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Abstract: While nucleic acid and protein analysis approaches continue to see significant breakthroughs,
analytical strategies for glycan determination have by comparison seen slower technological advances.
Here we provide a strategy for glycan probe development using an engineered lectin fusion that
can be incorporated into various common pathology lab assay formats including Western blot and
agglutination assays. In this proof of concept, we use the natural lectin, Pseudomonas fluorescens
agglutinin (PFA), capable of binding core Man alpha(1-3)-Man alpha(1-6)-Man units, where this lectin
has previously been shown to bind to the glycans presented by the gp120 coat protein of (HIV) Human
Immunodeficiency Virus. In our strategy, we engineered the lectin to possess a fusion of the biotin
mimetic tag equence of amino acids V-S-H-P-Q-A-P-F. With the glycan receptive PFA directly linked
to the biotin mimic, we could facilitate a probe for various standard clinical assay formats by virtue
of coupling to streptavidin-HRP (horseradish peroxidase) or streptavidin beads for Western blot
and agglutination assays respectively. We found the PFA fusion retained low nanomolar affinity for
gp120 by ELISA (Enzyme Linked Immunosorbent Assay) and microscale thermophoresis. This probe
engineering strategy proved effective in the relevant assay formats that may now allow detection for
the presence of glycans containing the core Man alpha(1-3)-Man alpha(1-6)-Man units recognized
by PFA.

Keywords: oligomannose; lectin; Pseudomonas fluorescens agglutinin; agglutination assay; Western
blot assay

1. Introduction

Glycans have traditionally been complicated to study as their structural complexity allowing
sugar building blocks to be linked at different sites and with different stereochemistries goes beyond
the relatively simple linear template-driven synthesis of nucleic acids and proteins [1]. While the
difficulty in their analysis, detection, and even synthesis continues, the key roles of glycans have
become apparent within the full spectrum of biological processes and are a distinct requirement for
life [2–4]. Tools for genetic and proteomic level testing are abundant but we have yet to possess
sufficient glycan-related diagnostic tools that may be integrated into standard practice. Because of
this bias in attention, there remains a lot to be understood regarding glycans in terms of not only
basic science but also from the perspective of clinical diagnostics and is thus deserving of special
consideration [5]. The objective of the following study is to assess a biotin mimetic peptide fusion to
a well-known lectin as a proof-of-concept oligosaccharide probe that may be utilized with a variety
of common clinical assay formats. Traditional glycan analysis techniques include chromatographic
analysis of metabolically radio-labeled glycans, as well as capture with lectin affinity chromatography,
and glycosidase treatment for chemical analysis of the constituent sugars [6–8]. Other techniques have
included the use of sequential exoglycosidase digestion coupled with methylation analysis utilizing
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chromatography, mass spectroscopy, and 1H NMR [9–11]. Current analytical strategies for examining
protein glycosylation include enrichment techniques prior to mass spectroscopy methods, where
lectin chromatography [12,13] as well as chemical techniques, including the use of boronic acid [14]
and hydrazide chemistry [15], have been applied to enrich glycoproteins. Enzymatic removal can
facilitate the isolation of the glycans alone, which can have even more difficulty in separation as
glycans have poor adsorption to reverse phase high performance liquid chromatography (HPLC)
matrices. Glycan separation by HPLC thus requires derivatization by reductive amination [16], but
this can be a source of artifacts [17]. A range of other options for glycan (either free or labeled)
separation include capillary electrophoresis, tandem anion-exchange, porous graphitic carbon liquid
chromatography, and hydrophilic interaction chromatography [4]. Assuming effective separation,
analysis of which glycan structures are present requires the examination of mass spectral data or
chromatographic/electromigratory assessment of the retention times given a definitive set of reference
glycans. Since these aforementioned techniques are time consuming approaches, require multiple
steps, and necessitate a high level of expertise, there have been recent groundbreaking works to
simplify glycan analysis which have made the use of lectin-based arrays [18]. Lectins are natural
glycan receptors that exist with specific recognition for a number of different glycan structures, and
the use of lectin-based arrays as sensing modalities have been found to expedite the examination of
protein glycosylation to under 6 h [19]. Still, the number of possible combinations of glycans which
exist far outweigh the number of currently known lectins for specific glycan structures, and as such
lectin arrays must utilize classification techniques based on “fingerprinting” of glycan interactions with
an array containing lectins with relatively broad specificities. An example includes an array of 24 plant
lectins with overlapping specificities [18]. While individual lectins may have some promiscuity in their
binding [20], the fact that an individual glycan can provide a unique fingerprint across the array still
holds value in the analysis. Growing research efforts to identify and examine new lectins with distinct
specificities as well as novel assay approaches utilizing lectins is still in demand, and with that we
were motivated to pursue this research.

Serum level changes in glycan profiles as well as isolation of glycoproteins with irregular glycan
structures have proven to be a distinguishing characteristic between cancer vs. control patients for a
range of malignancies [21]. One form of irregular glycosylation type is high-mannose-type glycans
displayed on viruses (one such glycan, Man9, is shown in Figure 1), including HIV and rotavirus [22],
but also on the immunoglobulin of certain B cell lymphomas [23]. In addition to being displayed
on subsets of B cell lymphomas, high-mannose-type glycans represent an interesting glycan-based
biomarker found on a number of other cancer cells including the surface of human lung adenocarcinoma,
colorectal cancer, as well as on the epidermal growth factor receptor of epidermoid carcinoma and
gastric cancer cell lines [24]. In the context of healthy mammalian systems, mannose units are not
a typical terminating moiety but rather are masked by other sugar moieties capped onto the end of
mannose units after trimming [25]. This trimming of natural high mannose occurs as Man9 is formed
briefly and cleaved to Man5 by mannosidases within the ER/early Golgi serving as the precursor internal
core of more mature glycans [26]. Aberrant display of high mannose along the secretory pathway
is handled by intracellular human lectins (like OS-9) that traffic such glycoproteins for proteasomal
degradation by the ERAD (endoplasmic reticulum associated degradation) pathway [27]. Extracellular
human C-type lectins, such as DC-SIGN (dendritic cell specific intercellular adhesion molecule-3
grabbing non-integrin) and MBL (mannose binding lectin), can bind aberrant oligomannosylation,
requiring a calcium ion for coordination with the glycan, to facilitate their removal [28]. It has been
reported that monosaccharide fucose units can also coordinate with the calcium ion in DC-SIGN
and even manifest interaction with α1−α2 linked fucose as presented by histo blood group antigens,
highlighting a prime example of the cross-specificity or promiscuity that exists in many lectins [29,30].
There are also several plant and microbe derived lectins that recognize oligomannose units in a
calcium independent manner including Pseudomonas fluorescens agglutinin (PFA), which is a member
of the Oscillatoria agardhii agglutinin homologue family of lectins capable of recognizing the Man
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alpha(1-3)-Man alpha(1-6)-Man core [31] present on high mannose and hybrid type glycans. Because
PFA lectin has been found to recognize this core branch point, it provides broader selectivity for Man6

