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Abstract

We have developed a family of unnatural base pairs (UBPs), exemplified by the pair formed
between dNaM and dTPT 3, for which pairing is mediated not by complementary hydrogen
bonding, but by hydrophobic and packing forces. These UBPs enabled the creation of the first
semi-synthetic organisms (SSOs) that store increased genetic information and use it to produce
proteins containing non-canonical amino acids. However, retention of the UBPs was poor in some
sequence contexts. Here, to optimize the SSO we synthesize two novel benzothiophene-based
dNaM analogs, dPTMO and dM TM O, and characterize the corresponding UBPs, dPTM O-
dTPT3and dM TMO-dTPT 3. We demonstrate that these UBPs perform similarly to, or slightly
worse than dNaM-dTPT 3 /n vitro. However, in the /n vivo environment of an SSO, retention of
dMTMO-dTPT3, and especially dPTM O-dTPT 3, is significantly higher than that of dNaM -
dTPT3. This more optimal /n7 vivo retention results from better replication, as opposed to more
efficient import of the requisite unnatural nucleoside triphosphates. Modeling studies suggest that
the more optimal replication results from specific internucleobase interactions mediated by the
thiophene sulfur atoms. Finally, we show that AMTM O and dPTMO efficiently template the
transcription of RNA containing TPT3 and that their improved retention in DNA results in more
efficient production of proteins with non-canonical amino acids. This is the first instance of using
performance within the SSO as part of the UBP evaluation and optimization process. From a
general perspective, the results demonstrate the importance of evaluating synthetic biology “parts”
in their /n vivo context and further demonstrate the ability of hydrophobic and packing interactions
to replace the complementary hydrogen-bonding that underlies the replication of natural base
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pairs. From a more practical perspective, the identification of AM TM O-dTPT3 and especially
dPTM O-dTPT 3 represents significant progress towards the development of SSOs with an
unrestricted ability to store and retrieve increased information.
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INTRODUCTION

The four-letter natural genetic alphabet, conserved throughout nature, is based on the
formation of two base pairs via complementary hydrogen-bonding (H-bonding). In the early
1990s, Benner and co-workers reported efforts to develop unnatural base pairs (UBPs) with
altered H-bonding topologies,! and progress with these analogs continues.? As an alternative
approach to developing UBPs, our group3# and the Hirao group® have instead drawn
inspiration from Kool and co-workers’ demonstration that H-bonds are not necessary for
DNA polymerases to correctly pair a nucleoside triphosphate opposite a template
nucleotide® and have employed shape complementarity and/or hydrophobic and packing
forces for pairing. Our efforts have culminated in the development of a class of UBPs,
exemplified by dNaM-d5SI CS and dNaM-dTPT3 (Figure 1A). DNA containing either of
these UBPs is efficiently replicated”:® and transcribed into RNA.%10 Most importantly, we
have reported that when the corresponding triphosphates are made available within
Escherichia coli (via heterologous expression of the nucleoside triphosphate transporter
PINTT211), they can be used to replicate DNA containing the UBP.12.13 Furthermore, the
resulting semi-synthetic organism (SSO) can transcribe DNA containing the unnatural
nucleotides into mMRNA and tRNA, and use the resulting unnatural codon-anticodon pairs to
translate proteins with non-canonical amino acids (ncAAs).14 In addition, the forces
underlying the pairing of the unnatural nucleotides, as well as their physical properties have
been explored by others 15-21
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Although UBP retention within the DNA of the SSO is higher with dNaM -dTPT 3 than
dNaM-d5SICS, it remains sequence-dependent, which limits the extent of the unnatural
information the SSO may store.13 To increase retention, we have optimized the SSO by
expressing Cas9 and guide RNAs that target and thus cause the degradation of DNA that has
lost the UBP.13 In addition, we have determined that the major route to UBP loss is RecA-
mediated recombination and that DNA polymerase Il facilitates UBP retention in
challenging sequences, and thus we have created SSOs wherein the gene encoding
polymerase Il has been released from its normal repression and/or the gene encoding RecA
has been deleted.22 While both the error elimination and avoidance systems increase the
range of sequences in which the UBP is efficiently retained, retention remains poor in a
handful of sequence contexts, highlighting the need for continued chemical optimization of
the UBP.

