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Abstract

Historically, the genetic analysis of mammalian cells entailed the isolation of randomly-arising
mutant cell lines with altered properties, followed by laborious genetic mapping experiments to
identify the mutant gene responsible for the phenotype. In recent years, somatic cell genetics has
been revolutionized by functional genomics screens, in which expression of every protein-coding
gene is systematically perturbed, and the phenotype of the perturbed cells is determined. We
outline here a novel functional genomics screening strategy that differs fundamentally from
commonly used approaches. In this strategy, we express libraries of artificial transmembrane
proteins named traptamers and select rare cells with the desired phenotype because, by chance, a
traptamer specifically perturbs the expression or activity of a target protein. Active traptamers are
then recovered from cells and can be used as tools to dissect the biological process under study.
We also briefly describe how we have used this new strategy to provide insights into the complex
process by which human papillomaviruses (HPVs) enter cells.

Keywords

traptamers; HPV; human papillomavirus; BPV E5 protein; genetic screening; retromer; artificial
proteins; transmembrane proteins; Rab7

Introduction

The vast majority of published functional genomics screens are based on knockdown of
gene expression by siRNA- or shRNA-mediated RNA interference or on gene knockout by
CRISPR-mediated gene disruption [1, 2]. The availability of complete genome sequences
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and advances in oligonucleotide synthesis allow the design and construction of libraries that
target all known protein-coding sequences. These libraries can be used in two basic formats:
arrayed screens and pooled selection screens. In arrayed screens, sequences that target each
gene are tested individually. Once a phenotype is detected, the targeted gene is immediately
known, based on the sequence of the active sSiRNA, shRNA, or sgRNA. In selection
screens, complex libraries of thousands of sequences are introduced as a pool into cells,
which are then subjected en mass to biological section to enrich for cells with the desired
phenotype. Genomic DNA of the selected cell population is subjected to next-generation
sequencing, and the target gene can be inferred from the identity of sequences that are
enriched or depleted by selection. Transposon-mediated mutagenesis has been widely used
as an alternate method to disrupt genes in prokaryotes and lower eukaryotes and has also
been applied to mammalian cells and even mice (e.g., [3]).

Although knockdown and knockout screens have yielded a wealth of information and
profoundly increased our understanding of many biological processes, they have some
limitations. A general limitation of knockdown/knockout genomic screens is the difficulty
of identifying relevant genes that are essential for cell viability. This problem can be
circumvented in some situations by CRISPR-based activation and repression screens that
modulate gene expression e.g., [4]. It is also difficult to identify genes that play redundant
roles, because a process can tolerate the loss of one gene if a second gene can supply the
missing function. In addition, off-target effects can occur in which repression of unknown
non-targeted genes is responsible for the phenotype, so experiments should be performed to
confirm the importance of the gene identified as the target of a particular RNA.

Traptamers

We have developed an alternative selection screening strategy that depends on protein
interference or activation rather than gene knockdown or knockout. The screen is based

on the expression of artificial proteins with the potential to bind to cellular proteins and
modulate their activity, combined with strong biological selection for the desired phenotype.
The overall strategy is to screen libraries expressing many artificial proteins, each containing
a different, short (typically < 25 amino acid), randomized segment with the potential

to bind specifically to a naturally occurring protein (Fig. 1A). To reduce the likelihood

that randomized protein sequences will mis-fold or aggregate, we impose the additional
structural criterion that the randomized segment is composed primarily of hydrophobic
amino acids, so that the artificial proteins will spontaneously insert into cell membranes and
fold into stable a-helices. By chance, a rare artificial transmembrane helix will bind to the
transmembrane domain of a cellular (or viral) protein and modulate its activity. Because
transmembrane protein-protein interactions are often highly specific [5, 6], these artificial
proteins can have specific effects on cells. We refer to these artificial small hydrophobic
proteins as traptamers, for fransmembrane protein aptamers.