to Man9 variants as compared to other lectins [32,33]. This reported promiscuity for Man5GlcNAc2,
Man6GlcNAc2, Man7GlcNAc2, Man8GlcNAc2, and Man9GlcNAc2 highlights that a single lectin may
not be sufficient to distinguish glycan structure. Because these structural variants are all displayed by
the HIV coat protein gp120 [34], the PFA lectins ability to bind the Man alpha(1-3)-Man alpha(1-6)-Man
core has recently been exploited for inactivation of HIV transmission but has yet to be used as a sensing
moiety [35].

Figure 1. Structure of an example high-mannose-type glycan (Man9, one of the known glycans
displayed by HIV coat protein gp120) possessing alpha 1,2 linkages between linear mannose units at
the D1, D2, and D3 arm and possessing alpha 1,3 and alpha 1,6 linkages at branch points.

In this work, we examine a strategy of glycan probe development using biomimetic peptide–lectin
fusion approach which in this proof-of-concept utilized Pseudomonas fluorescens agglutinin (PFA) for the
assessment of glycans in different assay formats. We have engineered the PFA lectin to possess a biotin
mimetic tag (VSHPQAPF) [36–38] given the ability of the bacterial derived PFA to be easily expressed
in a bacterial system to afford a glycan probe that could be implemented in different detection assay
modalities. The PFA lectin exhibits two binding sites for the Man alpha(1-3)-Man alpha(1-6)-Man core
on opposing ends of its beta-barrel-like architecture. The engineered PFA fusion to the biotin mimetic
peptide proved useful in providing a means for determining the presence of glycans by fluorometric
and enzymatic reporting mechanisms in our assays as well as affording the mechanism by which to
carry out a bead-based agglutination assay as highlighted in Figure 2. This serves as a starting point for
future work in developing a simple and reliable strategy for detecting the presence of other glycans by
implementing different lectin-based receptive moieties and further encourages us to develop a future
set of engineered lectins with varying specificities to be used in a form of glycan analysis toolkit.
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Figure 2. Schematic of one of the sensing modalities (specifically an agglutination assay) in which the
PFA engineered with a biotin mimetic fusion peptide of the sequence VSHPQAPF may be implemented
to provide detection of the presence of oligomannosylation.

2. Materials and Methods

2.1. Materials and Validation of Key Biological Reagents

To provide the source of materials in this study, gBlocks were obtained from Integrated DNA
Technologies for cloning of the PFA fusion protein. The oligomannose bearing gp120 was purchased
from Sigma Aldrich and confirmed for the presence of oligomannose using known commercial
probes capable of binding to oligomannose (Supplementary Material Figure S1), specifically the
anti-oligomannose antibody 2G12 obtained from Polymun and the Man alpha(1-3)-Man binding
lectin GNA (galanthus nivalis agglutinin) obtained from Vector Laboratories as well as fluorescein
labeled GNA from the same source. In these validation assays, glycosidase treatment with Endo H
(endoglycosidase H obtained from New England Biolabs) was used to remove oligomannose from
glycoproteins by cleaving the chitobiose (GlcNAc2) core to confirm the specificity of the 2G12 and GNA
for oligomannose. DC-SIGN/Fc (dendritic cell-specific intercellular adhesion molecule-3 grabbing
non-integrin fused to fragment crystallizable domain) and DC-SIGNR/Fc (DC-SIGN related protein
fused to fragment crystallizable domain) were purchased from R&D Systems. Unless otherwise
specified, all reagents used for cloning were obtained from New England Biolabs and all reagents used
for expression, purification, and analysis were obtained from Sigma Aldrich.
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2.2. Expression of PFA

For production of the engineered PFA lectin, a pET14b bacterial expression vectors was
used. A custom double stranded DNA gBlock possessing the open reading from the PFA
gene was purchase from Integrated DNA Technologies. The gBlock underwent PCR with
the following primers to produce restriction sites of BamHI and NdeI for cloning into the
pET14b expression vector: For PFA (CTAAACATATGATGTCCAAATACGCGGTCGCAAATCAATG);
Rev PFA (GATTGGTTTTCGCGGACAGATTGAGTAGGGATCCATAACA). Generation of the
engineering VSHPQAPF fusion to PFA was carried out by using the following
primers: BiotinMim1 (CTGTGGGTGCGAGACCTCAATCTGTCCGCGAAAACC) and BiotinMim2
(ATACGGGATCCCTAAAAAGGTGCCTGTGGGTGCGAG). After confirmation of the clones and
expression testing for IPTG inducible expression within the E. coli BL21 DE3 expression system, larger
scale 1 L cultures were grown at room temperature in LB media proceeded until an optical density of
0.3 at which point cultures were placed at 16 ◦C for 30 min, followed by induction with IPTG (isopropyl
thiogalacto pyranoside) and overnight growth at 16 ◦C. After collection of the cell pellet, lysis buffer
was added followed by rocking incubation for 30 min on ice and then, 10 min of probe sonication on
ice (programmed at 1 s on and 1 s off at 60% power in 1 min intervals). The lysate was centrifuged at
16,000 rpm for 1 h and the supernatant was filtered prior to undergoing nickel affinity chromatography
at 1 mL/min flow rate at 4 ◦C. After binding to the Ni column, the sample was washed for 1 h and then
subjected to an increasing gradient of imidazole for release from the column. The eluted fractions were
assessed by SDS PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) and fractions
containing the pure protein of interest were pooled and dialyzed into the appropriate storage buffer.