The discovery of dTPT3 resulted from a survey of d5SI CS analogs, the design of which was
inspired by a mechanistic model of UBP replication.23 In the model, which was based on
both kinetic® and structural?42° data, the UBP is synthesized with a unique, mutually
induced-fit mechanism. Specifically, pairing of an unnatural triphosphate with its cognate
template in the polymerase active site drives the same large conformational change of the
polymerase, from an open to a closed conformation, that is induced during the correct
pairing of natural nucleotides.26-28 Concomitantly, formation of the closed complex induces
the forming UBP to adopt the required Watson-Crick-like structure, as opposed to the cross-
strand intercalated structure adopted by the UBP in free duplex DNA. However, after UBP
synthesis and polymerase translocation, the UBP is prone to adopt the cross-strand
intercalated structure, and deintercalation must occur for DNA synthesis to continue. Thus,
efficient replication requires the optimization of each unnatural nucleobase such that
intrastrand packing is favored over interstrand packing. The data suggests that the contracted
and more polarizable nucleobase of dTPT 3 is better able to achieve this delicate balance of
packing interactions than is the nucleobase of d5SICS.

In the current work, we sought to explore whether a similar approach with the dNaM
scaffold could further optimize the UBP. We designed two new nucleobases, dAPTM O and
dMTMO (Figure 1B), and characterized their ability to be replicated in DNA /n vitro, as
well as their ability to store and retrieve information in the /n7 vivo environment of an SSO.
Neither dPTM O-dTPT3 nor dM TM O-dTPT 3 is better replicated /n vitro. However, both,
especially dPTMO-dTPT 3, are better replicated in the SSO, and modeling studies suggest
that this results from specific interactions mediated by the thiophene sulfurs. Moreover, we
show that both dPTM O and dM TM O efficiently and faithfully direct the transcription of
RNA containing TPT 3 within the SSO, demonstrating that the more optimal replication of
DNA containing the new UBPs results in the more efficient production of proteins
containing an ncAA.

RESULTS AND DISCUSSION

The novel nucleobases dPTM O and dMTM O (Figure 1B) were synthesized from their
respective bromo- and methoxy- substituted anilines. A Sandmeyer reaction was used to
install an iodine, which was followed by an Ullman reaction to produce the arylthiol, which
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was then converted to the corresponding acetaldehyde diethyl acetals. Friedel-Crafts
cyclization then produced the bromo- and methoxy- substituted benzothiophene
nucleobases, which were coupled to a disiloxane-protected 2-deoxy-p-ribono-1,4-lactone by
lithium-halogen exchange using 7-butyllithium, and then reduced with triethylsilane and
boron trifluoride diethyl etherate to yield anomeric mixtures of silyl protected nucleoside.
Tetra-n-butylammonium fluoride deprotection and subsequent purification via silica gel
column chromatography afforded the anomerically pure B-nucleoside of dPTM O, whereas
for AIMTMO, the reaction resulted in an inseparable anomeric mixture of the free
nucleoside. However, re-protection of the 5’-hydroxyl with a 4,4-dimethoxytrityl group
allowed for facile separation of the a- and p- anomers via silica gel column chromatography,
and deprotection then yielded the pure dM TM O B-nucleoside. In both cases, free
nucleosides were converted to the corresponding triphosphates, dPTM OTP and
dMTMOTP, as reported previously.23

With dPTMOTP and dMTMOTP in hand, we first explored their insertion opposite dTPT3
using a steady state kinetic assay with the Klenow fragment of £. co/i DNA polymerase |
(Supporting Information) and a primer-template whose sequence corresponds to one in
which dNaM-dTPT 3 is only moderately retained in the SSO (Table 1). For comparison,
dTTP is inserted opposite dA in this sequence context under the conditions employed with a
ket 0f 5.1 min~1 and a Ky of 0.05 pM, resulting in an efficiency (second order rate constant
or kgl Kpy) of 1.2 x 108 M~min~2, while dNaM TP is inserted opposite dTPT3 with a Agyt
of 10.7 min~1 and a Ky, of 0.09 uM, resulting in an efficiency of 1.3 x 108 M~Imin~1.7 We
found that the insertion of dPTMOTP opposite dTPT3 proceeded with a Ay of 19.4 min~1
and a Ky of 0.08 uM, resulting in an efficiency of 2.9 x 108 M~Imin~1. The insertion of
dMTMOTP proceeded with a kg of 8.5 min~1 and a Ky of 0.22 uM, resulting in an
efficiency of 4.2 x 10’ M~Imin1. Thus, like dNaM TP, dPTMOTP is inserted opposite
dTPT3 with an efficiency that is indistinguishable from that of a natural base pair, while
dMTMOTP is inserted with a slightly reduced efficiency.

