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Abstract

Anthropogenic evolvable genetic information systems (AEGIS) are DNA-like molecules that can be copied, support laboratory in vitro evolution
(LIVE), and evolve to give AegisBodies, analogs of antibodies. However, unlike DNA aptamers built from four different nucleotides, AegisBodies
are currently built from six different nucleotides. Thus, sixletter AEGIS-LIVE delivers AegisBodies with greater stability in biological mixtures,
more folds, and enhanced binding and catalytic power. Unlike DNA however, AEGIS has not benefited from 4 billion years of biological evolution
to create AEGIS-specialized enzymes, but only a decade or so of human design. To learn whether AEGIS can nevertheless perform as well as
natural DNA as a platform to create functional molecules, we compared two six-letter AegisBodies (LZHb5b and LZH8) with a single standard four
letter aptamer, both evolved to bind specific cancer cells with ~10 cycles of LIVE. Both evolved ~50 nM affinities. Both discovered proteins on
their cancer cell surfaces thought to function only inside of cells. Both can be internalized. Internalizing of LZH5b attached to an AEGIS nanotrain
brings attached drugs into the cell. These data show that AEGIS-LIVE can do what fourletter LIVE can do at its limits of performance after 4
billion years of evolution of DNA-specialized enzymes, and better by a few metrics. As synthetic biologists continue to improve enzymology and
analytical chemistry to support AEGIS-LIVE, this technology shoud prove increasingly useful as a tool, especially in cancer research.
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Introduction

cleic acids, NA) as scaffolds in “laboratory i vitro evolution”
It has been over 30 years since Gold [1, 2], Szostak [3], (LIVE) experiments to evolve binders and catalysts from NA
Joyce [4], and others proposed using DNA and RNA (nu-  libraries. Their approach was inspired by the discovery that
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RNA could catalyze chemical reactions [5-8]. This revived the
concept of an “RNA replicase”—an RNA molecule capable of
polymerizing other RNA molecules [9-11]. This concept, in
turn, added support to the “RNA World” hypothesis [12, 13],
which holds that early life on Earth might have used RNA as
its only encoded component of biological catalysis, with sim-
ilar systems possibly existing on other planets [14].

The logic behind LIVE was that nucleic acids might directly
evolve, under the guidance of a scientist, to give functional
molecules, by random variation and natural selection applied
to a library of NA sequences, just as they might have evolved
in an "RNA World" [10, 15]. In this process, a library of NA
molecules, typically with ~10'* variants with a randomized
sequence of 25-40 nucleotides, is synthesized. These libraries
are then exposed to a target molecule or cell, with nonbind-
ing molecules washed away. The surviving nucleic acids are
amplified and selected again, using a counter-target to refine
binding specificity through multiple rounds of selection. After
enough rounds, the most selective binders are sequenced and
analyzed as potential "aptamers".

Aptamers were proposed to offer several advantages over
antibodies and, more generally, binding molecules [16, 17]
based on any protein scaffold. First, they were seen as cheaper
to develop, easier to manufacture, and more reproducible [18].
Further, they have low immunogenicity [19], and can be read-
ily modified to carry drugs, reporters, or other aptamers in
multifunctional constructs [20]. Their nearly universal ability
to dissolve in water, a contrast with the intrinsic propensity of
proteins to precipitate, was another advantage [21].

Essentially, all of these advantages are realizable. Neverthe-
less, not withstanding pegaptanib sodium and avacincaptad
pegol as approved drugs [22, 23], aptamers have not yet dis-
placed antibodies in most of their application areas, neither in
research, diagnostics, nor the pharmacopeia.

The reasons for this lie in the limitations of natural NAs
as scaffolds for evolving functional molecules. As a first lim-
itation, they have low information density. With only four
nucleotides, NAs have poor control over folding, a limit to
their intrinsic binding and catalytic potentials [24]. Addi-
tionally, their repeating backbone charges, while critical for
solubility [25], restrict their ability to form compact ter-
tiary structures. Only one motif, the G-quadruplex, can re-
liably form such structures [26]. Moreover, adding functional
groups to enhance binding and catalysis [27] leads to “over-
functionalization,” where many added functional groups re-
duce solubility, create nonspecific binding, and otherwise
cause the heavily modified NAs to no longer behave “like
nucleic acids” [28]. This is especially true when those added
groups are hydrophobic [29, 30].

Efforts to overcome these challenges have focused on im-
proving selection workflows to identify the most useful se-
quences faster [31, 32]. Representative innovations include
single-molecule and dual-tag selection strategies, a variety of
tools based on modifications [33-37].

Anticipating these problems in 1987, the Benner group sug-
gested the creation of a new biopolymer with higher informa-
tion density and an ability to incorporate protein-like func-
tional groups without over-functionalization. This led to the
development of “Anthropogenic Evolvable Genetic Informa-
tion Systems” (AEGIS, Fig. 1), biopolymers with up to 12
replicable nucleotides and the capacity for more diverse base
pairing than natural nucleic acids [38].