2.3. Fluorescence Labeling of PFA

Amine-reactive protein labeling kit (NT-647-NHS) was used for PFA labeling. Labeling buffer
was prepared by adding 3 mL distilled water to labeling buffer salt (included in the kit). Zeba spin
columns (included in the kit) were prepared according to manufacturer’s protocol. Briefly, the bottom
cap was removed, and upper cap was loosened followed by centrifugation at 1500 g for 1 min to
remove storage liquid. Column was equilibrated by washing with 300 µL of labeling buffer three times.
Then, 125 µL of PFA solution was placed and buffer exchanged PFA was collected in a microcentrifuge
tube after centrifugation at 1500 g for 2 min. NT-647 dye was reconstituted by adding 30 µL of 100%
DMSO (dimethyl sulfoxide) yielding approximately 470 µM and diluted further to achieve 11 µM. This
concentration is about three times more than that of the PFA protein that was to be labeled (3.88 µM).
Using 250 µL of PFA and NT-647 dye, each were mixed in a 1:1 volume ratio and incubated for 30 min
at room temperature in the dark. During that time, a PD minitrap desalting column was prepared
according to the manufacturer’s manual. After equilibrating the column three times with PBS (1X
phosphate buffered solution), 500 µL of labeling reaction was loaded to the center of desalting column
followed by the addition of 600 µL of PBS. Finally, 100 to 150 µL fractions of the eluate were collected
and measured for their concentration by Bradford assay where the final PFA-NT-647 concentration
was 11 µg/mL, which was equivalent to 392 nM.

2.4. Competitive Binding Assays

A total of 100 µL of 1 mg/L gp120 was absorbed to 96-well immunoplates overnight at 4 ◦C and
each well was washed with 300 µL of PBS once. The plate surface was blocked with 1% BSA (bovine
serum albumin) in PBS (phosphate buffered solution) for 2 h at room temperature with horizontal
shaking at 50 rpm. After discarding the blocking solution, 100 µL of 400 nM PFA was added to the
wells and incubate for 10 min with shaking. After PFA binding, 100 µL of 40 nM biotinylated GNA
was directly added to the wells and incubated for 1 h then each well was washed with 300 µL of
washing buffer (1% BSA in 1X PBST (phosphate buffer solution containing tween-20). Then, 100 µL
of 1 µg/mL streptavidin-HRP in washing buffer was added to each well and incubated for 30 min.
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After washing unbound streptavidin-HRP with 300 µL of washing buffer, 100 µL of TMB solution was
added and the signal was recorded at 450 nm using an Epoch2 microplate spectrophotometer (BioTek
Inc., Winooski, VT, USA) after 2 min development and stopping the TMB-peroxide reaction by adding
100 µL of 0.16 M sulfuric acid. To examine if PFA was binding to oligomannose, we carried out an
experiment to see if the PFA would inhibit the GNA binding. This experiment was conducted as above
but with the addition of 100 uL of 400 nM PFA (non-biotinylated) to the wells prior to addition of the
biotinylated GNA. After confirming the ability of PFA to bind to the glycans of gp120, we utilized
soluble mannose in another competitive binding assay wherein 100 µL of 1 mg/L gp120 was absorbed
overnight to a 96-well immunoplate, incubated at 4 ◦C, and each well was washed with 300 µL of
PBS once. Again, the plate surface was blocked with 1% BSA in PBS for 2 h at room temperature
with horizontal shaking at 50 rpm. After discarding the blocking solution, 100 µL of 400 nM PFA was
added to the wells, along with 0–2000 mM soluble mannose directly added to the wells. After shaking
and incubating for 1 h, each well was washed with 300 µL of washing buffer (1% BSA in PBST) and
again ELISA was carried out with 100 µL of TMB solution to observe the remaining PFA with the
signal recorded at 450 nm using the Epoch2 microplate spectrophotometer (BioTek Inc.) after 10 min
development with the TMB-peroxide reaction was stopped by adding 100 µL of 0.16 M sulfuric acid.

2.5. SDS PAGE and Western Blot

Proteins to be separated were treated as follows: 3 µL sample loading buffer (containing SDS,
glycerol, Tris-HCl, β-mercaptoethanol, and bromophenol blue) was added to 9 µL of protein and the
mixture was heated for 10 min at 95 ◦C to be denatured. The 12%/4% separating/stacking gel was
made for electrophoresis. Samples were loaded onto the gel and run using SDS-PAGE running buffer
(containing SDS and Tris-HCl, pH 8.3) for the first 30 min at 80 V, then an additional 1 h at 120 V
until maximally resolved. Separated protein was transferred to the nitrocellulose membrane using a
Bio-Rad mini-trans blot system as follows: nitrocellulose membrane was presoaked in 1X transfer buffer
(containing Tris-HCl, Glycine and methanol, pH 8.3) after assembling a blot sandwich, followed by wet
blotting for 16 h at 4 ◦C. The membrane was then blocked in 1% BSA 1X PBS overnight at 4 ◦C in a humid
chamber. For staining, to identify the ability of PFA to serve in affinity to oligomannosylated proteins,
we first conducted incubation of 12 µL of 10 µM PFA-HPQ (PFA bearing the VSHPQAPF fusion)
with 4 µL of 1 mg/mL strep-HRP for 30 min at room temperature in 4 mL of washing buffer. These
mixtures were then directly added to the blocked membrane for 1 h at room temperature with shaking,
followed by washing three times with washing buffer (containing 1% BSA and 0.5% Tween-20 in 1X
PBS). The membrane was developed in 2 mL of 1X AEC solution (0.02% 3-amino-9-ethylcarbazole in
N, N Dimethylformamide, 0.015% hydrogen peroxide in acetate buffer pH 5.5) for 20 min. An identical
staining technique was used for DC-SIGNR/Fc and DC-SIGN/Fc primary using HRP conjugated
anti-IgH as secondary. For the Western blot conducted in Supplementary Figure S2, samples of gp120
were added with or without prior glycosidase treatment. EndoH and a1-2,3,6 Mannosidase obtained
from New England Biolabs were used for the gp120 samples in the right and left lane, respectively,
using the manufactures recommended reaction conditions. After transfer to nitrocellulose membrane
and blocking with BSA, staining was carried out as described above but using a 1:1 premix of strep-HRP
and PFA-HPQ.

