Q:sense El, Biolin Scientific, Sweden). The flow rate was set at SO
uL/min, and the QCM frequency changes were monitored over time
at 25 °C. Before the protein immobilization, carboxy-EGq chips are
treated with NHS/EDC solution (20 mM NHS, 40 mM EDC) for 30
min, and NTA-EGq chips are treated with NiCl, solution (0.1 M in

water) for 10 min. Both preactivated chips were thoroughly rinsed
with ultrapure water before use.

For protein immobilization, the following protocol was used: an
equilibrate step with PB buffer (20 mM, pH 7.0) for 10 min, followed
by the protein immobilization step with 0.5 or 0.05 mg/mL protein
solutions (HaloTag-6His or anti-HER2 Fab-6His, 20 mM PB buffer,
pH 7.0) and a washing step with PB buffer (20 mM, pH 7.0). BSA
solution (0.5 mg/mL, 20 mM PB buffer, pH 7.0) was selected as a
control. The prepared anti-HER2 Fab-6His surfaces based on VS-
bearing, Carboxyl-EG4 and NTA-EGg chips will be used in
adsorption equilibrium experiments. As the protein solution flowed
over chip surfaces, the QCM frequency would decrease and the mass
of adsorbed protein can be estimated according to Sauerbrey equation

(eq 1)

am = - CAff, (1)

D=4y )

where Am denotes the binding mass of protein on the sensor chips, C
=17.7 ng Hz™' em™ is a constant for the S MHz quartz crystal chips
used in these experiments, Af denotes the QCM frequency response,
n denotes the overtone number, D denotes the molar density of
immobilized proteins, and M denotes the molar mass of proteins (the
molecular weights of HaloTag-6His and anti-HER2 Fab-6His are
determined to be 34.4 and 48.1 kDa by MALDI-TOF-MS analysis,
respectively).

Enzyme-Linked Assay. For HRP assay, the VS-bearing,
Carboxyl-EG4, and NTA-EG¢ surfaces were prepared on the Au
substrates (10 X 10 mm) surface by using the above methods. Before
the protein immobilization, Carboxy-EG, surfaces are treated with
NHS/EDC solution (20 mM NHS, 40 mM EDC) for 30 min, and
NTA-EGg surfaces are treated with NiCl, solution (0.1 M in water)
for 10 min. Both preactivated surfaces were thoroughly rinsed with
ultrapure water before use.

The three types of sample surfaces were transferred into 0.5 mg/
mL HalTag-6His solution (20 mM PB buffer, pH 7.0) for 12 h at 25
°C. The unreacted VS groups were blocked with a freshly prepared
solution of 20 mM 2-aminoethanol (10 mM HEPES, pH 8.0) for 6 h
at 25 °C. Then, the three types of sample surfaces were blocked with
1% BSA solution (20 mM PBS, pH 7.4) at 4 °C for 12 h. Surfaces
were then washed with PBS buffer (20 mM, pH 7.4) and incubated
with Cl-linked HRP at 0.1 mg/mL at 25 °C for 1 h. After washing
with PBS buffer (20 mM, pH 7.4), the sample surfaces were placed in
a 24-well plate. Then, 500 uL/well of TMB two-component substrate
solutions was added and incubated at 25 °C for 15 min. Enzymatic
reactions were stopped by adding 500 uL of 1 M H,SO,, and the
absorbance was measured at 450 nm using a microplate reader
(BioTek, USA). The HaloTag-6His-conjugated VS-bearing surface
incubated with unlabeled HRP was selected as a control. The Au
substrate in the absence of surface modification was used as a blank
control. All the measurements were repeated three times. The results
were reported as a mean =+ standard deviation.