The AEGIS concept is simple yet required extensive efforts
across multiple fields to rebuild DNA from the ground up
[39-46]. These included developing chemistry to make AEGIS
nucleosides and oligonucleotides, engineering polymerases to
replicate AEGIS DNA, methods to sequence AEGIS DNA
[47-49], performing thermodynamic studies to define the bio-
physics of AEGIS DNA, [50-54], and solving the structures of
AEGIS DNA and its complexes [55]. Ongoing work seeks to
democratize AEGIS-LIVE to let other laboratories use it easily
[56].

With these, AEGIS has proven effective in overcoming
many limitations of standard NAs. Its higher information den-
sity has supported diagnostic products with over $1 billion in
lifetime sales [57-60]. AEGIS supports new folding motifs be-
yond the G-quadruplex, such as pentaplexes, fat and skinny
pairs, and the fZ motif, the last exploiting pairing between Z
and deprotonated Z [61-63].

Exploiting these features, AEGIS-LIVE has generated func-
tional AegisBodies, such as those that bind anthrax toxin [64],
with fewer selection cycles due to the added diversity of func-
tional groups [56]. The higher information density allows
for the sparse addition of functional groups, avoiding over-
functionalization, and improving catalytic power. For exam-
ple, an AegisZyme catalyzes ribonuclease-type reactions using
the general acid—general base properties of one of its added
building blocks [65].

Nevertheless, AEGIS-LIVE faces resistance from research,
diagnostics, and therapeutics communities who either use
standard 4-letter LIVE, or who know the limitations of stan-
dard LIVE and therefore do not consider LIVE useful to sup-
port their work. These individuals, especially in cancer-related
communities, must be persuaded that AEGIS DNA offers ad-
vantages over standard DNA as an evolving platform.

To address these, we report here a comparison between
AEGIS-LIVE and standard LIVE using a well-known prod-
uct of the second, the C10 aptamer from Raddatz et al.
[66]. The Raddatz C10 aptamer was selected in a 4-letter
DNA LIVE experiment to bind Ramos lymphoma B cells.
The C10 aptamer showed “state-of-the-art” performance
for 4-letter aptamers in general, with the benefits and lim-
itations expected from several decades of experience with
these.

Here, we show that AEGIS-LIVE can achieve binding
AegisBodies that perform as well (or better, by some met-
rics) than C10, even though the molecular biology and an-
alytical chemistry supporting AEGIS-LIVE are far less ad-
vanced than the biology and chemistry supporting standard
LIVE. This suggests that as its supporting molecular biology
and chemistries are improved, AEGIS-LIVE will surpass the
limitations of natural DNA in evolving high-affinity, specific
binders and catalysts.

Materials and methods

Cell lines, cell cultures, and reagents

Human hepatocellular carcinoma HepG2 cells were ob-
tained from the American Type Culture Collection (ATCC).
They were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum with
1% penicillin—streptomycin. HepG2 cells were cultured at
37°C in a humid atmosphere with 5% CO,.
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Figure 1. Twelve independently replicable nucleotides form six pairs within a Watson—Crick geometry as an AEGIS. The GACTZP six-letter DNA system
studied here incorporates both standard and anthrropogenic nucleotides, adhering to two key complementarity rules: (A) size complementarity, where
small pyrimidine analogs pair with large purine analogs, and (B) hydrogen bonding complementarity with hydrogen bond donors (H) pairing with
acceptors (O or N). The sequences of the two AegisBodies examined in this work, with the anthropogenic AEGIS P nucleotide highlighted in bold,

are: LZH5b: GTGACGCAGCAGCTACPTGGGCCCTGGTPTCTGTGCTGGACAC LZHS8:
ATCCAGAGTGACGCAGCATATTAGTACGGCTTAACCCPCATGGTGGACACGGTGGCTTAGT. These AegisBodies were evolved through AEGIS-LIVE to
selectively bind HepG2 liver cancer cells, while avoiding binding to untransformed liver cells [56].

DNA sequences and buffers

Random sequence: GTGACGCAGCAGCTGCCTGTACAT
GGGCTATCTGGCTGGACACG;

LZHS5b: GTGACGCAGCAGCTACP TGGGCCCTGGTP
TCTGTGCTGGACAG;

LZHS8: ATCCAGAGTGACGCAGCATATTAGTACGGC
TTAACCCP CATGGTGGACACGGTGGCTTAGT;

Scrambled LZHSb: GGGCGCAGCTCTACPTGGACTA
CCGGTGGAGTP TCTCGCCTGA;

LZHS8 P-G: ATCCAGAGTGACGCAGCATATTAGTACG
GCTTAACCCGCATGGTGGACACGGTGGCTTAGT;

LZHS8 P-A: ATCCAGAGTGACGCAGCATATTAGTACG
GCTTAACCCACATGGTGGACACGGTGGCTTAGT;

LZHSb P-G: GTGACGCAGCAGCTACGTGGGCCCTG
GTGTCTGTGCTGGACAG;

LZHSb P-A: GTGACGCAGCAGCTACATGGGCCCTG
GTATCTGTGCTGGACAC

Washing buffer: Glucose (4.5 g) and 5 ml of 1 M MgCl,
were added to Dulbecco’s Phosphate-Buffered Saline (DPBS)
[11] and stored at 4°C. Binding buffer was prepared by adding
to 11 of DPBS, 4.5 g of glucose, 100 mg of transfer RNA
(tRNA), 1 g of bovine serum albumin (BSA), and 5 ml of 1
M MgCl,. This was also stored at 4°C. Hypotonic buffer was
prepared by adding to washing buffer, 10 mM phenylmethyl-
sulfonyl fluoride (PMSF), 50 mM Tris—HClI, and 1x of a pro-
tease inhibitor cocktail.