2.6. Bead-Based Agglutination Assay

A total of 30 µL of 4 mg/mL streptavidin beads (streptavidin covalently coupled with <1 µm super
paramagnetic particles) was suspended in 1 mL of binding buffer (20 mM Tris-HCl, 0.5 M NaCl, 1 mM
EDTA pH 7.5). Coating of the beads with our engineered PFA bearing the VSHPQAPF fusion (termed
PFA-HPQ for short as the HPQ motif is the widely found consensus region of streptavidin binder) was
carried out with the addition of 5 µL of 435 µg/mL PFA-HPQ protein, followed by shaking at 80 rpm
for 1 h at room temperature. Beads were removed and washed with 1 mL of binding buffer three
times using magnetic capture for isolation during washing. The beads were then blocked with 1 mL of
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blocking buffer (1% BSA in PBS) for 1 h. The beads were then diluted with two volumes of washing
buffer (0.5% Tween 20, 1% BSA, 1X PBS). Then, 100 µL of diluted beads were used for each group either
with or without the incorporation of PFA-HPQ. After adding an additional 5 µL of either 100 µg/mL of
gp120 as the oligomannosylated target or BSA as the target without oligomannose. Microscopy images
(acquired using a Nikon Ti-2) of the samples were captured at zero minutes, 40 min, and 80 min to
assess the extent of agglutination.

3. Results

3.1. Expression and Confirmation of Engineered PFA

From two 1 L cultures of E. coli BL21 DE3 harboring the pET14b expression vector, we obtained
8 fractions of different purity of the PFA, where the purest fractions E13 and E14 were combined and
used for our studies yielding 14 mL of 435 µg/mL of PFA as determined by Bradford assay. Having
purified the lectin Pseudomonas fluorescens agglutinin (Figure 3), we initially examined its ability to
bind to the glycans of gp120 as compared to GNA (Galanthus nivalis agglutinin) which is known to
bind glycans with (α-1,3)-linked mannose residues. We determined the GNA was capable of binding
to the glycans presented by the HIV glycoprotein gp120, which we then used as one of two glycan
bearing targets in this study (Figure 4A). A competitive binding assay was initially used to examine
the ability of our PFA product to bind the glycans displayed on gp120. From Figure 4B, we can see that
by pre-incubating the gp120 with PFA, we could significantly reduce the binding ability of the GNA
which provided an indication that PFA could bind and mask a portion of glycan sites of the gp120.
While we were not interested in confirming the exact specificity of the lectins given the likelihood that
GNA and PFA could have occupied different sites, (despite reports that these lectins both recognize
the mannose branch point), we merely used the initial results to justify moving forward to conducted
further binding assessment of the PFA.

Figure 3. SDS-PAGE of protein ladder marker, M, and PFA fractions (eluents E10 through E18) after
affinity chromatography (a) before and (b) after dialysis showing pure PFA protein isolated with
expected molecular weight of 14 kDa.

Figure 4. ELISA signals showing binding of (A) GNA (galanthus nivalis agglutinin) lectin to immobilized
gp120 target and (B) competitive elution of GNA lectin when in the presence of PFA lectin.

3.2. Examining Binding Affinity of Engineered PFA

In order to demonstrate if the PFA ability to recognize the glycans was displayed by gp120, wells
coated with gp120 were exposed to PFA in the presence of increasing concentrations of soluble mannose.
As seen if Figure 5A, when labeling the remaining PFA with an enzymatic probe, the colorimetric signal
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remained consistent up to the condition of nearly 200 mM of free mannose. From this assessment of
the binding ability of PFA to the glycans of gp120, we see that there was no significant inhibition by
mannose in preventing PFA binding to oligomannose for physiologically relevant levels of added
mannose, which supports that PFA may hold value as a diagnostic tool in biologically relevant fluids
where free mannose would not exist beyond the 200 mM concentration needed to begin inhibit binding
of PFA to the glycans of gp120.Chemosensors 2019, 7, x 9 of 15 
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Figure 5. (A) ELISA signal of PFA against an immobilized gp120 target in the presence of increasing
amount of soluble mannose showed no substantial inhibition in PFA binding until greater than 200 mM
of soluble mannose was added; (B) Microscale thermophoresis and (C) ELISA of PFA against gp120
target showing similar binding constants, Kd ~4 nM.

In order to provide direct evidence for the ability of PFA to bind to glycans possessing the Man
alpha(1-3)-Man alpha(1-6)-Man core unit, we utilized the technique of microscale thermophoresis for
quantitative assessment of binding affinity. Having prepared the fluorescently labeled PFA possessing
the NT-647 fluorophore and confirmed its labeling efficiency, we setup a series of experiments to first
identify the relative extent of binding ability of PFA for gp120 to properly choose the dilution range for
quantitative examination of the binding affinity of PFA for the Man alpha(1-3)-Man alpha(1-6)-Man
bearing target. Using the NT-647 labeled PFA samples with or without gp120 in 0.1% PBST, we
could see a clear shift in the thermophoretic mobility and thus, conducted a full serial dilution of
the gp120 ligand concentration as shown in Figure 5B. The measured decrease in the bound fraction
with decreasing amounts of gp120 revealed an effective binding affinity of 4.1 ± 1.4 nM. To validate
these results, we utilized a conventional ELISA approach in which another Man alpha(1-3)-Man
alpha(1-6)-Man glycan unit displaying protein target (soy bean agglutinin conjugated to HRP) was
exposed to serial dilutions of PFA to identify via the colorimetric signal generated by TMB the binding
signal against PFA, as shown in Figure 5C. Examining the PFA for its binding affinity to oligomannose
by ELISA and microscale thermophoresis confirmed a similar value of approximately 4 nM. Having
validated the binding capability of PFA for Man alpha(1-3)-Man alpha(1-6)-Man displaying glycans,
we then examined how modification of an engineered PFA to display the biotin-mimetic HPQ tag
could make this receptor adaptable to common sensor modalities such that we may detect the presence
of oligomannose as shown in the following section.
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3.3. Bead Assay and Western Blot Assays

After assessing the binding affinity of PFA, we utilized the engineered PFA fusion which bears
the biotin mimetic tag VSHPQAPF known to have high affinity to streptavidin in order to facilitate
its implementation with standard pathology lab analysis techniques including Western blot and
agglutination assays. In conducting these experiments, we utilized the gp120 envelope glycoprotein of
HIV that displays glycans that natively bind to DC-SIGN and DC-SIGNR for infection of dendritic cells
and endothelial cell, respectively [39]. As positive controls for our Western blot experiments, we thus
utilized DC-SIGN and DC-SIGNR as natural receptors for the glycans displayed by gp120 to compare
our engineered PFA-based probe. From Figure 6, of gp120 transferred to a nitrocellulose membrane,
we can clearly see the AEC stained signal using PFA-HPQ (PFA bearing the biotin mimetic VSHPQAPF
tag) primary and strep-HRP (streptavidin conjugated to horseradish peroxidase) secondary. In fact,
the PFA-HPQ signal against gp120 was comparable to that of the positive control signals determined
for DC-SIGN and DC-SIGNR.