Adsorption Equilibrium of Cell Membrane-Derived Lip-
osome by QCM. Cell membrane-derived liposome binding experi-
ments were conducted by QCM. The anti-HER2 Fab-6His surfaces
based on VS-bearing, Carboxyl-EG4 and NTA-EGg chips were
prepared according to the above operation. The unreacted VS groups
were blocked with a freshly prepared solution of 20 mM 2-
aminoethanol (10 mM HEPES, pH 8.0) for 6 h at 25 °C. The flow
rate was set at 50 yL/min, and the QCM frequency changes were
monitored over time at 25 °C. A blocking step was performed first
with 1 mg/mL BSA (10 mM HEPES buffer, pH 7.4) for the three
kinds of anti-HER2 Fab-6His surfaces. For adsorption measurements,
cell membrane-derived liposome solution was allowed to flow for 15
min, followed by a washing step with HEPES buffer (10 mM, pH 7.4)
for 15 min, a regeneration step with 0.01 M NaOH for 10 min, and a
final washing step for 10 min with HEPES buffer (10 mM, pH 7.4).
The mass of adsorbed protein can be estimated according to the
Sauerbrey equation (eq 1).
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The adsorption isotherms were studied using a set of cell
membrane-derived liposome solutions with different concentrations
in the range from 0.8 to 300.0 #g/mL and fitted to the Hill equation

(eq3)
R = Rmaxceqn n

€q (Kd + Ceq ) (3)
where, R, is the equilibrium binding mass of cell membrane-derived
liposomes, C., is the concentration of cell membrane-derived
liposome when the reaction reaches equilibrium, R,,, is the maximum
binding mass of cell membrane-derived liposome, Ky is the
dissociation constant, and # is the Hill coefficient.

B RESULTS AND DISCUSSION

Surface Chemistry and XPS Characterization. Due to
the strong electron-withdrawing property of sulfone in DVS,
one vinyl group in the molecule can be efliciently introduced
onto hydroxyl-terminated surfaces through catalytic oxa-
Michael reaction,” while the other vinyl group (VS) renders
high reactivity toward nucleophilic groups even in neutral
solution.”” The starting surface bearing hydroxyl groups, that
is, EG4-OH SAMs, was obtained by the self-assembly of
hydroxy-EGg¢-undecanethiol on the Au-coated substrates.
Oligo(ethylene glycol) on the self-assembly monolayer
surfaces provides the terminal hydroxyl group for conjugation
while effectively reduces nonspecific protein adsorption.”®
PPh; was selected as the catalyst, which could result in a high
surface density of VS groups.”

The preparation of EGc-OH SAMs on the cleaned Au-
coated substrates and the surface functionalization with DVS
were characterized by XPS. The self-assembly and DVS
functionalization are illustrated in Figure la. The atomic
percentages of the surface organic compositions are
summarized in Table S1. The XPS spectra of survey scans
and high-resolution S 2p are illustrated in Figure 1b,c. The

(a) 020 0o

OH OH o 20
g DVS, PPh; % g
Hs " OH & $ CHyCN, 25°C
Ca—1 —————>
Au Substrate EGg Surface VS Surface
(@) (b)

HS~wYOH = HS\/\/\/\/\/\,QO\/‘EOH

(b)[ vsEc, Surface (c)[ vsEG, Surface
W
EG6 Surface EG6 Surface
W
1000 800 600 400 200 0 72 168 164 160

Binding Energy (eV) Binding Energy (eV)

Figure 1. (a) Surface functionalization and (b, c) XPS spectra of
survey scans (b) and S 2p (c) for EGi-OH SAMs and DVS-modified
surface.

doublet peaks observed at 162 eV with a 2:1 area ratio and a
splitting of 1.2 eV of the EG4OH surface can be assigned to
the thiol species that bind to Au. A doublet peak at 168 eV was
observed after DVS modification, which can be assigned to the
sulfone groups. These results indicate the successful function-
alization of DVS onto the EG,-OH SAM surface.