The likelihood that any one traptamer will induce the desired phenotype is low, so

traptamer screening requires the use of libraries expressing many thousands or even millions
of traptamers combined with a genetic selection that can separate rare cells expressing

the desired phenotype from a large excess of cells that do not express it. Degenerate
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oligonucleotides are used to construct libraries in which the randomized segment encodes
exclusively or primarily hydrophobic amino acids. For example, by inserting a T at the
second position in the codons in the randomized segment while all four bases are allowed
at the first and third positions, the hydrophobic amino acids leucine, isoleucine, valine,
phenylalanine, and methionine will be encoded in random order (Figs. 1A and 1B).
Retrovirus vectors can be conveniently used to express the traptamer libraries in mammalian
cells so that most cells express only one or a few traptamers, facilitating the eventual
isolation of individual active traptamers (Fig. 2). Importantly, as is the case for all selection-
based screens, the selected phenotype must be cell-autonomous, /.e., the desired phenotype
is displayed only by cells expressing the active traptamer, otherwise inactive traptamers
may be recovered from passenger cells. Positive growth selections in which cells displaying
the desired phenotype are the only cells that proliferate are ideal, but we have also used
fluorescent-activated cell sorting to isolate cells expressing active traptamers [7].

Genes encoding traptamers can be readily recovered from genomic DNA isolated from

the selected cells by PCR amplification followed by molecular cloning. If a single round

of selection is not sufficient to recover a unique traptamer from a population of selected
cells, serial rounds of selection and recovery can be performed in naive cells, a process
which discards background cells surviving each round of selection. Once a unique traptamer
sequence (or a few sequences) are recovered from a selected cell population, it is imperative
to reintroduce it into cells as an individual clone and confirm activity. Alternatively, next-
generation sequencing can be used to identify traptamer genes enriched or depleted in

the selected cell population [8]. Traptamer screening bears some resemblance to Genetic
Suppressor Element (GSE) screening described by Roninson and colleagues [5], in which
fragments of naturally occurring proteins are expressed in cells and selected as inhibitors

of protein function. Unlike GSEs, the active segments of traptamers are transmembrane
domains and are not derived from naturally occurring sequences.

We have isolated traptamers that specifically activate the PDGF B receptor or the
erythropoietin (EPO) receptor or inhibit the expression of the chemokine and human
immunodeficiency virus receptor, CCR5 [7-15]. These traptamers appear to have diverse
mechanisms of action. The PDGF receptor activators are thought to induce receptor
homodimerization and autophosphorylation. In some cases, the EPO receptor activators
appear to stabilize an active configuration of the homodimeric EPO receptor, whereas in
another case a traptamer appears to activate a constitutive heterodimer of EPO receptor and
the cytokine receptor B-common chain. Most but not all CCRS5 inhibitors direct CCR5 to
the lysosome for degradation. After active traptamers are isolated, they can be optimized
by subjecting them to limited random mutagenesis and rescreening under more stringent
conditions [7, 16].

Traptamers that inhibit Human papillomavirus entry

In the examples cited above, we selected traptamers that modulate a predetermined protein,
but this approach can also be used in unbiased genetic screens for proteins that affect
biological processes without knowledge of the relevant targets beforehand, an approach we
term traptamer screening. We demonstrated the feasibility of this approach by isolating
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traptamers that inhibit infection by human papillomavirus (HPV). HPV is a non-enveloped
DNA virus responsible for approximately 5% of human cancer. During virus entry, HPV
traffics through the retrograde transport pathway to reach the nucleus where the viral
genome replicates [17-20], but the details of HPV trafficking are not known.

For these screening experiments, we exploited the finding that ongoing expression of the
integrated HPV18 E6 and E7 oncogenes is required for continued proliferation of HeLa
cervical carcinoma cells. If the E6/E7 promoter is repressed by expression of the bovine
papillomavirus (BPV) E2 transcription factor, the cells cease proliferation [21]. To isolate
cells resistant to HPV infection, we constructed an HPV16 vector that expresses BPV E2.
We then infected HeLa cells with this vector and selected cells that continued to proliferate
because they were resistant to HPV16 infection and the resulting repression of E6 and E7 by
BPV E2 [22] (Fig. 3). Traptamer genes were recovered from the DNA of proliferating cells
and tested individually for their ability to inhibit expression of a reporter gene expressed
from a different HPV16 virus. Details of library construction, selection, and traptamer
recovery are described in [22].