Figure 6. Western blot with ladder in lane 1 and glycan displaying gp120 in lane 2 utilizing primary
receptors of DC-SIGNR/Fc (left), DC-SIGN/Fc (middle), and PFA-HPQ (right). Secondary incubation
was carried out with HRP conjugated anti-IgH for DC-SIGNR and DC-SIGN, while the use of Strep-HRP
was used for PFA. The presence of gp120 target could be identified using the experimental PFA-HPQ to
the same extent as that of the positive controls of DC-SIGNR and DC-SIGN, which are natural target
receptors for HIV transfection.

The engineered PFA-HPQ fusion did well in the common Western blot assay format for recognizing
the presence of glycans displayed on the gp120. To examine the PFA-HPQ performance with another
typical detection modality, we carried out immobilization of the PFA-HPQ onto streptavidin beads
(<1 µm diameter super paramagnetic iron oxide particles) in order to determine its adaptability to
agglutination assays. In the course of conducting the agglutination assays against glycosylated gp120
target and control for both the streptavidin bead as well as the PFA-HPQ coated streptavidin bead, we
find the onset of a distinct agglutination event for the PFA-HPQ coated beads when exposed to the
gp120 target. This qualitative binding signal occurs with increasing relative aggregation compared
to the control samples as time progresses. This format provides an easy to understand assay for
the presence or absence of glycans such as in this case glycans possessing Man alpha(1-3)-Man
alpha(1-6)-Man core units as was shown here in Figure 7 for the case of gp120. Having assessed the
binding affinity of PFA and incorporating the VSHPQAPF biotin mimetic tag, the engineered PFA has
shown to offer a useful component for a variety of assay formats to detect oligomannosylation.
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Figure 7. Agglutination assay for gp120 using PFA-HPQ labeled streptavidin beads as compared to
unlabeled streptavidin beads, showing clear increasing agglutination response of PFA-HPQ beads to
gp120 target as a function of time.

4. Discussion

The objective of this study was to show a biotin mimetic peptide fusion to a glycan receptive
moiety that could provide an oligosaccharide probe development strategy that could be useful to
various assay formats relevant to clinical pathology labs. We selected the lectin PFA as our glycan
receptive moiety based on reports of its high yield in bacterial expression along with the extensive
literature reporting the ability of PFA to bind the glycans of the HIV coat protein gp120 which we
could use as a model target for our proof of concept study [32,33,35]. While endogenous human lectins,
DC-SIGN and DC-SIGNR, are known to be capable of recognizing oligomannose, we examined a
bacterial derived lectin that may be produced in high yield in our bacterial expression system. Indeed,
we find that expression proceeded well in our E. coli BL21 DE3 system, given the nature of the protein
and after purification by nickel affinity chromatography afforded approximately 6 mg of pure protein
from 2 L of culture. Before proceeding with examining the PFA, we first confirmed our assays using
positive controls of GNA lectin, DC-SIGN, and DC-SIGNR used throughout this study. To assure
that our receptive lectin moiety was indeed undergoing glycan binding, we conducted competitive
binding experiments, Western blots of gp120 under various glycosidase treatments (Figure S2), as
well as quantitative binding assays. GNA is reported to recognize the Man alpha(1-3)-Man unit and
through lectin frontier database [40], the interaction graph reveals GNA to bind to those such glycans
which possess (α-1,3)-linked mannose residues with high affinity for Man3 [40]. We hence utilized it as
our competitive binder and in doing so found that PFA reduced the extent of GNA binding to gp120 by
virtue of masking a proportion of the glycan binding site. This offered an initial promising result that
our engineered PFA could bind to glycans presented by gp120 and we assessed that free mannose up
to 200 mM had no inhibitory effect on the PFA binding. To provide assessment of the glycan binding
capability of the engineered PFA, we carried out two distinct binding affinity assays to cross-validate
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our quantitative assessment. We confirmed, by both ELISA and microscale thermophoresis, a similar
glycan binding affinity of the PFA lectin to be approximately 4 nM.

The strong glycan binding affinity seen for the engineered PFA could be considered sufficient
for a receptive moiety for in vitro diagnostic applications, but to adopt this receptor for common
clinical workflows we needed to engineer the PFA for both Western blot and agglutination assays.
We have previously used the well-known VSHPQAPF peptide as a biotin mimetic motif capable of
high affinity binding to streptavidin [36]. Because of the wide commercial availability of streptavidin
conjugated products, including fluorescent molecules, horseradish peroxidase (HRP), and magnetic
beads for clinical assays, the engineered PFA-HPQ fusion can now be utilized in a variety of detection
platforms. Here, we have incorporated the VSHPQAPF as a fusion onto the PFA to specifically facilitate
its implementation with strep-HRP secondary reporters for Western blot, as well as for capture onto
coatings of streptavidin beads for use in agglutination assays. Specifically utilizing the glycan bearing
target gp120 as the analyte for detection, we see that the PFA-HPQ receptor conjugated with strep-HRP
performed well as a glycan probe in providing a visually detectable signal by Western blot. In fact,
this signal was comparable to that of natural receptors for the gp120 glycans, namely DC-SIGN and
DC-SIGNR, which are receptors present on dendritic cells and endothelial cells that act as virion
binding sites during HIV transfection.

