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ABSTRACT
Interactions between the cytoplasmic domains of viral transmembrane proteins and host machinery often 
determine the outcome of viral infection. The M2 protein of influenza A has been identified as a key player 
in autophagy-mediated viral replication. Here, we describe the engineering and validation of an antibody 
specific for the cytoplasmic domain of the M2 protein. Through phage and yeast display selection 
techniques, we obtained an antibody that recognizes: 1) the M2 cytoplasmic domain purified from 
bacterial inclusion bodies and refolded, 2) full-length M2 recombinant protein expressed in mammalian 
cells, and 3) native M2 protein in influenza A infected cells. This antibody can serve as a molecular tool to 
enhance our knowledge of protein–protein interactions between influenza A virus and the host cell 
machinery. We anticipate the methods described herein will further the development of antibodies 
specific to the cytoplasmic domains of transmembrane proteins.
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Introduction

Although lipid bilayers provide the structure of cell membranes, 
proteins perform most of the specific functions associated with 
these membranes. Membrane proteins, which play key roles in 
molecular transport and signal transduction, comprise 20–30% of 
all proteins in living organisms and more than half of all drug 
targets. Transmembrane proteins generally extend through the 
lipid bilayer (often more than once) and usually consist of 
ectodomain(s), transmembrane domain(s), and cytoplasmic or 
endodomain(s).1 Large cytoplasmic domains are a common fea-
ture of many transmembrane proteins; often these domains have 
key functions in a variety of signal transduction pathways, includ-
ing apoptosis, gene expression, and cellular differentiation in 
mammalian cells.2

Transmembrane proteins of enveloped viruses play critical 
roles in viral entry, replication, and packaging through interac-
tion with host cell surface proteins and, following virus inter-
nalization, with cellular cytosolic components.2 The cytosolic 
components of viral transmembrane proteins can be very large 
in size (envelope glycoproteins of lentiviruses can exceed 150 
kD),3 or very small, as is the case with Influenza virus M2 
protein. Influenza virus entry into host cells is triggered by low 
pH, which causes a conformational change in the hemagglutinin 
(HA) envelope protein, initiating viral entry.4 M2 forms a pH- 
gated proton channel and facilitates HA-mediated fusion during 
viral entry.5 M2 is a 97-amino acid protein of which approxi-
mately half (aa 47–97) comprises the cytoplasmic domain,6 

which is highly conserved among virus strains, even though it 
is not required for viral entry.7 Though small in size, the M2 
cytoplasmic domain interacts directly with mammalian host cell 

proteins (e.g., in the autophagy pathway) and plays an important 
role in regulating viral replication.8

Many commercial antibodies are raised against specific pep-
tides derived from cytoplasmic domains, generating antibodies 
that can recognize post-translational modifications (e.g., phos-
phorylation) in cytoplasmic domains involved in signal trans-
duction. However, many such antibodies are polyclonal, which 
suffer from batch-to-batch variation and poly-reactivity.9,10 

Although this is somewhat mitigated by the use of monoclonal 
antibodies, even these can suffer from off-target binding.11 

Recombinant antibodies (including both monoclonal antibodies 
and polyclonal sera) can solve many of the problems of batch-to- 
batch discrepancy, provided they are carefully validated and 
bind the expected target.12 In vitro display technologies have 
been used over the past 30 years to screen recombinant anti-
bodies against a variety of targets.13 In a previous study, we used 
phage and yeast display technologies to generate monoclonal 
antibodies against phosphorylated peptides derived from the 
cytoplasmic domain of IgE receptor proteins;14 these antibodies 
also recognized the in vivo phosphorylated proteins. The use of 
in vitro technologies on native or near-native cytoplasmic 
domains of transmembrane proteins has not been widely 
explored, and there are no published reports of antibodies spe-
cific for the cytoplasmic domain of influenza A (IVA) M2. In this 
study, we describe phage and yeast display selection and screen-
ing strategies, followed by mammalian cell-based verification, to 
develop antibodies specific for the IVA M2 cytoplasmic domain. 
We believe analogous methods can be used to develop antibodies 
against the cytoplasmic domains of other viruses, as well as 
medically important human transmembrane proteins.
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Results

Cloning and purification of M2-cytoplasmic domain

A codon-optimized gene fragment encoding for the cytoplas-
mic domain of influenza A/PR/8/34 M2 protein (PR8-M2, 
Genebank accession # AF389121.1)15 was cloned into a pET- 
based protein expression vector and produced in E. coli (BL21 
DE3). As the M2 cytodomain fragment was insoluble, it was 
purified from inclusion bodies in the presence of guanidium 
chloride, then re-folded and stabilized prior to antibody selec-
tion. The protocol for the selection of antibodies recognizing 
the recombinant peptide is summarized in (Figure 1(a,b)).

