Post-Translational Modification
of Bionanoparticles as a Modular
Platform for Biosensor Assembly

Qing Sun, Qi Chen, Daniel Blackstock, and Wilfred Chen*

Department of Chemical and Biomolecular Engineering, University of Delaware, Newark, Delaware 19716, United States

ABSTRACT Context driven biosensor assembly with modular targeting and
detection moieties is gaining significant attentions. Although protein-based
nanoparticles have emerged as an excellent platform for biosensor assembly,
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platform offers a high degree of targeting and detection modularity with signal

amplification. This flexibility is demonstrated for the detection of both immobilized antigens and cancer cells.
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nalytes, including pathogens,’? tox-
ins,>~> tumor markers,®” and meta-
bolites,® have attracted substantial
attentions due to their impact on human
health and daily lives. Biosensors, which
employ biological elements to convert the
recognition of analytes into detectable sig-
nals, have been widely used for monitoring
biorecognition events.” The most common
biosensor format employs a target-specific
primary antibody for recognition and the
use of secondary antibodies modified with
either fluorescence dyes or enzymes to
reflect the initial binding events.'® Direct
labeling of primary antibodies has also been
reported, however, this method suffers from
tedious chemical modifications, reduced
binding affinity, and limited sensitivity."'
Ideally, a universal adaptor platform that is
able to link any recognition motif of interest
to a detection module is of great interest,
especially if signal amplification can be
achieved to detect analytes with the re-
quired sensitivity.®
Recently, a bifunctional adaptor with the
ability to link immunoglobulin G (IgG) to
different DNA-modified output domains
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was constructed to achieve a high degree
of modularity and selectivity.'° Significantly
improved target interaction and detection
sensitivity have also been achieved by using
complex three-dimensional nanoscaffolds,
allowing dual modifications with IgGs and
quantum dots (QDs).® This improved sensi-
tivity is the result of signal amplification
achieved by linking multiple QDs to a single
binding event. A similar enhancement in
detection sensitivity has been reported by
immobilizing multiple biotin-conjugated
antibodies and invertases onto streptavidin
magnetic beads. Binding of a single bead
onto targets resulted in the conversion of
sucrose to glucose by multiple invertases for
highly sensitive detection.'?

Among different nanoscaffolds, protein-
based nanoparticles are the most attractive
as they offer the ability to self-assemble
from simple uniform-size protein building
blocks and allow precise control over ma-
terial architectures.® Despite these desirable
properties, protein bionanoparticles do
have several drawbacks. Most noticeably is
the use of chemical modifications for func-
tionalization, which can result in random
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Figure 1. Schematic of sortase A (SrtA)-mediated modification of ELP-E2 nanoparticles for sensor assembly. A LPETG tag is
added to the C-terminus of the different sensing and detection modules for ligation with the N-terminal tri-glycine tag of E2.
Signal amplification and modularity are the expected outcome advantages of this system.

orientation and loss of functions.'>~"” Direct genetic
fusion has been previously reported by fusing protein G
and a His6-tag onto the surface of apoferritin to
capture antibodies and nickel-nitriolotriacetic acid
(Ni-NTA) coated quantum dots, gold particles or mag-
netic particles for sensor assembly.® However, genetic
fusion is limited to relative small peptides and proteins,
restricting the varieties of sensing and detection moi-
eties that can be decorated.'®'® As a result, the ability
for simultaneous modifications with multiple sensing
and detection modules remains challenging. Ideally, a
universal approach to interface different sensor com-
ponents in the correct spatial orientation will be in-
valuable to satisfy the need to create highly modular
biosensing platforms.'®

Staphylococcus aureus Sortase A (SrtA) is a bacterial
transpeptidase that catalyzes the condensation reac-
tion between a C-terminal LPXTG recognition motif
and an N-terminal tri-glycine tag to generate a native
amide bond.?>?" The N to C ligation can be used to
guarantee the spatial orientation of targeted moieties,
while the small size of the tags has a minimal impact on
functionalities. Since the ligation can proceed at mild
pH and temperature conditions,?* we argue that SrtA
can be exploited to attach multiple proteins and pep-
tides onto protein nanoparticles without any effect on
folding and functionalities.