In looking at an agglutination assay platform, typical manifestations utilize latex beads coated
with antigen and are used to identify the presence of specific antibodies, or conversely coated with
antibodies and used to identify the presence of antigens. In this demonstration, we utilized streptavidin
coated magnetic beads having a diameter of less than one micron to serve as the solid phase component.
As these particles are super paramagnetic iron oxide, they will not aggregate unless exposed to an
external magnetic field of sufficient strength which allowed us to easily wash, collect, and re-suspend
the beads during coating with the engineered PFA-HPQ lectin. The success of our probe in this
agglutination assay to detect glycans of gp120 possessing the Man alpha(1-3)-Man alpha(1-6)-Man
core unit in a sample was confirmed using these PFA-HPQ coated streptavidin beads, where the
positive signal became apparent at the 40 min time point post-introduction of the glycan bearing gp120
sample, and to a much greater extent at the 80 min time point. With this proof-of-concept aggregation
confirmed for the PFA coated beads in the presence of glycan bearing gp120 target, we show that our
strategy of using an engineered lectin fusion is successful in providing a detectable signal for future
development or potential incorporation with existing agglutination assay platforms. Different formats
of agglutination assays have been used commercially and in literature to generate a variety of visual
feedbacks to the user as a result of the aggregation of the bead sample and can even provide, in some
cases, a color change or optical signal to confirm a positive result in the sample [41,42]. The importance
of this work in showing that this proof-of-concept engineered lectin fusion may be incorporated into
a variety of detection modalities highlights the possibility of this serving as a robust strategy, and
we hope to continue to develop a series of related lectin-based receptors for other glycans that may
provide a toolkit/panel to begin assessing the vast repertoires of glycosylation motifs of clinical interest.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9040/7/4/55/s1,
Figure S1: Validation of gp120 display of oligomannose and binding of GNA to oligomannose by (A) western
blot of gp120 with and without EndoH glycosidase treatment using the anti-oligomannose antibody (2G12) for
staining or (B) using the lectin GNA for staining. (C) Microscale thermophoresis (MST) experiments using gp120
(208.5 nM) and fluorescein labeled GNA (20 nM) were carried confirm by the MST traces showing a distinct shift
in the thermophoretic mobility of the GNA alone (blue), as compared to GNA with addition of gp120 (green)
(inset showing the shift in normalized fluorescence based on the readings taken in the red column (hot) and blue
column (cold) time frame representing after and before onset of the thermal gradient), Figure S2: Additional
experiment of PFA fusion probe staining against gp120 with and without glycosidase treatment. Western blot
of gp120 that had undergone Mannosidase treatment (left), gp120 without glycosidase treatment (middle), and
gp120 that had undergone Endo H treatment (right).

Author Contributions: Conceptualization, J.J.; methodology, B.L. and L.K.; validation, B.L. and L.K.; formal
analysis, J.J., B.L., and L.K.; investigation, J.J., B.L., and L.K.; resources, J.J.; data curation, J.J., B.L., and L.K.;
writing—original draft preparation, J.J. and B.L.; writing—review and editing, J.J. and B.L.; supervision, J.J.; project
administration, J.J.; funding acquisition, J.J.

http://www.mdpi.com/2227-9040/7/4/55/s1


Chemosensors 2019, 7, 55 12 of 14

Funding: LeNaiya Kydd is supported by the National Institutes of Health (NIH) training award, NIH T32
HL134613. Research reported in this publication was supported by the National Institute of General Medical
Sciences of the National Institute of Health under Award Number R15GM135892. The content is solely the
responsibility of the authors and does not necessarily represent the official views of the National Institute of Health.

Conflicts of Interest: The funders had no role in the design of the study; in the collection, analyses, or interpretation
of data; in the writing of the manuscript, or in the decision to publish the results.

References

1. Council, N.R.; Glycoscience, I.T. A Roadmap for the Future; Walt, D., Ed.; The National Academies Press:
Washington, DC, USA, 2012; pp. 85–89.

2. Shivatare, S.S.; Chang, S.-H.; Tsai, T.-I.; Tseng, S.Y.; Shivatare, V.S.; Lin, Y.-S.; Cheng, Y.-Y.; Ren, C.-T.;
Lee, C.-C.D.; Pawar, S. Modular synthesis of N-glycans and arrays for the hetero-ligand binding analysis of
HIV antibodies. Nat. Chem. 2016, 8, 338–349. [CrossRef]

3. Stick, R.V.; Williams, S. Carbohydrates: The Essential Molecules of Life; Elsevier: Amsterdam, The Netherlands,
2010.

4. Pabst, M.; Altmann, F. Glycan analysis by modern instrumental methods. Proteomics 2011, 11, 631–643.
[CrossRef] [PubMed]

5. Bielik, A.M.; Zaia, J. Historical overview of glycoanalysis. In Functional Glycomics; Springer: Berlin, Germany,
2010; pp. 9–30.

6. Schwarz, R.T.; Schmidt, M.F.; Anwer, U.; Klenk, H.-D. Carbohydrates of influenza virus. I. Glycopeptides
derived from viral glycoproteins after labeling with radioactive sugars. J. Virol. 1977, 23, 217–226. [PubMed]

7. Nakamura, K.; Bhown, A.S.; Compans, R.W. Glycosylation sites of influenza viral glycoproteins Tryptic
glycopeptides from the A/WSN (H0N1) hemagglutinin glycoprotein. Virology 1980, 107, 208–221. [CrossRef]

8. Matsumoto, A.; Yoshima, H.; Kobata, A. Carbohydrates of influenza virus hemagglutinin: Structures of the
whole neutral sugar chains. Biochemistry 1983, 22, 188–196. [CrossRef] [PubMed]

9. Spik, G.; Debruyne, V.; Montreuil, J.; van Halbeek, H.; Vliegenthart, J.F. Primary structure of two sialylated
triantennary glycans from human serotransferrin. FEBS Lett. 1985, 183, 65–69. [CrossRef]

10. Schmitz, B.; Klein, R.A.; Duncan, I.A.; Egge, H.; Gunawan, J.; Peter-Katalinic, J.; Dabrowski, U.; Dabrowski, J.
MS and NMR analysis of the cross-reacting determinant glycan from Trypanosoma brucei brucei MITat 1.6
variant specific glycoprotein. Biochem. Biophys. Res. Commun. 1987, 146, 1055–1063. [CrossRef]

11. Keil, W.; Geyer, R.; Dabrowski, J.; Dabrowski, U.; Niemann, H.; Stirm, S.; Klenk, H. Carbohydrates of influenza
virus. Structural elucidation of the individual glycans of the FPV hemagglutinin by two-dimensional 1H
nmr and methylation analysis. EMBO J. 1985, 4, 2711–2720. [CrossRef]

12. Madera, M.; Mechref, Y.; Novotny, M.V. Combining lectin microcolumns with high-resolution separation
techniques for enrichment of glycoproteins and glycopeptides. Anal. Chem. 2005, 77, 4081–4090. [CrossRef]

13. McDonald, C.A.; Yang, J.Y.; Marathe, V.; Yen, T.-Y.; Macher, B.A. Combining results from lectin affinity
chromatography and glycocapture approaches substantially improves the coverage of the glycoproteome.
Mol. Cell. Proteom. 2009, 8, 287–301. [CrossRef]