Flow cytometric analysis

To compare the binding abilities of AegisBodies with those of
anti-XRCCS5 and anti-GRP78 antibodies that bind targets
discovered by LZHSb and LZHS8 (see below), 200 nM of
FITC-LZHSb/LZHS8 and the antibodies were prepared in
triplicate and incubated with the target cells in 200 ul of
binding buffer at 4°C for 1 h. After incubation, non-bound
AegisBodies or antibodies were washed out from cells, and
the cells were then resuspended in 500 pl of binding buffer.
Flow cytometry (Beckman Cytoflex) was used to measure
the intensity of fluorescent labeling of cells within each
sample.

Competition experiment

The anti-GRP78 BiP antibody (ab216835) (rabbit polyclonal to
GRP78 BiP; Reactivity: mouse, rat, human, and Chinese ham-
ster; Isotype: IgG) and the recombinant anti-Ku80 antibody
(ab80592) [rabbit monoclonal (EPR3468) to Ku80) were used
as primary antibodies. The secondary antibody was goat anti-
rabbit IgG H&L (ab150080) (fluorophore: Alexa Fluor® 594,
excitation: 590 nm, emission: 617 nm). The cells were col-
lected, washed, and resuspended in cold phosphate buffered
saline (PBS) at a concentration of ~1-5 x 10° cells/ml. Pri-
mary antibodies were added to a final concentration of 2
pg/ml, and the mixture was incubated at 4°C for 30 min in the
dark. The cells were then washed three times by centrifugation
at 400 x g for 5 min and resuspended in cold PBS. Fluorescein
(FAM) labeled aptamers were subsequently added to achieve
a final concentration of 1 or § uM. After incubating at 4°C
for 30 min in the dark, the cells were washed and resuspended.
Fluorescently labeled secondary antibody was then added, and
the mixture was incubated again at 4°C for 30 min in the dark.
Following incubation, the cells were washed three times and
resuspended in cold PBS. Finally, the cells were analyzed us-
ing the flow cytometry to measure the signal intensities of the
FAM-labeled aptamer and the fluorescent secondary antibody.

Determining the target of the evolved AegisBodies
To determine the target for the LZH8 AegisBody, flow cytom-
etry was used. First, we detached HepG2 cells with 0.1 mg/ml
Proteinase K or 0.25% trypsin-EDTA, respectively. After be-
ing washed three times with DPBS, 3 x 10° cells were incu-
bated with 200 nM of FITC-labeled random sequences (as a
control) or FITC-labeled LZHS5b or LZHS8 AegisBodies in 200
ul of binding buffer at 4°C for 1 h. After resuspending, cells
were washed in 500 pl of binding buffer, and the fluorescence
was analyzed by a flow cytometry (Beckman Cytoflex) with
FlowJo (v10.8) software.

Western blotting

The cultured cells were rinsed with PBS and lysed in Thermo
Scientific’s radioimmunoprecipitation assay (RIPA) buffer
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with protease inhibitor cocktail. Protein concentrations were
determined using a Bio-Rad protein assay. Protein samples
(30 ug/well) were used for electrophoresis in sodium do-
decylsulfate (SDS)/10% polyacrylamide gels. Proteins then
were electrophoretically transferred to 0.22-um nitrocellulose
(NC) membranes using a Bio-Rad Western blot transfer sys-
tem for 15 min at 25 V. The NC membranes were washed with
Tris-buffered saline (TBST) containing 0.5% Tween 20 and
blocked with 5% BSA by incubating for 1 h at room tempera-
ture. Thereafter, the membranes were washed three times with
TBST and incubated with rabbit polyclonal primary antibody
specific to XRCC5 or/and GRP78 diluted 1:1000 overnight
at 4°C. After being washed, membranes were incubated with
goat anti-rabbit HRP-conjugated secondary antibody (Life
Technologies) and diluted 1:1000 for 1 h at room tempera-
ture, followed by detection using ChemiDoc XRS+ (Bio-Rad).