To enable the specific reaction between amino acids and VS
groups on the surface, the a-amino group in histidine and
lysine, that is, Boc-His and Boc-Lys, respectively, were
protected and Boc-His and Boc-Lys were used for the reaction
at different pH (Figure 2a). The surface reactions were
characterized by XPS (Figure 2 and Figure S1). The successful
conjugation of the two amino acids via either the e-amino
group in Boc-Lys or the imidazole group in Boc-His is
expected to introduce nitrogen atoms onto the VS-function-
alized SAM surface, resulting in the appearance of a nitrogen
signal around 400 eV. As illustrated in Figure 2b,c, the result
indicates that the reactivity of the amino acid depends on the
solution pH. The signals of N 1s were not detected on the
surfaces treated with the acidic solution at pH = 6.5. However,
at pH 8.0, both Boc-His and Boc-Lys reacted with the VS-
bearing surface. Interestingly, the VS-bearing surfaces exhibit
higher reaction selectivity toward the protected histidine at pH
7.0.

To compare the reaction selectivity between N-terminal
amine and imidazole of histidine in details, two peptides with
free N-terminal amine, that is, RGD and GGGRGDS (pK, =
6.34), and a protected oligopeptide, that is, Bocc HHHHHH,
were selected to react with the VS-EGg surface at pH 7.0. The
resulting samples were characterized by XPS. The spectra of
survey scans and high-resolution scans of C 1s and N 1s are
shown in Figure S2. The atomic percentages of nitrogen are
summarized in Figure S3. The much weaker yet measurable
signals of nitrogen on both RGD and GGGRGDS samples
suggest the free N-terminal amine being less reactive than the
imidazole residues of Boc-:HHHHHH. The result above
suggests that the nucleophilicity of the imidazole side chain
in histidine is higher than that of the primary amine in lysine
and N-terminal amino under neutral conditions.

Solution-Based Reactions of Amino Acids with VS-
Bearing Compound. To understand the specificity of the
reaction between the VS group and the protected amino acids
in details, a mixed solution of Boc-His and Boc-Lys was reacted
with VS-EG;-OMe (synthesis route and chemical structure
illustrated in Figure S4) at pH 7.0, and the resulting mixture
was analyzed by *C NMR (Figure 3 and Figure SS). The
typical peaks of the vinyl group at 131.5 ppm (Figure 3b, peak
A) and 135.7 ppm (Figure 3b, peak B) significantly decreased,
indicating the occurrence of the addition reaction. Compared
to the spectra of the starting compounds, two new peaks at
137.8 ppm (Figure 3b, peak C) and 40.0 ppm (Figure 3c, peak
D) were observed in the spectrum of the resulting mixture.
Accordingly, the two peaks belong to the carbon atoms on the
imidazole and vinyl groups, respectively. It has been reported
that the peak at 39.0 ppm (Figure 3c, peak E) attributed to the
w-carbon atom of lysine shifts to 50.0 ppm once lysine reacted
with the VS compound.® As expected, the peak at 50 ppm was
not detected (Figure 3c), suggesting that the reaction between
Boc-Lys and VS-EG;-OMe did not occur. All the above results
are consistent with our XPS results of that VS groups react
with Boc-His preferentially at pH 7.0.

Immobilization of HaloTag-6His. The higher reactivity
of the surface VS groups toward histidine in the neutral
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Figure 2. (a) Surface reactions and (b, c) XPS high-resolution of N 1s spectra of VS-EGg surfaces treated with the protected amino acids, that is,
Boc-His (b) and Boc-Lys (c), in different pH solutions.
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Figure 3. (a) Solution-based reaction and (b, c) the *C NMR spectra of VS-EG;-OMe (1), Boc-His (2), Boc-Lys (3) and the resulting products
after reaction (4): at (b) 130—140 ppm and the spectra at (c) 35—50 ppm.
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Figure 4. Real-time QCM sensorgrams for HaloTag-6His immobilization onto (a) VS-EGg, (b) Carboxyl-EGg, and (c) NTA-EGg surfaces by using
QCM experiments.