14. Xu, Y.; Wu, Z.; Zhang, L.; Lu, H.; Yang, P.; Webley, P.A.; Zhao, D. Highly specific enrichment of glycopeptides
using boronic acid-functionalized mesoporous silica. Anal. Chem. 2008, 81, 503–508. [CrossRef] [PubMed]

15. Zhang, H.; Li, X.-J.; Martin, D.B.; Aebersold, R. Identification and quantification of N-linked glycoproteins
using hydrazide chemistry, stable isotope labeling and mass spectrometry. Nat. Biotechnol. 2003, 21, 660–666.
[CrossRef] [PubMed]

16. Hase, S. Precolumn derivatization for chromatographic and electrophoretic analyses of carbohydrates. J.
Chromatogr. A 1996, 720, 173–182. [CrossRef]

17. Pabst, M.; Kolarich, D.; Pöltl, G.; Dalik, T.; Lubec, G.; Hofinger, A.; Altmann, F. Comparison of fluorescent
labels for oligosaccharides and introduction of a new postlabeling purification method. Anal. Biochem. 2009,
384, 263–273. [CrossRef] [PubMed]

18. Rosenfeld, R.; Bangio, H.; Gerwig, G.J.; Rosenberg, R.; Aloni, R.; Cohen, Y.; Amor, Y.; Plaschkes, I.;
Kamerling, J.P.; Maya, R.B.-Y. A lectin array-based methodology for the analysis of protein glycosylation. J.
Biochem. Biophys. Methods 2007, 70, 415–426. [CrossRef]

19. Chan, K.; Bun Ng, T. Lectin glycoarray technologies for nanoscale biomedical detection. Protein Pept. Lett.
2010, 17, 1417–1425. [CrossRef]

http://dx.doi.org/10.1038/nchem.2463
http://dx.doi.org/10.1002/pmic.201000517
http://www.ncbi.nlm.nih.gov/pubmed/21241022
http://www.ncbi.nlm.nih.gov/pubmed/886648
http://dx.doi.org/10.1016/0042-6822(80)90286-X
http://dx.doi.org/10.1021/bi00270a028
http://www.ncbi.nlm.nih.gov/pubmed/6830758
http://dx.doi.org/10.1016/0014-5793(85)80955-8
http://dx.doi.org/10.1016/0006-291X(87)90754-6
http://dx.doi.org/10.1002/j.1460-2075.1985.tb03991.x
http://dx.doi.org/10.1021/ac050222l
http://dx.doi.org/10.1074/mcp.M800272-MCP200
http://dx.doi.org/10.1021/ac801912t
http://www.ncbi.nlm.nih.gov/pubmed/19117470
http://dx.doi.org/10.1038/nbt827
http://www.ncbi.nlm.nih.gov/pubmed/12754519
http://dx.doi.org/10.1016/0021-9673(94)01166-4
http://dx.doi.org/10.1016/j.ab.2008.09.041
http://www.ncbi.nlm.nih.gov/pubmed/18940176
http://dx.doi.org/10.1016/j.jbbm.2006.09.008
http://dx.doi.org/10.2174/0929866511009011417


Chemosensors 2019, 7, 55 13 of 14

20. Loris, R.; De Greve, H.; Dao-Thi, M.-H.; Messens, J.; Imberty, A.; Wyns, L. Structural basis of carbohydrate
recognition by lectin II from Ulex europaeus, a protein with a promiscuous carbohydrate-binding site. J. Mol.
Biol. 2000, 301, 987–1002. [CrossRef]

21. Zhao, Y.-P.; Xu, X.-Y.; Fang, M.; Wang, H.; You, Q.; Yi, C.-H.; Ji, J.; Gu, X.; Zhou, P.-T.; Cheng, C. Decreased
core-fucosylation contributes to malignancy in gastric cancer. PLoS ONE 2014, 9, e94536. [CrossRef]

22. Lee, H.K.; Scanlan, C.N.; Huang, C.Y.; Chang, A.Y.; Calarese, D.A.; Dwek, R.A.; Rudd, P.M.; Burton, D.R.;
Wilson, I.A.; Wong, C.H. Reactivity-based one-pot synthesis of oligomannoses: Defining antigens recognized
by 2G12, a broadly neutralizing anti-HIV-1 antibody. Angew. Chem. Int. Ed. 2004, 43, 1000–1003. [CrossRef]

23. Radcliffe, C.M.; Arnold, J.N.; Suter, D.M.; Wormald, M.R.; Harvey, D.J.; Royle, L.; Mimura, Y.; Kimura, Y.;
Sim, R.B.; Inogès, S. Human follicular lymphoma cells contain oligomannose glycans in the antigen-binding
site of the B-cell receptor. J. Biol. Chem. 2007, 282, 7405–7415. [CrossRef]

24. Stroop, C.J.; Weber, W.; Gerwig, G.J.; Nimtz, M.; Kamerling, J.P.; Vliegenthart, J.F. Characterization of the
carbohydrate chains of the secreted form of the human epidermal growth factor receptor. Glycobiology 2000,
10, 901–917. [CrossRef] [PubMed]

25. Aebi, M.; Hennet, T. Congenital disorders of glycosylation: Genetic model systems lead the way. Trends Cell
Biol. 2001, 11, 136–141. [CrossRef]

26. Pan, S.; Cheng, X.; Sifers, R.N. Golgi-situated endoplasmic reticulum α-1, 2-mannosidase contributes to the
retrieval of ERAD substrates through a direct interaction with γ-COP. Mol. Biol. Cell 2013, 24, 1111–1121.
[CrossRef] [PubMed]

27. Olson, L.J.; Orsi, R.; Peterson, F.C.; Parodi, A.J.; Kim, J.-J.P.; D’Alessio, C.; Dahms, N.M. Crystal structure
and functional analyses of the lectin domain of glucosidase II: Insights into oligomannose recognition.
Biochemistry 2015, 54, 4097–4111. [CrossRef]

28. Wang, S.-K.; Liang, P.-H.; Astronomo, R.D.; Hsu, T.-L.; Hsieh, S.-L.; Burton, D.R.; Wong, C.-H. Targeting the
carbohydrates on HIV-1: Interaction of oligomannose dendrons with human monoclonal antibody 2G12 and
DC-SIGN. Proc. Natl. Acad. Sci. USA 2008, 105, 3690–3695. [CrossRef]