To further explore the kinetics of replication, we employed a pre-steady state assay using the
same primer-templates (Supporting Information). In this case, reactions were supplemented
with the unnatural triphosphate as well as the correct next natural triphosphate, and we
characterized the percent of singly and doubly extended primer after 5 s (Table 2). The
percent of single-nucleotide extended primers with dNaM TP, dPTMOTP, and AIMTM OTP,
was 35%, 41%, and 25%, while the percent of doubly-extended primers was 41%, 47%, and
53%. Thus, in agreement with the steady state data, the pre-steady state data suggests that
compared to either ANaM TP or dAPTMOTP, dM TMOTP is inserted slightly less efficiently;
however it also suggests that the resulting dIM TM O-dTPT3 UBP is extended slightly more
efficiently than either dNaM-dTPT3 or dAPTMO-dTPT3.

We next explored the PCR amplification of DNA containing a single UBP. Templates
containing the dNaM-dT PT 3 UBP were amplified with the natural triphosphates (200 uM
each) as well as dTPT3TP and either dANaM TP, dPTMOTP or dAM TM OTP (100 uM each)
using OneTagq DNA polymerase. Two templates were examined (Table 3): T1, which embeds
the UBP within a sequence that is well replicated in the SSO, and T2, which embeds it
within a sequence that is poorly replicated in the SSO. DNA was amplified with an
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extension time of 1 min and monitored by qPCR trace. After maximum amplification was
observed, the DNA was purified, and UBP retention was characterized via a second PCR
amplification, using a mixture of OneTaq and DeepVent DNA polymerases and a
biotinylated analog of dNaM TP followed by a gel mobility shift assay with or without
streptavidin to quantify the UBP that was retained in the amplification product (Table 3;
Supporting Information). With template T1, retention with dNaM TP was 100%, whereas the
retention with dAPTMOTP and dM TM OTP was 98% and 80%, respectively. With the more
challenging sequence context of T2, retention with dNaM TP was 86%, whereas retention
with dPTMOTP and dMTM OTP was 78% and 58%, respectively. Thus, the dNaM-dTPT3
UBP is retained at the highest level, followed closely by dPTMO-dTPT3, and AMTM O-
dTPT3s retained at a somewhat reduced level.

While all previous optimization efforts have been based on structure-activity relationship
(SAR) data generated /n vitro, the availability of the SSO now allows, for first time, the use
of /n vivo SAR data in the discovery process. Indeed, we have found that /n7 vitro results are
not necessarily recapitulated in the /7 vivo environment,29 the milieu in which the UBPs
must ultimately function. Thus, to evaluate the UBPs in the /n vivo environment of the SSO,
we constructed three derivatives of the pUC19 plasmid containing a single dNaM-dTPT3
UBP within the sequence contexts 1 — 3 (Table 4), in which UBP retention is increasingly
difficult.13 Each plasmid was used to transform the SSO (strain YZ313), which was then
allowed to recover briefly in media containing dTPT3TP and either dNaM TP, dAPTM OTP,
or AMTM OTP. After transfer to fresh media containing the same triphosphates and
ampicillin (to select for plasmid retention), the SSO was allowed to grow to an ODgqq of
~0.7, at which time plasmids were recovered and analyzed for UBP retention as described
above for PCR products (Table 4; Supporting Information).