solution provides a promising method for the site-specific lization processes reached equilibria in approximately 30 min.
immobilization of His-tagged proteins. A model of His-tagged In contrast, it takes ~180 min on the VS-EGq surface, which
enzyme, HaloTag-6His, was selected to demonstrate the site- may be caused by the slower reaction rate. The amounts of the
specific immobilization onto the VS-bearing surface, that is, the immobilized proteins are summarized in Table 1 and Figure
VS-EGg surface. Carboxy-EG4 and NTA-EG¢ surfaces were S7. For both low and high protein concentrations (0.05 and
used as controls, which represent the commonly-used covalent 0.5 mg/mL), the amounts of the immobilized proteins on VS-
linking and the coordinate linking methods, respectively. The EG4 and Carboxy-EGg surfaces are higher than those on the
real-time sensorgrams of His-tagged protein immobilization NTA-EG¢ surface. To exclude nonspecific interactions of
were recorded by QCM and SPR (Figure 4 and Figure S6). HaloTag-6His with the VS-EGyq surface, two control experi-
For both Carboxy-EG4 and NTA-EGq surfaces, the immobi- ments were carried out. As shown in Figure S8, the nonspecific

16470 DOI: 10.1021/acs.langmuir.9b02933
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Table 1. Molar Density and Calculated Specificity of Immobilized HaloTag-6His and BSA on VS-EG,, Carboxyl-EG, and

NTA-EG¢ Surfaces

sample surfaces HaloTag-6His concentration

VS-EGq 0.5 mg/mL 15.6
0.0S mg/mL 9.8
Carboxyl-EG¢ 0.5 mg/mL 13.5
0.05 mg/mL 6.5
NTA-EGq 0.5 mg/mL 10.6
0.05 mg/mL 0.5

HaloTag-6His (pmol/cm?)

BSA (pmol/cm?) calculated specificity (HaloTag-6His/BSA)

2.2 7.1
S.3 2.5
29 3.7

adsorption onto unfunctionalized EG4-OH SAMs is negligible.
After the VS-EGg surface was pretreated with excess Boc-His,
HaloTag-6His could not adsorb on the surface (Figure S9).
The results clearly show that the VS-EGq surface has high
binding affinity and specificity toward HaloTag-6His. The high
specificity is due to the preference of VS groups toward the
imidazole side chain in histidine (Scheme 1d), while the
presence of continuous six histidine residues might improve
the reaction efficiency to some extent.

It is worth noting that the NTA-EGq surface exhibited a
lower amount of immobilized His-tagged proteins with a
noticeable slow dissociation (indicated by the arrows in Figure
4c). As mentioned above, one of the main drawbacks for the
coordinate linking method is due to its intrinsic reversibility.
The typical dissociation constants between His-tagged proteins
and Ni**-NTA are reported to be approximately 107 M."**'
In addition, the reversible binding is also very sensitive to
imidazole and chelating agents, for example, EDTA, in
solution.”

Native BSA was selected as a negative control protein that
does not have a His-Tag (Figure S10). Among the three types
of surfaces, Carboxyl-EG4 surface showed the highest amount
of the immobilized BSA. This is because the NHS-treated
carboxyl groups are highly reactive toward w-amino groups of
lysine and N-terminus in BSA. To determine the specificity of
immobilization of the different immobilization methods, the
ratio of HaloTag-6His to BSA was calculated and listed in
Table 1. As expected, the VS-EGg¢ surface exhibited the best
site-specific immobilization.

To further demonstrate the specificity of surface VS groups
toward His-Tag, we selected streptavidin and streptavidin-6His
for the immobilization experiments. The resulting surfaces
were characterized by XPS. The spectra of survey scans and
high-resolution scans of C 1s and N 1s are presented in Figure
S11. The atomic percentages of nitrogen are summarized in
Figure S12. The significant amounts of streptavidin-6His on
both VS-EGg4 and Carboxyl-EGq surfaces were observed, which
are evidenced by both amide signals of C 1s (~288.2 eV) and
nitrogen signals in Figure S11b,c, respectively. We believe that
the VS surface exhibits high specificity toward His-Tag under
neutral conditions, although some nonspecific adsorption of
the protein would also occur to some extent.