Pull-down assays

HepG2 cells (3 x 10° cells) were detached using enzyme-free
cell dissociation buffer and mixed with 6 ml of precooling hy-
potonic buffer on ice. Cytosolic and nuclear proteins were re-
moved by the centrifugation. Cell debris containing the mem-
brane protein fractions was further treated with 6 ml of lysis
buffer. Finally, crude membrane fractions were centrifuged at
4000 x g to remove insoluble impurities. The resulting su-
pernatant was blocked with BSA and tRNA. Then, the mem-
brane protein solution was incubated with 600 pmol of biotin-
conjugated AegisBodies and Random sequences, respectively.
A volume of 100 ul of streptavidin-coated magnetic beads was
added to bind to the DNA-protein complexes for incubation.
After washing, the magnetic beads were mixed with 0.1% SDS
and then denatured at 95°C. The proteins were separated us-
ing a 10% SDS/PAGE gel. Subsequently, the gel was visualized
using silver staining.

RNA interference experiments

The lipofectamine 8000 transfection reagent was from
Beyotime. The sequences of the small interfering RNA
(siRNA) molecules were, for XRCCS5, siRNA1 sense
were ACUUGCUGUAGAUGAAGAA; siRNA2 sense, CU-
UCCAGACUAACAACAGA; and a nonspecific siRNA
sense, CACGCUCGGUCAAAAGGUUUU, and for XRCC6,
siRNA3 sense AGGAAACAGAAGAGCUAAATT; siRNA4
sense, CUUCCAGACUAACAACAGA; and a nonspecific
siRNA sense, GGAAAGUUACCAAGAGAAATT. They were
obtained from General BIOL. HepG2 cells were transfected
with siRNA by Lipofectamine RNAiMAX transfection
reagent for 24 h. The cells then were harvested and analyzed
by the flow cytometry, and protein extracts were detected by
western blot.

Overexpression experiments

Lipofectamine 8000 transfection reagent and the gene se-
quence of GRP78 (HSPAS) were from Beyotime. HEK293T
cells were transfected with transfection reagent for 72 h. The
cells then were harvested and analyzed by the flow cytometry.

Study on cell uptake mechanism of LZH5b
mediated by XRCC5

The effect of endocytosis inhibitors on HepG2 cell viability

HepG2 cells were seeded in 48-well plates and incubated for
24 h. Different concentrations of endocytosis inhibitors were

then added to the cells. The inhibitors used in the experiment
included amiloride (250-1000 uM), chlorpromazine (2.5-10
pg/ml), and genistein (20-80 pg/ml). After 6 h of incubation,
Cell counting kit-8 (CCK-8) solution, mixed with fluorescence
active medium in a 1:10 ratio, was added to the cells and incu-
bated for 1 h. The absorbance at 450 nm was measured using
a microplate reader. The formula for calculating relative cell
viability was: [(As — Ap)/(Ac — Ap)] x 100%, where Ag, A,
and A, represent the absorbance of the sample with inhibitor,
the sample without inhibitor, and the blank control, respec-
tively. Each concentration was tested in triplicate.

Effect of endocytosis inhibitors on LZH5b cellular uptake

HepG2 cells were seeded in 48-well plates and allowed to
grow to 80%-90% confluency. Different inhibitors were then
preincubated with the cells at 37°C for 30 min. CyS-labeled
LZHS5b aptamer was added to the medium to a final concen-
tration of 5 uM. After 6 h of incubation, the cells were washed
with PBS, trypsinized for 5 min to remove surface-bound ap-
tamers, and centrifuged at 1000 rpm for 3 min. The cells were
then resuspended in prechilled DMEM, and the uptake of
LZHS5b aptamer was detected by fluorescence activated cell
sorting (FACS) using a CytoFLEX flow cytometer (Beckman
Coulter).

Confocal miscroscopy to determine the
time-resolved subcellular localization of LZH5b in
cells

Confocal microscopy experiments

HepG2 cells were seeded in 20-mm confocal culture dishes.
After 24 h, CyS5-labeled LZHSb was added to the cell culture
medium to a final concentration of 5 uM. The cells were incu-
bated at 37°C for 2, 4, 6, and 8 h. Subsequently, the cells were
washed three times with PBS. Hoechst 33342 was used for
nuclear staining by incubating the cells at 37°C for 20 min,
followed by three washes with PBS. LysoTracker Green was
used for lysosome staining by incubating the cells at 37°C for
30 min. After removing the supernatant, DMEM medium was
added, and the cellular distribution and lysosomal colocal-
ization of CyS-labeled LZH5b were observed using a Nikon
AXR high-resolution laser confocal system.

Results

Development of the experiment

We began with a set of 15 AegisBodies that bound unknown
targets on the surface of HepG2 liver cancer cells. These were
obtained from 11 rounds of AEGIS-LIVE with a six-letter
AEGIS DNA GACTZP (Fig. 1) library containing ~10'* com-
ponents. Selection for HepG2 binders was followed by coun-
terselection against untransformed liver cells [56]. In compar-
ison, standard four-letter LIVE (without FACS, an innovative
workflow to get C10) required 19 rounds to create a set of ap-
tamers with affinities ranging from 64 to 349 nM [69]. How-
ever, the number of cycles used to generate our AegisBodies
was comparable to the number of FACS rounds needed to get
aptamer C10. Sequencing was performed by an early version
of transliteration .