For context 1 and dNaM TP at concentrations of 150 pM, 25 pM, 10 uM, or 5 uM, UBP
retentions were 98%, 82%, 29% and 17%, respectively. For dAPTM OTP at the same
concentrations, retentions were 98%, 99%, 92% and 77%, respectively. For AM TM OTP,
retentions were 99%, 96%, 80%, and 59%, respectively. For context 2, with dNaM TP at
concentrations of 150 pM and 25 pM, UBP retentions were 44% and 7%, respectively. For
dPTMOTP and dMTM OTP at the same concentrations, retentions were 97% and 55%, and
62% and 19%, respectively. Finally, for context 3 and dNaM TP at the same two
concentrations, retentions were 6% and 5%, while for dIPTMOTP and dM TM OTP, they
were 7% and 2% and 8% and 5%, respectively. Thus, in stark contrast to the /n vitro results,
in all but sequence context 3, retention of both APTMO-dTPT3 and dAMTM O-dTPT 3 was
significantly higher than that of dNaM-dTPT3.

To further explore the utility of the new UBPs, we examined their retention in the optimized
SSO ML1,22 wherein the gene encoding RecA has been deleted. We assessed retention in
sequence context 3, as well as context 4 (Table 4), as these two contexts are the most
challenging for UBP retention in the SSO.13 In context 3, dNaM TP supplied at a
concentration of 150 uM or 25 uM resulted in a UBP retention of 28% and 9%, respectively.
However, with dPTMOTP at the same concentrations, retention was 60% and 19%
respectively, while with dAM TM OTP it was 25% and 10%. In sequence 4, ANaM TP at a
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concentration of 150 uM or 25 uM resulted in a UBP retention of 26% and 11%,
respectively. Addition of dPTM OTP at the same concentrations resulted in a retention of
41% and 21%, while the addition of AM TMOTP resulted in a retention of 22% and 12%.
Thus, while the optimized SSO ML1 better retains each UBP, its use with the dPTM O-
dTPT3 UBP results in a synergistic increase in retention.

The improved retention of AIMTM O-dTPT 3 and especially dPTMO-dTPT 3 in the SSO
might result from better PNTT2-mediated import of the corresponding triphosphates or
from better replication within the 7 vivo environment. To differentiate between these
possibilities we characterized the uptake of dNaM TP, dAM TM OTP, and dPTM OTP. Briefly,
a culture of exponentially growing SSO strain YZ3 (YZ3 and ML1 both deploy the same
PINTT?2 transporter system) was treated with varying concentrations of nucleoside
triphosphate and incubated for 1 h at 37 °C. Cells were then pelleted and washed before
extracting intracellular nucleotides with acidic acetonitrile.3% Shrimp alkaline phosphatase
was added to degrade the nucleotides to their corresponding nucleosides, which were then
quantified by LC-MS/MS, using external calibration curves for each nucleotide. Initial
velocities were plotted against the concentration of triphosphate added to the media, and the
resulting curves were fit to the Michaelis-Menten equation to determine the apparent second
order rate constants for import ( Vinax/ Km)-31 We found that dNaM TP is imported with a
Vinax! K 0f 5.37 + 1.20 x 1078 nL cell™? hr™1, while JPTMOTP and dM TM OTP are
imported with Vinax/ Ky values of 7.56 + 1.9 x 1078 and 1.37 + 0.30 x 10~/ nL cell™X hr 3,
respectively. Thus, while dAM TMOTP is imported with a 2-fold increased efficiency,
dPTMOTP is imported with an efficiency that is virtually identical to dNaM TP, suggesting
that its more optimal retention results from improved /n vivo replication.

To begin to explore the origins of the improved replication, we modeled the structures of
each UBP during replication. Previously, we reported the structure of a pre-insertion
complex of KlenTaq DNA polymerase with d5SICSTP paired opposite dNaM in the
template (PDB entry 3SV3),24 and the structure of a post-insertion complex in which
d5SICS has been incorporated into the primer opposite dNaM (PDB entry 4C8L).2% As
mentioned above, in the pre-insertion complex the UBP adopts a Watson-Crick-like
structure, while in the post-insertion complex it forms a cross-strand intercalated structure.
To generate a model to understand the current results, d5SI CSTP was replaced with
dTPT3TP and dNaM was retained or replaced with dAM TM O or dPTM O. Geometric and
electrostatic parameters for each nucleobase were calculated,32 and the initial structures
were minimized for 500 cycles of steepest descent with the sander module of AMBER,33 at
which point each had converged.