Phage display and yeast display based antibody selection 
and screening

The purified M2 cytodomain was biotinylated and used as a target 
for phage display-based single-chain variable fragment (scFv) 
antibody selection.16 We also used CR1, an unlabeled unrelated 
protein, as a subtraction agent to eliminate any antibodies recog-
nizing the expression and purification tags on the target. After two 
rounds of phage selection, scFv genes from 107 colonies were 
cloned into a yeast display vector,17 and the yeast display library 
(105 diversity) was sorted for binding. After three rounds of 
sorting with decreasing amounts of antigen, error-prone polymer-
ase chain reaction (EP PCR) was performed on the binding scFv 

Figure 1. Selection of anti-M2cyto antibodies using phage and yeast display techniques. Panel A depicts a schematic diagram of the phage and yeast display 
protocols used in the antibody selection process. Panel B shows the size of the M2 cytodomain used as the antigen in the antibody selection process which corresponds 
to dimeric form at ~15kD. A Western blot shows unbiotinylated (1) and the biotinylated M2 cytodomain (2) used as the antigen in our selection process. The Western 
blot was probed with streptavidin alkaline phosphatase (AP) to detect the biotinylated antigen and shows bands corresponding in size to dimeric and tetrameric forms 
of M2 cytodomain in line 2. Panel C shows CDR3 amino acid sequences from the light-chain (left) and heavy-chain (right) of multiple scFv antibodies selected via this 
process. These antibody encoding sequences were cloned into yeast scFv-Fc expression vectors, and the secreted scFv-Fcs antibodies were used in subsequent 
characterization assays.
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gene population to improve affinity. After two rounds of EP PCR 
and nine total rounds of sorting, displayed scFv clones were able 
to recognize the biotinylated M2 cytodomain at concentrations of 
1–2 nM. Sequencing of 96 clones from the final sort population 
revealed a predominant variable heavy (VH) domain and variable 
light (VL) domain grouped into six distinct clusters. Single amino 
acid variations were also observed, indicating the effects of EP 
PCR. Seven scFv clones with differences in light-chain comple-
mentarity-determining region 3 (CDR3), and one scFv clone with 
a distinct heavy-chain CDR3, were selected to represent the dif-
ferent sequence clusters (Figure 1c). The selected clones were 
isolated, and plasmid DNA was used to prepare yeast secretion 
vectors. ScFvs C2 and E3 yielded the highest signals for binding to 
the M2 cytoplasmic domain and therefore were carried forward 
for further analysis.

Recognition of M2 cytodomain in mammalian cell line

In order to validate antibody selectivity in a native environment, 
the antibodies were tested against HEK cells expressing full-length 

M2 protein (HEK M2 cells, provided by Dr. M. Tompkin, 
University of Georgia15). We chose the scFv-Fc format for these 
assays to take advantage of the bivalent binding, longer shelf life, 
and availability of Fc–specific secondary antibodies. Figure 2a 
provides fluorescent microscopy images for anti-M2cyto C2. 
Fluorescent signals are visible lining the internal cell wall of 
HEK M2 cells after fixation and permeabilization. No signal is 
visible in HEK cells that do not express M2, or when the cells were 
not permeabilized. The location of M2cyto antibody staining was 
also investigated with an intrinsically fluorescent construct of 
Z318,19 (single-chain green fluorescent protein (scGFP-Z3)), 
which recognizes the ectodomain of this transmembrane protein. 
Co-staining with two different fluorescent dyes allows visualiza-
tion of the M2 cytodomain antibodies in the cytoplasm of HEK 
M2 cells. Figure 2b provides population-level data for the recogni-
tion patterns of scFv-Fc Z3, scFv-Fc C2, scFv-Fc E3, and 
a nonspecific scFv-Fc against mycolactone (ML).20 The Z3 anti-
body was derived from a previously characterized M2 antibody 
recognizing the M2 ectodomain,21 and was used as a positive 
control to develop assay protocols. Since permeabilization of the 