Our group has recently demonstrated this feasibility
of attaching multiple proteins onto the E2 core of the
pyruvate dehydrogenase complex from Bacillus
stearothermophilus,®® a genetically modifiable 60-mer
protein bionanoparticle of 24 nm diameter.2*?> Simple
recovery of modified E2 nanoparticles was achieved
using two cycles of thermal precipitation and reso-
lublilization by taking advantage of the tethered
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thermal-responsive  elastin-like-polypeptide  (ELP)
moiety.?>?%27 This thermal based purification scheme
enables recovery of bionanoparticles within 1 h without
the use of conventional sucrose gradient, ultracentrifu-
gation or chromatography that are time-consuming and
expensive.®?° Because of the versatility in decorating
E2 with proteins of different sizes and properties and the
ease in purification, this approach is ideal in transform-
ing E2 into a modular sensing platform capable of facile
exchange and integration of different targeting and
detection components. To illustrate this modularity,
we modified the E2 nanoparticles with a combination
of the antibody-binding Z domain,>® the DNA- or fluo-
rescent dye-conjugating HaloTag,*'*? and nanoluciferase
(Nluc)* to form highly specific and sensitive biosensors
for the detection of antigens and cancer cells (Figure 1,
Figures S1 and S2).

RESULTS AND DISCUSSION

The E2 core is composed of 60 identical monomers
that self-assemble into a highly stable cage-like struc-
ture (Figure S3A).2*? A tri-glycine tag was added to the
N-terminus of the E2 monomer and up to 60 different
protein moieties can potentially be ligated onto a
single E2 nanoparticle. Antibody, one of the most
commonly used binding motif, was chosen as the
initial recognizing module. Since it is difficult to modify
each target antibody individually, an antibody captur-
ing Z domain, a shorter synthetic domain derived from
the S. aureus protein A, was used for antibody immo-
bilization. The Z domain has a reported binding affinity
of 10 nM to the Fc region and can be used to properly
orient IgG without affecting accessibility of the Fab
domain.*® To achieve high level expression, the Z
domain was fused to a thermally stable carrier protein,
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Figure 2. Sortase A-mediated Z-Ct-LPETG ligation onto ELP-E2 cage. (A) SDS-PAGE analysis of reaction mixtures before
(B) and after (A) ligation as well as purified products (P). (B) Transmission electron micrograph of IgG-bound E2 nanoparticles.
Y-shaped IgGs were shown to bind onto intact E2 nanoparticles.

cohesin Ct from Clostridium thermocellum3* A LPETG
tag was added to the C-terminus of Ct for SrtA ligation.
Expression of Z-Ct-LPETG fusion was confirmed by
SDS-PAGE analysis (Figure S4A). One added benefit
of using a thermally stable partner is the ability to purify
the fusion protein by incubating at 70 °C for 10 min to
denature most other cellular proteins (Figure S4A).
The flexibility to choose any fusion partner of interest
without size limitation is another advantage of post-
translational modification compared with direct fusion.

ELP-E2 conjugates were first prepared by StrA liga-
tion as reported previously (Figure S2A).>> Next, Z-Ct-
LPETG was further ligated onto purified ELP-E2 to form
Z-ELP-E2 conjugates and purified again using two
cycles of thermal precipitation and resolubilization.
The final purified product was verified by SDS-PAGE
analysis and a new band corresponding to Z-Ct-E2 was
detected (Figure 2A). From the band density analysis,
about 5 Z-Ct-LPETG were ligated per E2 cage for antibody
capture. To check the function of ligated Z-domains,
rabbit IgGs were incubated with Z-ELP-E2 nanoparticles
ata 3:1 ratio and thermal purification was used to remove
unbound antibodies. Successful capturing of IgGs was
confirmed by detecting bands corresponding to the
heavy chain fragments (Figure S4B) after binding and
purification. Transmission electron micrograph (TEM)
images further confirmed the capture of Y-shaped IgGs
by the ligated Z domain (Figure 2B and S3B).