Two of these AegisBodies, LZH5b and LZHS, had prop-
erties similar to those displayed by the standard the C10.36.
First, like C10.36, neither had known surface targets. Nev-
ertheless, data showed that LZH5b was internalized like
C10.36. LZHS8 was visualized as binding to exosomes.
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Further, while other aptamers in the LZH set included
AEGIS Z, LZHS5b and LZHS8 contained only AEGIS P,
together with the standard four nucleotides. Experiments
showed that when the P AEGIS base was replaced with A or G,
the binding abilities of both AegisBodies were compromised
(Supplementary Fig. S1). Thus, AEGIS can contribute to the
structure and function of LZHS5b and LZHS only by adding
information density, similar to results seen in the AegisBody
that binds anthrax protective antigen [64]. They could not
gain from added “universal binding” functionality, such as a
nitro group or an aliphatic hydrophobic group.

Thus, it appeared appropriate to compare AegisBodies
LZHSb and LZHS8 with aptamer C10.36 as biotechnological
tools. Here, we asked whether LZHSb and LZHS could be
used to discover their protein binding targets on liver cancer
cells, just like C10.36 was used to discover its protein binding
target on Ramos lymphoma B cells.

LZH5b and LZH8 were used to pull down their cell
surface bound targets

To this end, LZH5b and LZHS8 were used in separate pull-
down experiments by the workflow graphically illustrated in
Fig. 2. HepG2 cells were disrupted, and the materials treated
with biotinylated AegisBodies. The AegisBody—biotin conju-
gates were then recovered on streptavidin beads. The mate-
rial was released, resolved by SDS/polyacrylamide gel elec-
trophoresis, and submitted to proteomic analysis using liquid
chromatography and mass spectrometry (LC-MS). Sequences
were scored against a sequence database.

Two distinct bands were pulled down from the experi-
ments with AegisBody LZHSb. Their sequence proteomic
analysis (Supplementary Table S1) matched the X-ray re-
pair cross complementing proteins 5 and 6 (XRCC5 and
XRCC6, also known as Ku80 and Ku70, Fig. 3A). This gen-
erated the hypothesis that XRCCS and/or XRCC6 are/is ex-
pressed on the surface of liver cancer cells but not the nor-
mal cells used in the counterselection. The XRCCS5/Ku80 pro-
tein forms part of a Ku heterodimer, which binds to DNA
double-strand break ends. It best defined role is thus in the
nucleus of the cell, not on its surface. As with the spliceo-

some target discovered by standard aptamer C10.36, one
might (again perhaps naively) expect it to be found in the nu-
cleus, but not on a cell surface, since it helps manage dou-
ble stranded breaks in nuclear DNA. This surprise is analyzed
below.

Only one distinct band was pulled down with LZH8 ap-
tamers. Proteomic analysis identified it as glucose-regulated
protein 78 (GRP78, also known as BiP, Fig. 3B). GRP78 is
well known in the lumen of the endoplasmic reticulum (ER),
where it binds newly synthesized proteins as they are translo-
cated into the ER. It maintains them in a dissolved state com-
petent for subsequent folding and oligomerization. This dis-
covery drove the hypothesis that GRP78 is a second protein
that is expressed on liver cancer cells but not on the normal
cells used in the counter-selection. Here, finding GRP78 on
the surface was perhaps less surprising, since the ER can have
direct contact to the cell surface.

Analysis of the discovery of XRCC5 as an
AegisBody target

We can compare the performance, as part of a discovery work-
flow, of the standard four-letter LIVE that generated a stan-
dard aptamer C10.36, to that of the AEGIS-LIVE that gen-
erated AegisBody LZHSb. In both cases, the target discov-
ered was surprising. Just as one might not a priori expect the
Ku80 protein (the target for AegisBody LZHS5a) to be found
on a cell surface, so might one not a priori expect a spliceo-
some complex (the target for aptamer C.10.36) to be on a cell
surface.

Thus, a series of experiments was done to ensure that our
observation of XRCCS on the surface of cancer cells was
not an artifact. First, HepG2 cells were treated with trypsin
for 10 min. Fluorescence flow cytometry was then used with
fluorescein-tagged LZHSb AegisBody. Consistent with its
binding to protein targets on the surface, LZHSDb lost its abil-
ity to bind HepG2 cells upon trypsinization (Supplementary
Fig. S2).

Separately, commercial anti-XRCCS5 antibodies were used
to confirm that XRCC5 was indeed on the surface of intact
cells. These antibodies fluorescently labeled the HepG2 cells
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(Supplementary Fig. S3), a standard proof of the presence of
an antibody target on the cell surface. Further, the XRCCS$
binding target that was extracted by LZHSb was confirmed
by western blotting, using anti-XRCCS5 and anti-XRCC6 anti-
bodies, respectively (Supplementary Fig. S4). This competition
experiment also offered preliminary evidence that the LZHSb
aptamer competes with the XRCC5 antibody on the cell sur-
face (Supplementary Fig. S5), suggesting overlapping binding
sites.