We used this approach to isolate four traptamers that inhibit infection by several oncogenic
HPV types without affecting unrelated viruses [22, 23]. These inhibitory traptamers were
then used as tools to dissect HPV entry by examining infection in cells expressing

the traptamers. Intriguingly, all four traptamers contain unrelated hydrophobic sequences,
display distinct intracellular localizations, and inhibit HPV entry at different steps [23]. By
examining the localization of incoming virus in cells expressing individual traptamers or
pairwise combinations of traptamers, we confirmed the importance of retrograde transport
for HPV infection, placed the steps of HPV trafficking through retrograde compartments
into a defined order, and established that none of the steps inhibited by the traptamers can be
readily bypassed by alternative HPV entry pathways (Fig. 4A).

One of the four inhibitory traptamers, designated JX2, causes HPV to accumulate in the
endosome without reaching the trans-Golgi network (TGN) during entry (Fig. 4A and B).
The other traptamers do not cause endosomal accumulation [22, 24]. In order to exit the
endosome during entry, HPV requires the action of a cellular trafficking protein complex
named retromer, which itself is regulated by the small G protein, Rab7 [18, 25-27]. JX2
inhibits the activityTBC1D5, a GTPase-activating protein that regulates Rab7 activity [22,
28] and thereby causes the accumulation of GTP-bound Rab7, which inhibits the ability of
retromer to dissociate from HPV and sort the virus from the endosome into the retrograde
transport pathway (Figs. 4A and B). Not surprisingly, TBC1D5 knockdown has the same
phenotype as JX2 expression and causes incoming HPV to accumulate in the endosome.
Thus, by analyzing a traptamer selected for its ability to inhibit HPV infection, we identified
TBC1DS5 as a cell protein required for HPV endosome exit during virus entry and revealed
the role of Rab7 in retromer function during HPV entry. Another traptamer directs incoming
HPV to the lysosome, a non-productive destination, and still another causes the virus to
accumulate in the TGN without progressing to the nucleus. The mechanisms by which these
traptamers exert these diverse effects is under investigation. In preliminary results, we have
also isolated traptamers that inhibit enveloped viruses.
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Limitations and advantages of traptamer screening

There are several theoretical limitations and advantages of traptamer screening. One
limitation is that only transmembrane proteins are directly targeted by this approach.
However, since approximately 30% of all eukaryotic proteins appear to have transmembrane
domains [29, 30], many if not most cellular processes are amenable to traptamer screening.
A clear disadvantage of traptamer screening compared to gene knockdown/knockout
screening is that the target of the active traptamers is not immediately obvious, whereas

it can be directly deduced by the sequence of the active RNAs in knockdown and knockout
experiments. However, it is possible to identify traptamer targets by co-immunoprecipitation
followed by western blotting (as was the case for TBC1D5) or mass spectrometry. It might
also be possible to functionalize traptamers by fusing them to a non-specific biotin ligase
such as APEX2 [31] or to a ubiquitin ligase recruiting element to facilitate the identification
of targets. As is the case for other screening strategies, off-target effects could occur. In
limited surveys of candidate off-target proteins, traptamers appear to be highly specific

[11, 12, 32], but once a potential traptamer target is identified, additional experiments are
required to establish its importance in the studied process.

A theoretical advantage of traptamer screening follows from the fact that a traptamer

can influence a process either by activating or by inhibiting a protein target. In contrast,
knockdown/knockout screens only inhibit expression of their targets. Thus, target proteins
that induce the desired phenotype when activated could be directly identified in a traptamer
screen, but not in a knockdown screen. Second, traptamers have the potential to modulate
the activity of their target proteins in subtler ways than merely affecting protein levels.
This is illustrated most clearly by different traptamers that bind to the EPO receptor
transmembrane domain and elicit distinct signaling patterns and cell phenotypes [8, 9].
Thus, traptamers may perturb an activity of a protein involved in the studied process while
sparing other activities of the protein, including those required for cell viability. Therefore,
it is possible that traptamer screening could identify hits that are proteins essential for cell
growth, which are largely invisible to knockdown/knockout screens.

Unlike interfering RNAs or sgRNAs, the traptamer themselves can be readily localized in
cells and can be directly used in affinity purification experiments. Finally, different hits are
often identified when independent labs conduct knockdown/knockout screens of the same
process. Presumably, the radically different design of traptamer screening is even more
likely to yield divergent hits compared to conventional screens. Indeed, TBC1D5 was not
identified in previous screens for HPV entry factors e.g., [18, 33-35], showing the utility of
traptamer screening.