Figure 2. Recognition of full-length M2 protein expressed in mammalian HEK cells. HEK M2 cells were induced to produce M2 protein, then fixed and 
permeabilized. Panel A shows fluorescence microscopy images from M2 detection performed in HEK M2 cells using the scFv-Fc format of the anti-M2cyto C2 antibody, 
indicating cytoplasmic staining. Nonspecific scFv-Fc antibody, HEK (untransfected) cells, and HEK M2 cells without permeabilization were used as controls. Panel A also 
shows co-stained HEK M2 cells with anti-M2cyto C2 (red) and M2 extracellular antibody; scGFP-Z3 (green). Panel B depicts population level data assessed by flow 
cytometry using 10,000 cells per sample. The mean fluorescence intensity (MFI) of the secondary antibody is given for fixed and permeabilized HEK M2 cells (blue), fixed 
and permeabilized HEK cells (orange), and HEK M2 cells that have been fixed but not permeabilized (gray).
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cells should be required for access to the M2 cytoplasmic domain, 
cytoplasmic domain antibodies should not bind to cells that have 
been fixed and not permeabilized. On the other hand, permeabi-
lization should not be required for binding of the anti-M2ecto 
scFv Z3 antibody. The data in Figure 2b show that anti-M2ecto Z3 
recognizes both fixed and permeabilized HEK M2 and fixed HEK 
M2 cells without permeabilization as expected, whereas the mean 
fluorescence intensity (MFI) values for HEK cells not expressing 
M2 is 2–3 times lower. The anti-M2cyto C2 antibody only recog-
nizes fixed and permeabilized HEK M2 cells as expected, while 
anti-M2cyto E3 was found to nonspecifically recognize HEK cells, 
as well as HEK M2 cells. The data also confirm that the nonspe-
cific and secondary antibodies do not recognize the M2 protein 
expressed in mammalian cells.

Figure 3 provides further evidence for anti-M2cyto C2 
recognition of the cytoplasmic M2 domain. Biochemical ana-
lysis was performed using a styrene-maleic acid (SMA) copo-
lymer, which inserts into the lipid bilayer and solubilizes the 
membrane into small discs encircled by SMA, thereby creating 
SMA lipid particles (SMALPs).22 In principle, both the ecto-
domain and cytodomain of the M2 protein on SMALPs should 
be accessible to antibodies. Membrane vesicles were prepared 
from both HEK cells and HEK M2 cells; Western blot analysis 
using a commercial IVA M2 monoclonal antibody (m14C2 
IgG) showed that M2-containing vesicles were obtained exclu-
sively from HEK M2 cells. The m14C2 IgG is sold as an anti-
body capable of immunoprecipitating (IP) M2 from cell lysate; 
specific IP of M2 from HEK M2 cell lysates were further 
verified in-house prior to using m14C2 IgG to IP M2- 
SMALPs. In the yeast-based SMALP experiments, SMALPs 
from HEK M2 cells were allowed to bind to yeast displaying 
M2cyto C2, M2ecto Z3, and a nonspecific scFv YP223. The 
bound SMALPs were detected using an intrinsically fluorescent 
construct of anti-M2ecto 14C2 (scGFP-14C2); another 

antibody that recognizes the M2 ectodomain,15 engineered to 
use GFP as a linker between the VH and VL regions.18,19 Figure 
3 shows that yeast displaying scFv C2 bind to M2 SMALPs, 
while allowing simultaneous binding of scGFP-14C2, which 
recognizes the external domain. In contrast, there is no binding 
when scFv Z3 is displayed on yeast and stained with scGFP- 
14C2, as the two antibodies compete for binding to the small 
ectodomain. The data also show that the nonspecific antibody 
(YP2) does not recognize the M2 SMALPs and is not stained by 
scGFP-14C2. The scFv sequence for the anti-M2cyto C2 anti-
body is given in Table 1.

Recognition of the M2 cytodomain in IVA-infected cells

Finally, we tested the ability of the anti-M2cyto C2 antibody to 
recognize native M2 protein produced during IVA infection of 
MDCK cells with the H3N2 (A/PCh/1/73) and H1N1 (A/PR/8/ 
34) strains of influenza. We observed efficient and specific 
recognition of native M2 protein by the scFv-Fc C2 via fluor-
escent microscopy and flow cytometry (Figure 4(a,b)). We 
detected a clear increase in fluorescence intensity in IVA- 
infected cells compared to mock-infected cells (Figure 4b). 
A population-level analysis of IVA-infected cells labeled with 
four different antibodies revealed that the newly generated C2 
antibody is comparable as an analytical tool in IVA infection 
studies to commercial antibodies specific for the M2 ectodo-
main (m14C2), nucleoprotein (NP), or in-house scFv-Fc Z3 
antibody specific for the M2 ectodomain (Figure 4c).