Molecular biology approaches were then used to further
validate the discovered target. Here, HepG2 cells were trans-
fected with target siRNA molecules to suppress the expres-
sion of the putative XRCCS target. The resulting cell extracts
were analyzed by SDS/PAGE using western blotting. These
showed that the expression of XRCCS5 was downregulated
by the siRNA molecule (Fig. 4A). Lowering the level of ex-
pression of XRCCS5 also diminished AegisBody binding to
the cells, as judged by a fluorescence flow cytometry. Low-
ering of the level of expression of XRCC6 did not (Fig. 4B).
This suggests that AegisBody LZHS5b interacts with XRCCS
as its primary target, with XRCC6 being pulled down be-
cause of the well-known interactions between XRCC5 and
XRCC6 [70]. As an additional discovery statement, it ap-
pears as if the binding of AegisBody LZHS5b to XRCCS is
distant from the epitopes that allow XRCCS to interact with
XRCCé6.

The target validation was then completed by measuring the
direct interactions between the LZHS5b AegisBody and recom-
binant XRCCS protein (Fig. 4C) using biolayer interferometry.
These experiments gave a dissociation constant of 59.5 £ 10
nM for the complex between AegisZyme LZHSb and isolated
XRCCS, while a control sequence showed no binding signal
(Supplementary Fig. S6). This was comparable to the affinity
of the standard aptamer C10.36 for its target.

This work confirms that the target of AegisBody LZHSb
is XRCCS on the surface of the cells. The associated pro-
tein is elevated in HepG2 cells. Interestingly, literature cor-
roborates this. For example, Liu et al. reported that high ex-
pression of XRCCS is associated with metastasis through the
Whnt signaling pathway and predicts poor prognosis in pa-
tients with hepatocellular carcinoma having high levels of
this protein [71]. Similar suggestions were made by two on-
line databases: TIMER2.0 (http://timer.comp-genomics.org/
timer/) and GEPIA2.0 (http://gepia.cancer-pku.cn/). Here, the
expression level of XRCCS is significantly higher in hepato-
cellular carcinoma tissues than in adjacent tissues in a sin-
gle biopsy sample (Supplementary Fig. S7). High expression
of XRCCS5 gene is negatively correlated with the survival of
liver cancer patients (Supplementary Fig. S8). This suggests
that AegisBody LZH5b might serve as a biomarker for poor
prognosis in this class of liver cancer patients.

Analysis of the discovery of GRP78 as an
AegisBody target
The AEGIS-LIVE workflow generates sets of AegisBodies,
where each set binds a different protein on a target cell,
again avoiding proteins present on the counter-selected cell.
Illustrating this for HepG2 cells, the target for AegisBody
LZHS, generated in the same cell-AEGIS-LIVE experiment as
LZHS5b, was used in pull-down experiments (Fig. 2). LZHS
was found to pull down a different protein from HepG2 cells.
Proteomics assigned this second target as GRP78 (also known
as BiP) (Supplementary Table S2). That this might appear on
the surface of a cell is less surprising, as it is a chaperone pro-
tein active in the ER.

Both biophysics and cell biology experiments confirmed
this assignment. Flow cytometry analysis with a commercial
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anti-GRP78 antibody showed that GRP78 is expressed on the
surface of HepG2 cells (Supplementary Fig. S9). The com-
petitive experiment preliminarily confirmed that the LZHS5b
aptamer competes with the GRP78 antibody on the cell sur-
face (Supplementary Fig. S10). Overexpressing GRP78 in the
HepG2 cells increased the extent to which fluorescently tagged
LZH8 AegisBody illuminated the cells (Fig. 4D). As a final
target validation, biolayer interferometry measured a dissoci-
ation constant of 55 + 10 nM for GRP78 bound to LZHS8
(Fig. 4E and F). This was comparable to the affinity of the
standard aptamer C10.36 for its target.

This work confirmed that the target of AegisBody LZHS8
is GRP78, a protein that plays roles in maintaining protein
stability, regulates protein folding, and induces apoptosis au-
tophagy. Again, GRP78/BiP is connected to liver cancer in
other literature [68]. For example, GRP78 has been a target
for cancer therapy [72]. Likewise, the databases cited above
show that the expression of GRP78 is significantly higher in
hepatocellular carcinoma tissues than in adjacent tissues in
single biopsies (Supplementary Fig. S11). Expression of the
GRP78 gene is inversely correlated with the survival of liver
cancer patients (Supplementary Fig. S12). These analyses sug-
gest that GRP78 may also serve as a biomarker for liver cancer.

LZH8 was observed to bind to exosomes. In the Exo-
Carta exosomes database (exocarta.org/index.html), GRP78
is listed in the exosomes of colorectal cancer cells, breast
cancer cells, prostate cancer cells, and medulloblastoma
cells. As shown in Supplementary Table S3, GRP78 was
mentioned as an exosome protein in 43 papers (2004 to
2013). The vesiclepedia database (http://microvesicles.org/
extracellular_vesicle_markers) ranked GRP78 (HSPAS) as
one of the top 100 EV proteins, indicating that the target pro-
tein of unnatural base containing aptamer LZHS8 is overex-
pressed in the exosomes of cancer cells. Thus, LZH8 may find
use as a tool for detect cryptic cancer.