Conclusions

Functional genetics screens that modulate gene expression have revolutionized the study of
mammalian cells. We describe an orthogonal screening strategy that is based on modulation
of protein activity with artificial transmembrane proteins named traptamers. Our results
indicate that traptamer screening will complement more standard screening strategies to
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allow the identification of new proteins required for a wide variety of cellular processes. In
addition, the traptamers themselves will be valuable tools to dissect these processes in detail.
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Fig. 1. Schematic diagram of traptamer library design and construction.
A. The top line shows the sequence of the 44-residue E5 protein of bovine papillomavirus,

which has a central hydrophobic segment that serves as a transmembrane (TM) domain. E5
amino acids are shown in red in the single letter code. The second line shows the amino
acid sequence of a traptamer library modeled on the E5 protein, with the randomized amino
acids represented by the blue Xs. Each randomized codon consists of all four nucleotides

in the first and third positions and a T at the second position. Codons of this composition
will encode a segment consisting of the hydrophobic amino acids leucine, valine, isoleucine,
phenylalanine, and methionine in random order at a 6:4:3:2:1 ratio. B. The top diagram
shows a long, single-stranded DNA oligonucleotide containing a central segment (blue)
randomized as in panel A [represented as (XTX),]. This oligonucleotide is amplified by
PCR using short primers that hybridize to the fixed sequences flanking the randomized
segment. The resulting double-stranded amplification products are cloned as a pool into a
retrovirus expression vector to generate the library used for selection.
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randomized segment
Sy 00

Express millions of different
traptamers in mammalian cells

Select cells displaying
desired phenotype

Recover active traptamer
from DNA of selected cells

Fig. 2. Overview of traptamer screening.
The top line shows the schematic structure of the traptamer library as in Figure 1A.

Retroviruses are used to introduce the traptamer genes into cells so that most cells express
a single traptamer, and genetic selection is imposed to isolate cells displaying the desired
phenotype due the expression of a traptamer. PCR is then used to recover the gene encoding
the active traptamer from the DNA of selected cells. The horizontal lines represent the lipid
bilayer of cell membranes.
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Fig. 3. Schemeto isolate traptamersthat inhibit HPV infection.
A traptamer library was introduced into HeLa cells, which were then infected with an

HPV16 variant expressing the BPV E2 protein (designated HPV16-BE2), which represses
expression of the HPV18 oncogenes in these cells. Oncogene repression causes the cells

to cease proliferation and undergo replicative senescence, as indicated by the green cells.

If a cell expresses a traptamer (red cylinder) that blocks infection by HPV16, the cell

will continue to proliferate because the oncogenes are not repressed. PCR is used to
recover traptamer genes from genomic DNA isolated from proliferating cells. The ability
of individual cloned traptamers to inhibit HPV infection is tested to confirm activity. Figure
reproduced from Xie et al. [22].
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Fig. 4. A. Inhibitory traptamers act at different positionsin the HPV entry pathway.
A. Summary of the effect of four traptamers on HPV entry. Sites of inhibition by different

traptamers are shown by red Xs, with the inhibition of TBC1D5 by JX2 highlighted. B.
Traptamer JX2 inhibits HPV exit from the endosome and arrival at the TGN. Images show
proximity ligation assays (PLAs) for HPV capsid protein L1 and either the endosome
marker EEAL or the TGN marker TGN46 to assess the presence of incoming virus in

these compartments. HPV16-infected cells expressing no traptamer (control) or expressing
traptamer JX2 are shown. PLA signal is green; nuclei are stained blue. The scale bar shows
25 PM. Top row shows HPV in the endosome at 8 hours post-infection (h.p.i.), second row
shows HPV in the endosome at 16 h.p.i., and bottom row shows HPV in the trans-Golgi
network (TGN) at 16 h.p.i. Note that JX2 does not inhibit initial localization of HPV in the
endosome but causes the virus to accumulate in the endosome at 16 h.p.i. and prevents its

arrival in the TGN. Panel B modified from [22].
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