Subsequent HRP Immobilization and Detection.
HaloTag-6His is a mutant dehalogenase with a molecular
weight of ~34 kDa. This enzyme possesses a hydrophobic
pocket in which a chlorinated ligand can covalently bind
inside.*® Thus, it is critical to preserve the accessibility of the
substrate to the binding site of the enzyme after the
immobilization. As illustrated in Figure S13, the His-Tag is
located at the opposite position to the binding pocket. Once
HaloTag-6His is anchored onto a surface through His-Tag, the
binding pocket is expected to be exposed to the solution. A
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carboxyl-terminated chlorinated ligand (compound 1) was
synthesized (the synthesis route and chemical structures are
illustrated in Figure S14) and used as a tracer molecule. The
"H NMR spectrum of the ligand is shown in Figure S15. The
carboxyl-terminated chlorinated ligand consists of the follow-
ing two moieties: (1) a hydrocarbon chain that generates
hydrophobic interaction within the binding pocket and (2) an
oligo(ethylene oxide) chain that extends the length of the
ligand and increases the solubility as well. The ligand was
activated by NHS/EDC and covalently linked to horseradish
peroxidase (HRP), named as Cl-linked HRP.

A solution-based competitive fluorescence assay was carried
out to examine the specific binding between Cl-linked HRP
and HaloTag-6His (Figure S16a). A mixture of Cl-linked HRP
and HaloTag-6His was incubated at room temperature,
followed by addition of the HaloTag coumarin ligand, which
is composed of the fluorescent coumarin group and
chloroalkane chain. The resulting mixtures were ultrafiltered
to remove free the HaloTag coumarin ligand. A mixture of
unlabeled HRP and HaloTag-6His was used as a control for
HaloTag-6His labeled with the HaloTag coumarin ligand,
while the HaloTag coumarin ligand solution in the absence of
HaloTag-6His was set as the blank control. The readouts of the
fluorescence assay (Figure S16b) indicate that Cl-linked HRP
interacted with HaloTag-6His through the specific enzymatic
binding.

VS-EGg, Carboxyl-EGs, and NTA-EG4 surfaces were
incubated with HaloTag-6His, followed by addition of Cl-
linked HRP. The quantity of the bound Cl-linked HRP was
examined with TMB assay. The control assay contains
unlabeled HRP with the HaloTag-6His/VS-EG4 surface. As
shown in Figure Sa, the low value of the unlabeled HRP
sample rules out the nonspecific adsorption of HRP on the
surface with the immobilized HaloTag-6His. Consistent with
the QCM results, the value of VS-EGq surface assay is roughly

(@)
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Figure S. (a) Enzyme-linked assay and (b) proposed orientation of
the immobilized HaloTag-6His onto VS-EG4 Carboxyl-EGy, and
NTA-EGg surfaces.
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Figure 6. Real-time protein immobilization of anti-HER2 Fab-6His (Fab-6His) onto (a) VS-EGy, (b) Carboxyl-EG, and (c) NTA-EG surfaces by

using QCM experiments.

1.5 times that of the NTA-EGq surface assay, which suggests
that HaloTag-6His is orientated in a similar manner as the
coordinate linking method (Figure Sb). As expected, the
similar amount of immobilized HaloTag-6His on the Carboxyl-
EGq surface (close to the VS-EGg surface listed in Table 1) did
not lead to the similar signal level of the enzyme-linked assay.
The result strongly indicates that random immobilization of
HaloTag-6His fails to expose the binding pocket for Cl-linked
HRP (Figure Sb). All the results above support that our VS
immobilization method can achieve site-specific immobiliza-
tion of HaloTag-6His in a covalent manner, which in turn
orientates the binding pocket away from the surface and leads
to a higher activity.