In many sensitive immunoassays, enzyme is a popu-
lar choice as the sensor output due to the ability to
amplify signals through enzyme activity. NanoLuc
(Nluc) luciferase is a small (19.1 kDa) monomeric
luminescent reporter enzyme engineered from deep
sea Oplophorus gracilirostris.>* Nluc is an ATP-indepen-
dent luciferase, about 150-fold brighter than either
firefly (Photinus pyralis) or Renilla reniformis luciferase.
Since it is a thermally stable enzyme with a melt-
ing temperature of 58 °C, we were able to partially
purify Nluc-LPETG by incubating cell lysis at 55 °C
(Figure S5A). Nluc was ligated onto ELP-E2 nanoparti-
cles and purified as described above (Figure S5A). The
Nluc conjugates were fully functional as verified by the
detection of luminescence (Figure S5B).
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With the individual sensing and detection compo-
nents expressed and ligated onto the ELP-E2 nanopar-
ticle, the first generation of biosensor was assembled
using the Z-domain for antibody capturing and Nluc as
the detection module. To generate this multifunctional
particle, a sequential ligation procedure was employed
to control the decoration efficiency of the individual
component in each step. Z-Ct-LPETG was first ligated
onto ELP-E2 to form Z-ELP-E2, followed by the ligation
of Nluc-LPETG to assemble the Z-ELP-E2-Nluc con-
jugates (Figure 3A). This sequential ligation strategy
was utilized to provide a decoration efficiency of 5
Z domains and 5 Nluc per nanoparticle, which could
provide up to 5 times signal amplification upon anti-
body binding (Figure S6A). Dynamic light scattering
confirmed the correct nanoprobe assembly as the
particle size increased from 32 nm for Z-ELP-E2 to
40 nm for the IgG-Z-ELP-E2-Nluc conjugate (Figure S6B).

To test the functionality of assembled biosensors,
thrombin, a human protease involved in the coagula-
tion cascade for anticlotting therapeutics, theombosis
and heamostatis, was used as the analyte3>3¢
As a control, a fusion protein with the Z domain in
the N-terminus, Nluc in the C- terminus, and ELP in
between as a linker for purification, was constructed
(Figure 3A and Figure S6C). As expected, both con-
structs were successful in detecting 10 nM thrombin.
However, the signal was 5-fold higher with the E2
nanoprobe, a result consistent with the 5 times higher
ratio of Nluc per nanoparticle (Figure 3B).

To further investigate whether we can adjust the
level of signal amplification, we took advantage of the
two-step ligation procedure to fix the amount of Z-Ct
ligated on ELP-E2 while varying the decoration effi-
ciency of Nluc in the second step by changing the
reactant concentration (Figure 3C). Densitometry anal-
ysis revealed that up to 22 Nluc per nanocage was
achieved (Table S2). With the use of this series of E2
nanoprobes for thrombin detection, a corresponding
increase in the signal amplification was detected with
increasing ratios of Nluc per nanoprobe (Figure 3D).
This result highlights the flexibility in fine-tuning the
signal amplification by changing the detection module
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Figure 3. E2 nanoprobes assembly with antibodies captured by the Z domain for sensing and Nluc for detection.
(A) Schematic representations of IgG-Z-ELP-E2-Nluc and IgG-Z-ELP-Nluc. (B) Thrombin detection with Z-ELP-Nluc fusion
proteins and IgG-Z-ELP-E2-Nluc nanoprobes; control samples contained no thrombin. (C) Signal amplification using
controlled Nluc assembly by conjugating varying numbers of Nluc (5—22) onto E2 nanoparticles. (D) Detection of thrombin

using E2 nanoprobes with varying Nluc decoration efficiencies.

decoration efficiency. Using the nanoprobes contain-
ing 22 Nluc, we further investigate the sensitivity of the
assay. As low as 2.5 nM thrombin was easily detected
(Figure S6D); this detection limit is in line with other
reported enzyme-based ELISA assay for thrombin.3” ~3°

We next demonstrated the utility of E2 nanoprobes
for the detection of cancer cells. MUC1, a cell surface
associated glycoprotein, was chosen as the target,
whose overexpression was associated with a variety
of breast, ovarian, lung, and pancreatic cancers.***'
A well-characterized anti-MUC1 antibody was loaded
onto our nanoprobes to detect the surface-exposed
MUC1T markers on fixed Hela cells (Figure 4A).
A significant Nluc activity was detected only with anti-
body-loaded nanoprobes, while no signal was ob-
served for the control nanoprobes without antibodies
(Figure 4B).