Discussion

The cytoplasmic domains of viral transmembrane proteins play 
a critical role in viral replication through their interaction with 
various host cell proteins. Developing reagents that specifically 

Figure 3. Preparation of membrane vesicles and recognition of transmembrane protein using SMALP-stabilized plasma membrane vesicle assay. Panel 
A shows Coomassie staining (upper-left) and Western blot analysis (lower-left) of membrane vesicles used to prepare SMALPs. ‘H’ denotes HEK cell line and ‘M2ʹ denotes 
HEK M2 cell line. For Western blot analysis, the nitrocellulose membranes were probed with monoclonal 14C2 IgG, followed by anti-mouse-HRP. Panel B shows 
recognition of SMALP-stabilized M2 vesicles by yeast displayed scFv antibodies using flow cytometry. Histograms show the binding patterns for three different scFv 
antibodies. The yeast bound vesicles were detected using scGFP-14C2, which binds to the ectodomain of M2. The yeast displayed anti-M2cyto C2 antibody recognizes 
the transmembrane M2 protein in the plasma membrane vesicles (green). Panel B also shows data obtained with the anti-M2ecto Z3 antibody (red), which recognizes 
the M2 ectodomain, and the nonspecific scFv YP2 antibody (yellow). The mean fluorescence intensity (MFI) of binding for C2, Z3, and YP2 scFvs was 999, 539, and 202 
respectively.
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recognize viral cytoplasmic domains is an opportunity to dis-
cover new drug targets.13 Here, we describe the validation of an 
antibody selected against the cytoplasmic domain of the M2 
protein of IVA using a combination of phage and yeast display, 
bacterial- and mammalian cell-expressed target proteins, and 
various antibody formats (scFv, scFv-Fc, IgG, and scGFP). The 
use of both phage and yeast display together17 has been pre-
viously shown to result in the generation of many more anti-
bodies than phage display alone, exploiting access to highly 
diverse antibody libraries displayed on phage with the subse-
quent precision afforded by yeast display-based sorting. The 
binding of the antibody (anti-M2cyto C2) to the cytoplasmic 
domain of IVA M2 was confirmed in three different ways: 1) M2 
expressed in mammalian cells was only recognized by the C2 
antibody when cells were permeabilized (enabling antibody 
access to the cytoplasm), and the C2 antibody showed 
a combined membrane and intracellular distribution by micro-
scopy, 2) SMALPs containing M2 could be simultaneously 
recognized by the C2 antibody displayed on yeast (which binds 
the M2 cytodomain) and by the fluorescent scGFP-14C2 (which 
binds the M2 ectodomain), and 3) IVA-infected (but not mock- 
infected) cells were recognized by the C2 antibody. The anti- 
M2cyto C2 antibody as well as the in vitro selection techniques 
described herein, including the novel use of SMALPs to isolate 
correctly folded cytoplasmic domains for antibody studies, pro-
vide key tools to facilitate better understanding of Influenza 
host-pathogen protein interactions, and provide a roadmap for 
generating cytoplasmic domain-specific antibodies for other 
transmembrane proteins, including both host and viral proteins.

Host-directed therapy is a novel approach proposed to counter 
the effect of anti-microbial resistance in bacteria and viruses,24 in 
which host proteins interacting with the pathogen are targeted, 
rather than the pathogens themselves. Understanding how host 
proteins interact with viral proteins to regulate host–pathogen 
interactions is essential for this approach. Cellular pathways 
such as autophagy and apoptosis are often involved in adaptive 
immunity.25 Accumulation of auto-phagosomes during influenza 
infection has been established.26 However, the underlying 
mechanisms and the host and viral proteins involved in the 
regulation of autophagy are still under investigation. The cyto-
plasmic domain of IVA M2 has been postulated as a key regulator 
of autophagy in IVA-infected cells.27 The anti-M2cyto antibody 
C2 reported here would be an ideal reagent to study M2 interac-
tions with various host proteins in humans and other animals. 
Our results also show that our antibody recognizes two different 
strains of IVA (PR8 and Port Chalmers), and therefore may be 
useful in studies involving different influenza strains. In our 
experiments, the stably transfected M2 cell line encoded sequence 
derived from the PR8 strain of IVA. In order to verify cross-strain 
specificity of our antibody, we used the Port Chalmers strain of 
IVA in the viral infection studies presented in Figure 4.