Exploiting the discovery of XRCC5 as a target for
LZH5b to deliver drugs to cancer cells

Preliminary studies [20] showed that LZHS5b was taken up
into the HepG2 cells. Here again, it resembled C10.36, with
similar affinity. Thus, the LZHSb AegisBody from AEGIS-
LIVE was compared to the C10.36 aptamer from standard
LIVE as tools for selective uptake into their respective tar-
get cancer cells. To explore entry paths, the effects of sev-
eral inhibitors known to impact specific endocytosis mech-
anisms were measured. Thus, the diuretic amiloride inhibits
Na+/H + exchange, reduces sub-membrane pH, disrupts Rac1
and Cdc42 signaling, and is known to affect macropinocy-
tosis. In contrast, the antipsychotic chlorpromazine causes
the assembly of clathrin lattices on endosomal membranes,
preventing the appearance of coated pits on the cell sur-
face, and therefore impacts clathrin-mediated endocytosis.
The isoflaone genistein inhibits tyrosine kinase and is an in-
hibitor of caveolae-mediated endocytosis.

Recognizing that some of these compounds might damage
the viability of the target liver cancer cells, we first evaluated
the cytotoxicity of these different endocytosis inhibitors using
a CCK-8 assay. The results (Supplementary Fig. S13) show
that the three concentrations of these compounds used in the
uptake experiments did not significantly affect the viability of
HepG2 cells.

We then measured the cellular uptake of LZHSb af-
ter treatment with these three inhibitors (Supplementary
Fig. S14). Both amiloride and genistein modestly inhibited
LZHSb uptake, suggesting that LZHSb uptake may rely
on macropinocytosis and/or caveolae-mediated endocytosis.
Chlorpromazine did not inhibit LZHSb uptake. This is differ-
ent from the four-letter C10.36 aptamer, which was reported
to be taken up by clathrin-mediated endocytosis.

This rationalized our observations that the LZHS5b Aegis-
Body can be part of an “AegisBody Conjugated Drug”
(ABCD) delivery system to deliver molecules to the inside
of cells, one application of the C10.36 aptamer suggested
by Mayer et al. in their work. In our reported work, LZHSb
was coupled to a trigger sequence that initiated the assembly
of an AEGIS-containing nanoassembly (Supplementary Fig.
S15) [20]. Termed a "nanotrain", this delivery system car-
ried >50 molecules of the anticancer drug doxorubicin into
HepG2 cells, selectively killing them. This is proposed to oc-
cur by co-internalization of the XRCCS protein together with
the bound ABCD construct covalently attached to a nanotrain
that was loaded with doxorubicin. Presumably, entry exploits
macropinocytosis and/or caveolae-mediated endocytosis, dif-
ferent from C10.36.

Discussion

An inter-generational effort is required before we can replace,
in biotechnology workflows, natural molecular biology by
anthropogenic molecular biology. Natural molecular biology
emerged historically from a limited set of prebiotic chemical
reactions [11, 15], followed by optimization over four billion
years within the constraints of Darwinian evolution. Primary
among those constraints is the exclusion from Darwinian evo-
lution of "prospective mutations", those that anticipate future
fitness outcomes. Darwinian evolution also excludes design, of
course.

Prebiotic chemistry was sharply constrained by available
geology and energy sources. Thus, there is no reason to ex-
pect that the molecular features of modern Terran molecular
biology represent optimal solutions to problems posed by life,
including the solutions that the Terran biosphere uses to meet
the informational needs of Darwinian evolution.

Unlike natural Darwinian evolution, anthropogenic biolo-
gists have the benefit of chemical theory. Thus, as we design
our own molecular biology, we need not be constrained by the
limits of prebiotic chemistry nor non-prospective Darwinian
evolution. We can exploit design. We can also explore possibil-
ities more widely in structure “space” than the natural Terran
biosphere had the opportunity to explore. Thus, our solutions
have the potential to be better.

Nevertheless, at first, anthropogenic molecular biology will
not perform as well as natural molecular biology. First, our
design theory is incomplete. Further, anthropogenic molecu-
lar biology must recruit, at least at the outset, enzymes and
other tools from natural molecular biology. These enzymes
and tools are adapted to work with natural systems, not an-
thropogenic systems. Thus, even if the anthropogenic systems,
in the long run, will prove to be more powerful scaffolds for
molecular evolution, campaigns of research in synthetic chem-
istry, analytical chemistry, and biotechnology are needed to get
them to the point where they are selected by biotechnologists
over natural systems.
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This creates a “resource problem.” Biotechnologists expert
in natural molecular biology will (and do) object to anthro-
pogenic molecular biology, even when the anthropogenic re-
placement might be better theoretically. They can argue that
because those improvements have notyetbeen realized because
standard molecular biology tools are not optimal to manage
anthropogenic molecules, they mightneverbe realized.