While very sensitive, this Nluc-based assay cannot be
easily adapted to traditional microscopy imaging for
cancer detection.*? To address this problem, we re-
placed Nluc with Alexa 488 as the output while keeping
the Z-domain for antibody capture. HaloTag, a mod-
ified haloalkane dehalogenase capable of linking a
suicide chlorohexane (CH) ligand covalently to the
protein, was employed to conjugate CH-modified
Alexa 4883' The expression of HaloTag-LPETG was
confirmed by SDS-PAGE (Figure S7A), and the success-
ful ligation of HaloTag onto ELP-E2 was achieved
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(Figure S7A). The functionality of the ligated HaloTag
was further demonstrated by the ability to conjugate
with CH-modified Alexa 488 (Figure S7B). By simply
replacing Nluc with HaloTag in the second step of the
sequential ligation reaction, a new nanoprobe com-
posed of the MUC1 antibody and Alexa 488 was
constructed to visualize fixed Hela cells (Figure S7C).
Again, brightly fluorescent cells were detected only
with nanoprobes loaded with antibodies (Figure 4C).
This example highlights the modularity of our
approach because of the flexibility and the ease of
exchanging a new detection module using SrtA-
mediated ligation.

In addition to antibody, DNA aptamers have gained
considerable attention as a sensitive sensing compo-
nent since they can be selected to bind many target
antigens with specificity and affinity rivaling that of
antibodies.**** In addition, DNA can also function as a
detection module through hybridization to DNA-modified
reporter molecules such as DNA nanobarcodes.*
To provide a universal platform to incorporate DNA
into the E2 nanoprobe, HaloTag was again exploited to
conjugate to CH-modified DNA. A MUC1-sepcific
DNA aptamer®' was conjugated to HaloTag, and the
DNA-HaloTag-ELP-E2 conjugates were confirmed by
detecting a slower mobility band compared with free
HaloTag-ELP-E2 protein (Figure 5A). Alexa 488 was
further conjugated onto the nanoprobes for detection
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Figure 4. (A) Detection of MUC1 on Hela cells using E2 nanoprobes. (B) Detection of MUC1 with Nluc as the detection output.
(C) Phase contrast and fluorescence images of Hela cells detection with Alexa 488 as the detection output.

A v, R B
/g)}Halo-Alexa T —— ¥H§|8Z§
0 488 < ELP-E
) - “E2
§
3

? Aptamer
Hald™" -

Cc

Bt-EZ
2

+ Aptamer - Aptamer
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nanoparticles. (B) Phase contrast and fluorescence images of Hela cells detection with using MUCI aptamer-modified E2

nanoprobes.

purpose (Figure S7B). Similar to the results with anti-
body, Hela cells were detected only with nanoprobes
loaded with DNA aptamers (Figure 5B). Since DNA
aptamers and Alexa 488 shared the same HaloTag,
the fluorescence signal was less compared with that for
the antibody and Alexa 488 combination. This can be
easily addressed by ligating more HaloTag onto the
nanoprobe for improved sensitivity in a fashion similar
to the case with Nluc. This is precisely the modularity of
our approach in tuning the required ratio and function
of individual sensing and detection modules for each
unique application.

CONCLUSIONS

In summary, we have presented a modular approach
to develop highly sensitive nanoprobes by decorating
E2 protein nanoparticles with a wide range of sensing
and detection functionalities using SrtA-mediated
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ligation. The use of Z domain allows not only direc-
tional immobilization of antibody by targeting the Fc
region, but also the virtually unlimited number of
commercially available antibodies for sensing specifi-
city. Similarly, an unlimited number of target-specific
DNA aptamers can be conjugated to the nanoprobes
using HaloTag. However, the flexibility is beyond just
the sensing module. Our approach also provides the
feasibility to select either enzymes or fluorescent dyes
for detection. The sensitivity can be easily fine-tuned
by controlling the number of enzymes or dyes con-
jugated onto the nanoprobes and the use of more than
one detection module is possible because of the
modular nature of the approach. The multistep nano-
probe assembly process is further simplified by the
ELP-based purification scheme. In addition to the sens-
ing and detection modalities reported, there are
many other examples such as single chain variable
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fragments, fibronectin type Ill domains, and fluores-
cence proteins that can be ligated onto the E2 nano-
probe. Even inorganic gold nanoparticles and quantum

METHODS

Genetic Manipulation and Expression of All the Proteins and Protein
Nanoparticles. Escherichia coli strain NEB 5-alpha (NEB #C2987I)
was used as the host for genetic manipulations. BL21 (DE3)
(Novagen) and BLR (DE3) (Novagen) were used for protein
expressions. Details of DNA manipulation and expression
procedures can be found in the Supporting Information for
GGG-E2, His6-Sortase A, ELP-LPETG, Nluc-LPETG, Z-Ct-LPETG,
HaloTag-LPETG.