In this report, we also demonstrate the general utility of 
intrinsically fluorescent scGFP constructs18,19 based on scFvs, 
with an exceptionally well-folded fluorescent protein28 acting 
as the linker between the VL and VH regions. This construct 
combines the specificity of antibody recognition with the effi-
ciency of fluorescence-based detection in a one-step format. 
Beyond the general utility of the scGFP format, scGFP-Z3 and 
scGFP-14C2 are particularly useful for the identification and Ta
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staining of M2 protein in various assays where a direct fluor-
escence readout is required. Furthermore, given the ability of 
scGFP constructs to be functionally expressed in the cyto-
plasm, particularly if the GFP is extremely well-fol 
ded,14,16,17,28 they may also be useful in studying the role of 
the M2 cytoplasmic domain by binding intracellularly and 
potentially inhibiting protein–protein interactions.

Materials and methods

Antigen production

The IVA M2 cytoplasmic domain gene was synthesized by 
Genscript Inc. The gene fragment included BssH II and Not 
I restriction enzyme sites, used for cloning and a TEV tag,29 and 
the last two amino acids (RL) of the M2 transmembrane domain. 

The nucleotide and amino acid sequences of the M2cyto gene 
used are:

GCGCGCGTCGACTGTTTTTCAAGTGTATATACAGG-
CGCTTTAAGTACGGGCTCAAGGGTGGCCCATCTACT-
GAGGGAGTACCCAAATCCATGCGCGAGGAGTATCGA-
AAAGAACAACAGTCCGCAGTCGACGCGGACGATGGG-
CACTTTGTGAGCATTGAGCTTGAAGCTAGCGAGAAT-
CTGTATTTTCAGGGAAGCCCGCGGCCGC

(ARRLFFKCIYRRFKYGLKGGPSTEGVPKSMREEYRKE-
QQSAVDADDGHFVSIELEASENLYFQGSPRP)

BssH II and Not I sites were used to clone the M2cyto gene into 
the pET-CK3 protein expression vector30 (pET-C6His28 based on 
pET-28). The pET-CK3-M2cyto vector was transformed into 
BL21 competent E. coli and protein expression was performed 
using auto-induction media at 30 °C overnight. The cell pellet was 
collected by centrifugation at 10,000 g for 20 minutes. Cell lysis 

Figure 4. Recognition of M2 protein in MDCK cells infected with Influenza A (IVA) virus. MDCK cells infected with IVA and mock-infected cells were fixed, permeabilized, and 
stained with scFv-Fc C2 antibody and anti-rabbit Alexa 647 secondary antibody. Panel A shows fluorescence microscopy images for the specific recognition of native M2 by the 
anti-M2cyto C2 antibody. Panels B and C show population level data obtained using flow cytometry. Panel B depicts the positive shift in fluorescence for anti-M2cyto C2-stained 
IVA-infected cells (red) compared to mock-infected cells (blue). In panel C, IVA-infected cells were assessed by flow cytometry using four different antibodies. The data show 
percentage infected cells labeled by IVA-specific antibodies (m14C2, NP, Z3, and C2) and a nonspecific control scFv-Fc (anti-ML). The anti-M2 m14C2 and anti-NP IgGs are 
commercial antibodies. The anti-M2ecto Z3, anti-M2cyto C2, and the nonspecific control were all expressed as scFv-Fc antibodies in our yeast secretory system. Shown is a 
representative of five independent infectionexperiments.
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was performed using the Emulsiflex C5 homogenizer (Avestin 
Inc.) in TNG buffer (30 mM Tris pH 8.0, 150 mM NaCl, and 10% 
glycerol). Soluble and insoluble fractions were separated by cen-
trifugation at 35,000 g for 30 minutes. Ni-NTA agarose-based 
purification of the His-tagged protein was performed according 
to manufacturer’s instructions. The wash buffers contained 
20 mM imidazole and the elution buffer contained 250 mM 
imidazole. Protein purification from the soluble fraction yielded 
very little M2 cytodomain protein. However, Coomassie staining 
of the boiled insoluble fraction revealed that the majority of the 
M2 cytodomain protein resided in this fraction. Therefore, the cell 
pellet was dissolved in TNG buffer with 6 M guanidium chloride 
to allow denaturation of the insoluble protein. Ni-NTA agarose- 
based purification was repeated in buffers containing guanidium 
chloride and the protein was re-folded by dialysis in 1x phosphate- 
buffered saline (PBS) with 10% glycerol overnight in the presence 
of 1 mM dithiothreitol. The presence of 10% glycerol was found to 
be crucial for the protein stability of this subdomain. Quality of 
the purified and re-folded M2 cytodomain was evaluated using 
Coomassie staining, and quantification of the protein was deter-
mined by absorbance at 280 nm. A portion of the purified protein 
was biotinylated using the EZ-Link Sulfo-NHS-LC-LC- 
biotinylation kit (ThermoFisher, cat# 21,338) for 1 h on ice, and 
unconjugated biotin was subsequently removed by dialysis in 
1xPBS with 10% glycerol for 2 h. Protein loss was observed during 
biotinylation and dialysis, thus shorter times were required for 
both. Biotinylation of the cytodomain was evaluated via Western 
blots probed with streptavidin conjugated to alkaline phosphatase. 
Western blots showed two bands: the dimeric M2 cytodomain at 
15 kD, and a second band at ~30 kD, which was confirmed to be 
an M2 tetramer by mass spectrometry.