Immobilization of Anti-HER2 Fab-6His and Capture
of HER2" Liposome. The orientated antibody is highly
desired for all immune assays to achieve a high binding affinity
and capacity toward the antigen. Anti-HER2 antibody, a
therapeutic monoclonal antibody targeting human epithelial
receptor 2 (HER2) that is typically overexpressed on the cell
membrane of human cancers, for example, breast and
stomach,”® is used as a model antibody to evaluate the
importance of orientated antibody for biosensing. To
demonstrate the utility of our site-specific immobilization
method, a His-Tag was engineered into the fragment antigen-
binding (Fab) of anti-HER2, which is located at the C-
terminus of the truncated heavy chain. The sequence of anti-
HER2 Fab-6His is illustrated in Experimental Section 3.1,
Supporting Information, and the SDS-PAGE analyses of anti-
HER2 Fab-6His and anti-HER2 antibody are shown in Figure
S17. Fab-6His was expressed in CHO and then purified by
using a Protein L affinity column, which would avoid potential
contaminants originating from immobilized metal jon affinity
chromatography (IMAC) purification.

The real-time bindings of Fab-6His onto VS-EGg, Carboxyl-
EGg, and NTA-EGg surfaces were obtained by QCM (Figure
6). The amounts of the immobilized Fab-6His by different
methods are summarized in Table 2. The amounts of the
immobilized Fab-6His on different surfaces are 13.6, 9.6, and

Table 2. Molar Density of Immobilized Anti-HER2 Fab-
6His and the Values of Ky, R,,,,, and n of HER2" Liposome
Binding on the Three Sample Surfaces

anti-HER2 Fab-6His Ky R
sample surfaces (pmol/cm?) (ug/mL) (Hz) n
VS-EG, 13.6 17.3 951  0.63
Carboxyl-EG4 9.6 52.7 113.9 0.73
NTA-EGg¢ 5.9 52.0 37.5 1.00
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5.9 pmol/cm* for VS-EGg, Carboxyl-EGs, and NTA-EGg,
respectively. The result is highly consistent with the HaloTag-
6His immobilization assay. The VS immobilization method
exhibits the highest amount of protein immobilization among
the three methods. For both the VS immobilization method
and the coordinate linking method, the “mass overshoots” can
be observed during adsorption and desorption of Fab-6His
(indicated by the arrows in Figure 6a,c). It had been reported
that the mass overshoots®>*® are caused by the conformational
change or reorientation of the adsorbed proteins. Here, we
suppose that the adsorbed proteins would be reoriented on the
two surfaces driven by the site-specific immobilization of VS
and NTA toward His-Tag, and the significant characteristic
peaks of mass overshoots could be attributed to the high
molecular weight (~48 kDa) and cylindrical conformation of
Fab-6His. It is not surprising that the protein reorientation is
absent on the Carboxyl-EGq surface due to the quick formation
of the permanent covalent bonds between the proteins and
NHS-activated carboxyl groups.

To characterize the antigen-binding ability of three kinds of
anti-HER2 Fab-6His surfaces, a HER2 positive cell line, SK-
BR-3, was selected for the antigen-binding experiments. The
HER2 expression level of SK-BR-3 was confirmed by flow
cytometry (Figure S18). To avoid the fast adhesion of
mammalian cells on a surface, the liposomes derived from
the SK-BR-3 cell line were prepared according to the reported
method® (hydrodynamic size illustrated in Figure S19).