Ligation of Different Sensor Components onto ELP-E2. To prepare
ELP-E2, 1 uM of partially purified E2, 12 uM of ELP-LPETG, and
12 uM of Sortase A were used in a final reaction volume of
400 uL (50 mM Tris, 150 mM NaCl, 60 mM CaCl,, pH 8). Reaction
mixtures were incubated at 37 °C for 4 h. The ligated products
were collected by inverse phase transition with the addition of
1 M Na,SO,, incubated at 37 °C for 10 min, and centrifuged at
160 000g for 10 min at 37 °C. After discarding the supernatant,
the protein pellets were resolubilized in 4 °C cold buffer. This
thermal cycle was repeated for better purity.

To ligate Z-Ct-LPETG onto ELP-E2 (10% E2 monomers
ligated with ELP), 1 uM of ELP-E2, 12 uM of Z-Ct-LPETG, and
12 uM of Sortase A were used in a 400 uL reaction volume. The
precipitation and resolubilization procedures were the same as
ELP-E2 as described above. The resulting products were ana-
lyzed with 10% SDS-PAGE. Nluc-LPETG and HaloTag-LPETG
ligation onto ELP-E2 were achieved using similar procedures.

Functionality of the Ligated Z-Domain. The functionality of the
Z-domain was confirmed by the ability to capture rabbit IgGs.*
Briefly, 1 M Z-ELP-E2 was incubated with 20 uM RIgG for 3 h at
room temperature before the addition of 1 M NaCl. The mixture
was incubated at 28 °C for 10 min and centrifuged for 10 min at
15000 rpm and 28 °C. The pellet was resuspended in ice-cold
binding buffer for resolubilization. Full complex assemblies
were visualized by SDS-PAGE analysis and transmission electron
microscopy. Samples were prepared in DDI water and stained
with 2% uranyl acetate on carbon-coated copper grids (Electron
Microscopy Science). Zeiss Libra 120 Transmission Electron
Microscope was used to visualize the samples with voltage of
120 kV.

Functionality of the Ligated Nluc. The Nluc activity was con-
firmed by using the Nano-Glo Luciferase assay system
(Promega, Madison, WI), which detects the transfer of Furima-
zine to Furimamide by Nluc with light emitting as the product.
The assay mixture and the Nluc cell lysate were mixed and
allowed to equilibrate to room temperature. An equal volume of
the Nano-Glo luciferase assay reagent was mixed with the
diluted Nluc cell lysate. Luminescence was captured by the
Synergy H4 hybrid multimode microplate reader from BioTek
(Winooski, VT).

Sensor Assembly. Biosensor assembly was achieved by a
sequential ligation procedure. In step 1, ELP-LPETG was ligated
onto GGG-E2 to form ELP-E2. In step 2, either Z-Ct-LPETG or
HaloTag-LPETG was ligated onto ELP-E2 and purified as de-
scribed. The decoration efficiency can be adjusted by setting up
the ligation mixture with 1 M ELP-E2 particles, 12 M of Sortase
A and the first protein with concentrations ranging from 12 to
60 uM. By changing the concentration of the first protein in
the reaction mixture, the decoration efficiency can be easily
adjusted. In step 3, a second protein, either Nluc-LPETG or
HaloTag-LPETG, was subsequently ligated to generate the final
E2 nanoprobes. Again, the decoration efficiency of the second
protein can also be adjusted by changing the protein concen-
tration in the reaction mixture. Overall, this stepwise ligation
method for nanoprobe assembly was used to control the
correct decoration efficiency of each protein on the particles.
The hydrodynamic diameters of the complexes were measured
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dots can be easily coupled by employing specific metal
binding peptides to further expand the range of appli-
cations that can be addressed using this modular platform.

by dynamic light scattering using Zetasizer Nano ZS (Malvern
Instruments).