Phage-based scFv antibody selection

The phage antibody library described by Sblattero et al. was 
used.16 The 180 μL of phage library was blocked with 20 μL of 
5% bovine serum albumin (BSA) in 1xPBS for 30 minutes with 
rotation, followed by addition of a nonspecific protein (CR1) 
that contained the same expression and purification tags. CR1 
was added to subtract binders to any tags on the M2cyto antigen. 
Selection using the phage library without CR1 subtraction was 
also performed. Biotinylated M2 cytodomain (bio-M2cyto) was 
used at a concentration of 5 μM for phage selection, performed 
as previously described in Velappan et al.14 Acid-based phage 
elution and phage propagation for the second round of selection 
was also performed as described earlier.14,16 Plasmid DNA was 
prepared from the second round phage selection output and the 
scFv genes were amplified using specific primers containing 
regions of DNA overlapping with the yeast display vector 
pDNL6. Yeast vector preparation and cloning of the second 
round phage selection output into pDNL6 by homologous 
recombination in yeast were performed as described earlier.14

Yeast library sorting

The yeast library was evaluated for antigen recognition at 
concentrations of 1000 nM and 200 nM bio-M2cyto for the 

first round of sorting. Biotinylated lysozyme at 1000 nM and 
streptavidin only were used as negative control antigens. Yeast 
staining was performed as previously described in Velappan 
et al.14 A competitive assay with bio-M2cyto and M2cyto at 
a 5x excess amount was also used to evaluate the library for 
M2cyto-specific binders and to exclude biotin binders. Three 
rounds of sorting were conducted by progressively lowering 
the specific antigen concentration in a stepwise manner from 
1000 nM to 100 nM. After each round of sorting, the yeast 
library was grown, induced, and stained at 1000 nM, 500 nM, 
100 nM, and 50 nM of bio-M2cyto along with negative control 
antigens as described earlier.14

After three rounds of sorting, plasmid DNA was prepared and 
used as a template for EP PCR, performed with a differential ratio 
of deoxynucleoside triphosphates (1 mM T/C and 200 µM A/G) 
in the presence of dimethyl sulfoxide (10%), MnCl2 (0.2 mM), and 
MgSO4 (2 mM), using Taq polymerase (New England Biolabs, 
cat# M0273L).14 The amplification product was re-cloned into 
pDNL6 by homologous recombination and sorting was continued 
with decreasing concentrations of bio-M2cyto. This recombined 
library (R2) was also subjected to three rounds of sorting with 
decreasing concentrations of antigen down to 2 nM. Plasmid 
DNA from R2 S3 was transformed into bacterial cells 
(Omnimax T1) and 96 colonies were analyzed by DNA sequen-
cing. Eight different unique scFv clones were identified using the 
Geneious® sequence analysis software. These scFvs were sub- 
cloned into a yeast scFv-Fc expression vector; pDNL9-Rabbit Fc; 
and expressed in YVH10 cells as previously described.14 Culture 
supernatant was used as the binding agent in subsequent assays.