The binding kinetics of HER2* liposomes on the anti-HER2
Fab-6His surfaces prepared by VS-EGg, Carboxyl-EG4 and
NTA-EG4 methods were monitored in real-time by QCM
(Figure 7a—c). The liposomes with a broad range of
concentrations from 0.8 to 300.0 ug/mL were examined.
The synthetic liposome without the HER2 antigen (HER2")
was used as a negative control for the binding study. The
results showed that the amounts of bound synthetic liposomes
on the anti-HER2 Fab-6His surface (immobilized by the VS-
EGg method) (Figure S20) were much lower than that of the
HER2" liposome at both low and high concentrations (5.0 and
25.0 pg/mL), which indicates that the binding of HER2*
liposome onto the anti-HER2 Fab-6His surface is specific. The
binding isotherms of HER2* liposomes (Figure 7d) on the
three surfaces were fitted with the Hill equation (eq 3). The
values of Ky, R, and n are calculated and summarized in
Table 2. The Ky values of VS-EGg, Carboxyl-EG,, and NTA-
EGg surfaces are 17.3, 52.7, and 52.0 pg/mlL, respectively. The
binding affinity of HER2" liposomes toward the anti-HER2
Fab-6His surface prepared by our VS immobilization method
is much higher than that of HER2" liposomes toward the
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Figure 7. Real-time HER2" liposome binding experiments onto the anti-HER2 Fab-6His surfaces prepared by (a) VS-EGg, (b) Carboxyl-EG,4 and
(c) NTA-EGg methods. (d) Binding isotherms on the three surfaces were calculated.

surfaces prepared by commonly used covalent linking and the
coordinate linking methods. The significantly improved affinity
is due to the high immobilization efficiency and the larger
exposure of the antigen-binding domain through the VS
immobilization method. In addition, the limit of detection
(LOD) for the HER2" liposome on the three surfaces was
calculated to be 0.15, 1.79, and 4.95 ug/mlL, respectively
(Figure S21 and Table S2). As expected, the detection
sensitivity of the antigen is improved more than 10-fold
through the site-specific immobilization.

For the site-directed immobilization of His-tagged proteins,
the coordinate linking method has been used in a broad
spectrum of biomedical applications. However, the reversible
binding between His-Tag and metal ion causes the low
immobilization amount and slow but continuous dissociation
of His-tagged proteins, which was observed in Figures 4c and
6¢. Although the multiple chelators®’ (e.g, bis-, tris, and
tetrakis-NTA) have been used to improve the affinities with
proteins due to the multivalent interactions, the binding is still
very sensitive to the imidazole and metal chelators such as
EDTA in solution. Anti-(His-Tag) antibody method®® is also
sensitive to the solution conditions that the dissociation will
occur under both acidic and alkaline conditions. Our covalent
linking method based on VS-bearing surface not only provides
high specificity and immobilization efficiency but also
effectively improves the stability of immobilization anchor.
The simple preparation method of VS-bearing surface and
neutral immobilization conditions also provides advantages for
its application. Furthermore, we conjecture the application of
this site-specific reaction in the PEGylation of His-tagged
proteins.
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B CONCLUSIONS

In this work, we developed a novel site-specific method for the
efficient immobilization of His-tagged proteins. His-tagged
proteins were conjugated onto the VS-bearing surface through
a covalent linking between His-Ta in the protein and the VS
groups on the surface. Both on a surface and in aqueous
solution, spectroscopic evidence demonstrated that the
reactivity of the imidazole side chain in histidine is higher
than that of a primary amine in lysine at pH 7.0. In contrast to
the traditional covalent linking (NHS/EDC-activated carbox-
yl) and coordinate linking methods (Ni**-NTA), our VS
immobilization method results in a much higher amount of
protein immobilization with low nonspecific adsorption. The
subsequent enzyme-linked assay and HER2" liposome binding
experiment showed that the two His-tagged proteins, that is,
HaloTag-6His and anti-HER2 Fab-6His, are orientated on the
sample surface through VS/His-Tag covalent bonds, which
would in turn expose the binding domains to the solution.
According to the HER2" antigen-binding assay, this new
immobilization method provides a much stronger binding
affinity with lower LOD. Combined with the ease in the
fabrication of VS-bearing surfaces on Au,*® nanoparticles,‘?’0
and chromatographic resins,”” our new VS immobilization
method paved the way for improving the sensitivity of
biosensors and performance of biocatalysts.
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