This establishes a vicious circle. Resources are needed to im-
prove anthropogenic molecular biology to the point where it
can be proven to exploit its intrinsic (but theoretical) benefits
over standard molecular biology. But until the anthropogenic
molecular biology is proven to be better, resources will not be
available to develop the anthropogenic molecular biology.

This resource obstacle must be managed by a research pro-
gram that has two steps. Step (i) shows that the anthropogenic
molecular biology can perform as well as, or somewhat better
than, standard molecular biology. Step (ii) uses this showing
to recruit resources to anthropogenic molecular biology that
can perform better than standard molecular biology.

This paper is presented as part of Step (i). As noted in the
introduction, these steps are already somewhat out of order.
Anthropogenic molecular biology has already been shown to
be better than standard molecular biology in many areas, in-
cluding human diagnostics [$7-60], as a way of creating ultra-
clean polymerase chain reactions (PCR) [47], especially in
multiplexed form, and catalysts improved by a factor of ~10°
[48].

Here, we take step (i) as it relates to a specific class of
medical applications, cancer target discovery. We show that
AEGIS-LIVE does a bit better than standard LIVE, using an
elegant example from Mayer et al. [66—68] as a representative
of what excellent natural molecular biology applied to four-
letter DNA can deliver by way of aptamers.

In this reference example, natural molecular biology deliv-
ered, after 10 cycles of FACS-LIVE, a 50 nM actionable ap-
tamer. This was used to identify a molecular target unexpect-
edly present on the surface of a cancer cell line. It was internal-
ized by recruitment of the clathrin system. That internalization
perhaps led to necrotic cell death, perhaps by causing global
changes in splicing patterns.

In our case, anthropogenic molecular biology delivered, af-
ter 11 cycles, two actionable 50 nM AegisBodies, LZHS5b and
LZHS. These were used to identify not one, but fzvo molecu-
lar targets unexpectedly presented on the surface of a cancer
cell line. One was internalized by macropinocytosis and/or
caveolae-mediated endocytosis to bring a toxic molecule into
a cell. Here, the toxin was doxorubicin, and the delivery sys-
tem was itself an AEGIS construct, an AEGIS nanotrain. This
is, of course, a general toxicity mechanism, representing al-
ready a benefit of the AEGIS system. Although the cells and
the proteins mediating internalization differ, this comparison
demonstrates that AegisBodies can achieve the similar goal of
intracellular delivery.

So why should we develop AEGIS-LIVE if it performed
only modestly better than standard LIVE,? The answer de-
pends on one’s vision.

The standard aptamer C10.36 may represent a limit, of a
sort, of what can be done with standard four-letter LIVE. It
is the product of decades of improvement of the workflow in
standard four-letter LIVE.

However, the LZHSb and LZHS8 AegisBodies are the prod-
ucts of nascent LIVE technology. They did not exploit the ele-
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gant and innovative FACS workflow that discovered C10.36.
Nor do they represent the limits of AEGIS as a chemical sys-
tem. The LZHSb and LZHS8 AegisBodies used only a part
of AEGIS, just five nucleotides (GACTP). AEGIS P, shown
to be essential for function by mutation experiments, likely
performing by controlling folding, as with the AegisBody
raised against anthrax toxin [64]. Neither LZHS5b nor LZHS
exploited the ability of AEGIS to deliver single functional
groups sparingly, without over-functionalization, neither a ni-
tro group nor a special hydrophobic moiety, which can deliver
picomolar affinity.

For that matter, the LZHSb and LZH8 AegisBodies were
not obtained by exploiting the generations of tools generated
by campaigns in synthesis, enzyme engineering, and analytical
chemistry since 2017. These campaigns improved sequencing
[73], created polymerases with higher PCR amplification fi-
delity [45, 74], discovered new AEGIS folds [63], delivered
new structural biology [75], improved tautomeric ratios in
some in AEGIS components [53], added better predictive ther-
modynamic parameters [51], and gave new droplet isolation
systems for directed evolution [76]. In contrast, the LZHS5b
and LZH8 AegisBodies were invented with pre-COVID tools.
The DNA polymerases then available slowly lost P:Z pairs.
Sequencing of GACTZP DNA products was laborious.

Investment in anthropogenic technologies is justified in
two ways: the optimization process in Earth’s 4-billion-year
natural history, governed by Darwinian evolution, relies on
random variations that lack foresight, resulting in only lo-
cal optimization. Natural DNA remains constrained by its
origins in prebiotic chemistry. In contrast, human engineer-
ing enables intentional, forward-looking variations. Through
synthesis, synthetic biologists can transcend the limitations of
prebiotic chemistry and access a new “universe” of evolvable
systems.

The choice thus depends on one’s assessment of the rel-
ative tempo of two processes to create new organic matter
with new and desired properties: Darwinian evolution based
on systems derived from Darwinian evolution or Darwinian
evolution based on systems derived from chemists’ design. The
data reported here make the case for the second.
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