29. Martínez, J.D.; Valverde, P.; Delgado, S.; Romanò, C.; Linclau, B.; Reichardt, N.C.; Oscarson, S.; Ardá, A.;
Jiménez-Barbero, J. Unraveling Sugar Binding Modes to DC-SIGN by Employing Fluorinated Carbohydrates.
Molecules 2019, 24, 2337. [CrossRef]

30. Valverde, P.; Delgado, S.; Martinez, J.D.; Vendeville, J.-B.; Malassis, J.; Linclau, B.; Reichardt, N.-C.; Cañada, F.J.;
Jiménez-Barbero, J.; Arda, A. Molecular insights into DC-SIGN binding to self-antigens: The interaction with
the blood group A/B antigens. ACS Chem. Biol. 2019, 14, 1660–1670. [CrossRef]

31. Fujimoto, Z.; Tateno, H.; Hirabayashi, J. Lectin structures: Classification based on the 3-D structures. In
Lectins; Springer: Berlin, Germany, 2014; pp. 579–606.

32. Sato, Y.; Okuyama, S.; Hori, K. Primary structure and carbohydrate binding specificity of a potent anti-HIV
lectin isolated from the filamentous cyanobacterium Oscillatoria agardhii. J. Biol. Chem. 2007, 282,
11021–11029. [CrossRef]

33. Koharudin, L.M.; Kollipara, S.; Aiken, C.; Gronenborn, A.M. Structural insights into the anti-HIV activity of
the Oscillatoria agardhii agglutinin homolog lectin family. J. Biol. Chem. 2012, 287, 33796–33811. [CrossRef]

34. Pritchard, L.K.; Spencer, D.I.; Royle, L.; Bonomelli, C.; Seabright, G.E.; Behrens, A.-J.; Kulp, D.W.; Menis, S.;
Krumm, S.A.; Dunlop, D.C. Glycan clustering stabilizes the mannose patch of HIV-1 and preserves
vulnerability to broadly neutralizing antibodies. Nat. Commun. 2015, 6, 7479. [CrossRef]

35. Férir, G.; Huskens, D.; Noppen, S.; Koharudin, L.M.; Gronenborn, A.M.; Schols, D. Broad anti-HIV activity of
the Oscillatoria agardhii agglutinin homologue lectin family. J. Antimicrob. Chemother. 2014, 69, 2746–2758.
[CrossRef]

36. Kwak, E.-A.; Kydd, L.; Lim, B.; Jaworski, J. IR-783 Labeling of a Peptide Receptor for ‘Turn-On’ Fluorescence
Based Sensing. Chemosensors 2018, 6, 47. [CrossRef]

37. Skerra, A.; Schmidt, T.G.M. Applications of a peptide ligand for streptavidin: The Strep-tag. Biomol. Eng.
1999, 16, 79–86. [CrossRef]

38. Hundsberger, H.; Önder, K.; Schuller-Götzburg, P.; Virok, D.P.; Herzog, J.; Rid, R. Assembly and use of
high-density recombinant peptide chips for large-scale ligand screening is a practical alternative to synthetic
peptide libraries. BMC Genom. 2017, 18, 450. [CrossRef]

http://dx.doi.org/10.1006/jmbi.2000.4016
http://dx.doi.org/10.1371/journal.pone.0094536
http://dx.doi.org/10.1002/anie.200353105
http://dx.doi.org/10.1074/jbc.M602690200
http://dx.doi.org/10.1093/glycob/10.9.901
http://www.ncbi.nlm.nih.gov/pubmed/10988252
http://dx.doi.org/10.1016/S0962-8924(01)01925-0
http://dx.doi.org/10.1091/mbc.e12-12-0886
http://www.ncbi.nlm.nih.gov/pubmed/23427261
http://dx.doi.org/10.1021/acs.biochem.5b00256
http://dx.doi.org/10.1073/pnas.0712326105
http://dx.doi.org/10.3390/molecules24122337
http://dx.doi.org/10.1021/acschembio.9b00458
http://dx.doi.org/10.1074/jbc.M701252200
http://dx.doi.org/10.1074/jbc.M112.388579
http://dx.doi.org/10.1038/ncomms8479
http://dx.doi.org/10.1093/jac/dku220
http://dx.doi.org/10.3390/chemosensors6040047
http://dx.doi.org/10.1016/S1050-3862(99)00033-9
http://dx.doi.org/10.1186/s12864-017-3814-3


Chemosensors 2019, 7, 55 14 of 14

39. Pöhlmann, S.; Soilleux, E.J.; Baribaud, F.; Leslie, G.J.; Morris, L.S.; Trowsdale, J.; Lee, B.; Coleman, N.;
Doms, R.W. DC-SIGNR, a DC-SIGN homologue expressed in endothelial cells, binds to human and simian
immunodeficiency viruses and activates infection in trans. Proc. Natl. Acad. Sci. USA 2001, 98, 2670–2675.
[CrossRef]

40. Hirabayashi, J.; Tateno, H.; Shikanai, T.; Aoki-Kinoshita, K.; Narimatsu, H. The lectin frontier database (LfDB),
and data generation based on frontal affinity chromatography. Molecules 2015, 20, 951–973. [CrossRef]

41. Yu, H.; Zhao, G.; Dou, W. Simultaneous detection of pathogenic bacteria using agglutination test based on
colored silica nanoparticles. Curr. Pharm. Biotechnol. 2015, 16, 716–723. [CrossRef]

42. Zhu, M.; Jia, Y.; Peng, L.; Ma, J.; Li, X.; Shi, F. A highly sensitive dual-color lateral flow immunoassay for
brucellosis using one-step synthesized latex microspheres. Anal. Methods 2019, 11, 2937–2942. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1073/pnas.051631398
http://dx.doi.org/10.3390/molecules20010951
http://dx.doi.org/10.2174/1389201016666150505121713
http://dx.doi.org/10.1039/C9AY00944B
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials and Validation of Key Biological Reagents 
	Expression of PFA 
	Fluorescence Labeling of PFA 
	Competitive Binding Assays 
	SDS PAGE and Western Blot 
	Bead-Based Agglutination Assay 

	Results 
	Expression and Confirmation of Engineered PFA 
	Examining Binding Affinity of Engineered PFA 
	Bead Assay and Western Blot Assays 

	Discussion 
	References