To construct the Z-ELP-E2-HaloTag Alexa 488 nanoprobes
for cancer cells detection, sequential ligation was used to
generate Z-ELP-E2-HaloTag conjugates. Purified Z-ELP-E2-Halo-
Tag (1 uM) was mixed with 20 uM of CH-modified Alexa 488 at
4 °C overnight for Alexa 488 conjugation. Excess CH-modified
Alexa 488 was removed by going through one more thermal
cycle purification.

To construct the HaloTag-ELP-E2-Aptamer-Alexa 488 nano-
probes, HaloTag-LPETG was first ligated onto ELP-E2. An anti-
MUC1 aptamer, CTT CTC TCT TCC TCT CTC CTT GCA GTT GAT
CCT TTG GAT ACC CTG G, modified with a 5 amine was
purchased from Integrated DNA Technologies, Coralville, IA.
With the use of the 59 amine group, the aptamer was modified
with a Chlorohexane (CH) ligand from Promega (Madison, WI).
Briefly, the CH ligand was mixed with the aptamer at a molar
ratio of 30:1 and incubated at room temperature for4 hand 4 °C
overnight. Excess CH ligand was removed using a 3000 Da
ultrafiltration column (Vivaspin 500, Sartorius Stedim Biotech).
CH-modified anti-MUC1 aptamers (10 #M) were mixed with the
HaloTag-ELP-E2 conjugates at 4 °C overnight to form HaloTag-
ELP-E2-Aptamer. After removing the excess aptamer by thermal
purification, CH-Alexa 488 (20 #M) was added and incubated at
4 °C for overnight to form the HaloTag-ELP-E2-Aptamer-Alexa
488 nanoprobes. The labeling efficiency was visualized by SDS-
PAGE analysis.

Thrombin Detection. Varying concentration of thrombin was
coated onto 96 well plates by incubation at room temperature
for 2 h. To minimize nonspecific adsorption, 200 uL of 5%
milk was used to block the wells by incubating at 4 °C overnight.
For sensing, 100 uL of 15 nM thrombin antibody was added to
the wells and incubated for 1 h. E2 nanoprobes decorated with
the Z domain and Nluc were added to the wells. After 2 h,
unbound E2 nanoprobes were removed and 100 uL of the
Nano-Glo luciferase assay reagent was added. Luminescence
was measured using a microplate reader. Wells were washed
4 times with TPBS between every step to remove the extra
reagent.

Cancer Cell Detection. Hela cells were obtained from American
Type Culture Collection (ATCC). Cells were cultured at 37 °Cin
5% CO, using 1x autoclavable minimum essential medium (Life
Technologies: 11700-077) containing 1 vol % of 7.5% NaHCOs3,
2 vol % of 1 M Hepes, 1 vol % of nonessential amino acids
(Fisher, SH3023801), 2.5 vol % of Pen/Strep (Fisher, SV30010),
2 vol % of L-glutamine (Fisher, SH3003401) and 10 vol % of FBS
(Sigma-Aldrich, F6178).

Hela cells were seeded into 96 well plates and grown at
37 °C overnight until reaching around 90% confluency. The
growth media was removed and cells were washed twice with
1x TBS. Cells were fixed with 100 uL of 4% formaldehyde for
10 min and fixed cells were incubated with 100 uL of 100 mM
NH,4Cl to minimize background fluorescence. To minimize back-
ground adsorption, 5% milk was used to block unspecific
binding. For cancer cell detection, 100 uL of 5 ug/mL anti-
MUC1 antibody was used to incubate with Hela cells for 1 h,
washed with TBS, and incubated with 100 uL of 10 nM Z-ELP-E2-
Nluc nanoprobe to bind onto antibody. After washing three
times with TBS, Nluc activity was detected by measuring lumi-
nescence using a microplate reader.

For cancer cell detection using the Z-ELP-E2-HaloTag-Alexa
488 nanoprobes, a similar procedure was used except visualiza-
tion of cancer cells was conducted using a Zeiss AxioObserver
Z1 inverted fluorescence microscope. To use the HaloTag-ELP-
E2-Aptamer-Alexa 488 nanoprobes for cancer detection, fixed
Hela cells were incubated with the nanoprobes for 2 h and
washed three times with TBS. Cancer cells detection was again
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performed using a Zeiss AxioObserver Z1 inverted fluorescence
microscope.
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