Recognition of M2 cytodomain in mammalian cells

The HEK 293 M2 cell line and the corresponding HEK 293 
untransfected control cell line were kindly supplied by 
Dr. Mark Tompkins (University of Georgia). Cell propagation 
and M2 induction were performed as described in Gabbard 
et al.15 For microscopy experiments, the cells were seeded onto 
8-chambered borosilicate glass slides (Nunc LabTek, cat# 
155411). The cells were fixed using 4% paraformaldehyde 
(PFA) in 1xPBS for 15 minutes and washed twice with 
1xPBS. The cells were then permeabilized using 0.3% Triton- 
X100 in 1xPBS for 10 minutes. The permeabilization solution 
was washed away with 1xPBS and the cells were blocked using 
2% BSA in 1xPBS for at least 30 minutes (up to 24 h). A total of 
70 μL of scFv-Fc containing yeast culture supernatant and 
30 µL of 2% BSA were added after discarding the blocking 
solution. The antigen-antibody binding reaction was allowed 
to proceed for 2 h, then unbound antibody was removed by 
washing three times with PBS/T (1xPBS with 0.05% Tween-20) 
and another three times with 1xPBS. Bound antibody was 
detected using anti-rabbit Alexa 647 secondary antibody 
(ThermoFisher, cat# A27040). The cells used for flow cytome-
try assays were similarly propagated and induced. The live cells 
were lifted from culture flasks in 1xPBS and washed by cen-
trifugation at 8000 g for 5 minutes. The scFv-Fc Z3, used as 
a control in these experiments, was cloned and expressed in the 
same vector system14 as the M2cyto antibodies. The scGFP Z3 
was prepared by cloning GFP protein in between the VL and 
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VH domains. The subsequent construct was expressed in BL21 
E.coli cells and purified using Ni-NTA agarose.

SMALP based analysis

HEK 293 M2 cells were cultured and induced for M2 pro-
duction (as above) in 6-well tissue culture plates. Each well 
was rinsed twice with 1 mL of 30% PBS at ambient tempera-
ture for 1 minute, then 1 mL of vesiculation buffer (200 mM 
NaCl, 5 mM KCl, 0.5 mM MgCl2, 0.75 mM CaCl2, buffered 
at pH 8.5 by 100 mM bicine) was added to each well and the 
plate incubated for 13 h at 37 °C. After incubation, the 
supernatant was harvested, leaving the cells on the plate. 
The supernatant was briefly centrifuged at 1000 g for 5 min 
to remove any remaining cells prior to vesicle isolation with 
high speed centrifugation.The supernatant was centrifuged 
at 30,000 g for 30 minutes at 4 °C, the resulting vesicle pellet 
was resuspended in 1 mL 1xPBS, and the protein concentra-
tion was measured by absorbance at 280 nm. SMA powder, 
kindly provided by Tim Dafforn (University of 
Birmingham), was dissolved in freshly prepared SMA solu-
bilization buffer (50 mM Tris pH 8.0, 500 mM NaCl and 10% 
glycerol in H2O) to make a 5% solution and warmed to 42 ° 
C. 1 mL of the warm SMA was added to 1 mL of prepared 
membrane fraction to achieve a 1:1 (vol/vol) ratio. This 
solution was allowed to incubate at ambient temperature 
with gentle agitation for 2 h. Protein gel electrophoresis 
followed by Coomassie staining and Western blot analyses 
was used to characterize vesicles from HEK and HEK M2 
cells. Western blot detection was performed using m14C2 
IgG (ThermoFisher, cat# MA1-082) and anti-mouse HRP 
(ThermoFisher cat# 62–6520). Chemilum 
inescence detection was performed using SuperSignal West 
Dura substrate (ThermoFisher cat #37071). Purification of 
M2 SMALPs was performed using the anti-M2 mouse 
monoclonal 14C2 IgG (m14C2) covalently coupled to mag-
netic Protein-G beads (ThermoFisher, cat# 88848). A total of 
50 μL of magnetic Protein-G beads was washed in 1xPBS and 
blocked with 2% BSA for 30 minutes. In total, 10 μL of 
m14C2 (at 1 mg/mL) was added and incubated for 30 min-
utes to coat the magnetic beads, washed and conjugated. 
Prepared SMALPs were added to this mixture and incubated 
for 1–2 h. The beads were washed three times in PBS/T and 
three times in 1xPBS. Purified M2 SMALPs were eluted in 
200 μL of 0.1 M glycine buffer with an incubation period of 
15 minutes on a rotator. The solution was neutralized using 
100 μL of 1.5 M Tris (pH 8.0). Traditional SDS polyacryla-
mide denaturing Western blot analysis with SMALP parti-
cles was attempted, but this was unsuccessful, as an M2- 
specific band at the expected molecular weight was not 
observed in the sample used as input to IP (in fact, no visible 
band was observed between 10–250KD), likely representing 
interference of the PAGE by the SMALPs. However, we 
verified the ability of m14C2 IgG to immunoprecipitate M2 
using HEK M2 cell lysates as specified by the manufacturer; 
HEK cell lysate was used as control. The immunoprecipi-
tated M2 was detected by Western blotting as described 
above. We used a yeast-based analysis technique for 
SMALP binding assay. Here, SMALPs were incubated with 

yeast displaying scFvs for 1 h and washed as previously 
described.14 Bound SMALPs were detected using 1 μg of 
scGFP-14C2 after incubation for 1 h followed by washing 
of the yeast. The scGFP 14C2 was prepared by cloning GFP 
protein in between the VL and VH domains. The subsequent 
construct was expressed in BL21 E.coli cells and purified 
using Ni-NTA agarose. The yeast scFv-M2 SMALPs-scGFP 
14C2 were analyzed using a BD FACSAria II flow cytometer.

Cell culture, viruses, and infection

Madin-Darby canine kidney (MDCK) cells (ATCC, cat# 
CCL-34) were cultured in DMEM-5%: Dulbecco’s Modified 
Eagle Medium (DMEM) containing high glucose, sodium 
pyruvate, and GlutaMAX (Gibco, cat# 10,569,044), supple-
mented with 5% fetal bovine serum (Gibco, cat# 26140079). 
In-house stocks of IVA strains A/Puerto Rico/8/1934 
(H1N1) and A/Port Chalmers/1/1973 (H3N2) were ampli-
fied in MDCK cells infected with a multiplicity of infection 
(MOI) of 0.01 at 37 °C and collected 48 h post-infection. 
Virus titers were calculated by the Reed-Muench method as 
log10 infective dose per mL.31 Prior to virus infection for 
experiments, 106 MDCK cells in DMEM-5% were seeded 
into 6-well tissue culture plates and incubated at 37 °C 
with 5% CO2 until 90% confluent (24–48 h). Viral stocks 
were diluted in serum-free DMEM to achieve an MOI of 1.0 
relative to the number of target cells, then 1 μg/mL TPCK 
Trypsin (Worthington Biochemical Corporation, Lakewood, 
NJ) was added to the viral solution to activate HA cleavage, 
which is essential for viral particle docking and endocytosis 
by host cells. After 1 h of incubation at 30 °C with 5% CO2, 
the virus inoculum was removed and replaced with fresh 
DMEM-5%, then cells were incubated for 24 h at 37 °C prior 
to analysis. Mock-infected cells were incubated in serum- 
free DMEM containing 1 μg/mL TPCK Trypsin for 1 h at 
30 °C with 5% CO2, followed by incubation in DMEM-5% 
for 24 h at 37 C.

For immunohistochemistry (IHC) analysis, infected 
MDCK cells were washed twice with cold 1xPBS, fixed with 
4% PFA in 1xPBS for 1 h at ambient temperature, and washed 
twice with cold 1xPBS. Cells were permeabilized with 0.3% 
Triton-X100 in 1xPBS for 10 minutes. For flow cytometry 
analysis, infected MDCK cells were lifted into suspension 
with 0.25% Trypsin-EDTA solution (Gibco, cat# 25200056), 
the Trypsin was washed away with 1xPBS by centrifugation at 
500 g for 2 minutes, and the cell pellets were resuspended and 
fixed in 4% PFA in 1xPBS for 1 h at ambient temperature, 
then permeabilized as described above. Cells for IHC and flow 
cytometry were incubated in blocking solution (2% BSA in 
1xPBS) for 1 h prior to staining with primary and secondary 
antibodies. In total, 100 μL of scFv-Fc, 100 µL 2% BSA, and 
300 μL of PBS were used as primary antibody. The antigen- 
antibody binding reaction was allowed to proceed for 2 h, 
then unbound antibody was removed by washing three times 
with PBS/T (1xPBS with 0.05% Tween-20) and another three 
times with 1xPBS. Bound antibody was detected using anti- 
rabbit Alexa 647 secondary antibody (ThermoFisher, cat# 
A27040) at 1:1000 dilution. Unbound reagents were removed 
by washing three times with PBS/T (1xPBS with 0.05% 
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Tween-20) and another three times with 1xPBS. The anti-
body-bound cells were analyzed using a BD FACSAria II flow 
cytometer. The statistical analysis was performed by the 
DIVA software.

Abbreviations

CDR3 complementarity-determining region 3
EP PCR error-prone polymerase chain reaction
IP immunoprecipitation
IVA influenza A
MFI mean fluorescence intensity
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NP nucleoprotein
scFv single-chain variable fragment
scGFP Single-chain green fluorescent protein
SMA styrene-maleic acid
SMALP SMA lipid particle
VH variable heavy domain
VL variable light domain
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