During minimization, only small changes were observed, and all of the nucleotide-
polymerase interactions remained virtually unchanged. However, the structures did reveal
specific interactions introduced by the thiophene sulfur atoms. In the pre-insertion complex
with either dAMTMO or dPTM O, the Watson-Crick-like structure is retained. With dPTMO,
the sulfur is directed into the developing major groove where it is positioned in an open
channel, which in the parent structure contains structural water; with dAM TM O, the sulfur is
buried by the protein (Figure 2A,B). Thus, the complex with dPTM O may be more stable,
and this stability could contribute to its more efficient incorporation as a triphosphate
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relative to dM TMOTP. A similar stabilizing interaction is obviously absent with dNaM TP,
but this may be offset by the increased hydrophobic and packing interactions afforded by its
larger aromatic surface area.

In the post-insertion complex, the sulfur of both dAPTMO and dMTM O are in apparent van
der Waals contact with a glycosidic nitrogen. Specifically, with dPTM O the sulfur is
positioned 3.6 A from the glycosidic nitrogen of dTPT3, and with dMTMO, it is positioned
3.4 A from the glycosidic nitrogen of the templating dG (made possible by the previously
described distortion of the template that results from interactions of the dG with the
phosphate backbone of the primer terminus) (Figure 2 C,D). Based on the Watson-Crick-like
insertion structure, the de-intercalated structures at the same post-insertion position should
be free of such destabilizing interactions. Along with the reduced aromatic surface area, this
would favor de-intercalation and thus optimize replication.

A detailed comparison with the kinetic data is premature, since in each modeled structure,
dNaM, dPTMO, or dM TM O is within the template (experimental structures are not
available for the other strand context), while the kinetic data was collected with these
analogs in, or incorporated into the primer strand. The data is likely more interpretable in
terms of the /n vivo data, as replication in the SSO obviously requires replication in both
strand contexts. While replication in the SSO is mediated by Pol 111 and Pol 11,22 which are
not homologous to KlenTagq, the noted interactions are within the primer/template and thus
may make polymerase-independent contributions to replication. Thus, the modeling suggests
that replication of the dPTM O-dTPT3 UBP is the best of the UBPs examined in the SSO
due to the stability of the Watson-Crick-like structure during synthesis and facile de-
intercalation once synthesized.

Finally, we explored whether the increased retention in the SSO of the UBPs with dPTM O
and dM TM O results in the higher fidelity production of proteins containing ncAAs. To do
this, we first integrated dNaM -dTPT 3 into the gene encoding superfolder green fluorescent
protein (sfGFP), replacing the native 1515t codon (TAC) with the unnatural codon AXC (X =
NaM). In addition, we integrated the UBP into the gene encoding Methanosarcina mazei
tRNAPY!, replacing the anticodon with the unnatural anticodon GYT (Y = TPT3), which is
selectively charged with AB-(2-azidoethoxy)-carbonyl-L-lysine (AzK) by the
Methanosarcina barkeri pyrrolysyl-tRNA synthetase (PyIRS). For comparison, we also
constructed the analogous plasmid with the amber stop codon and the corresponding
suppressor anticodon. Plasmids bearing both the sfGFP and tRNAPY! genes were then used
to transform the SSO strain (YZ3), which also harbored a plasmid encoding PyIRS. These
transformants were then grown in the presence of dTPT3TP (10 pM) and dNaM TP,
dPTMOTP, or dAMTMOTP at different concentrations. After growth to an ODggg of 0.4—
0.6, the culture medium was supplemented with NaM TP (250 uM), TPT3TP (30 uM), and
AzK (10 mM), as well as isopropyl-p-D-thiogalactoside (IPTG; 1 mM) to induce T7 RNAP
and tRNAPY! expression. After a brief induction period, expression of sfGFP was initiated by
adding anhydrotetracycline (aTc, 100 ng/mL).

We first explored the level of UBP retention in the sSFGFP and tRNAPY! genes as a function
of unnatural triphosphate concentration (Table 5). At concentrations of 150 uM, the
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retentions were 99%, 97% and 92% in the sfGFP gene and 76%, 80% and 82% in the tRNA
gene for dNaM TP, dAPTMOTP, and dAMTM OTP, respectively. At 10 UM the retentions were
73%, 95%, 93% and 71%, 82%, 74%. Finally, while the addition of dNaM TP at a
concentration of 5 UM was too low to support cell growth, the addition of dAPTMOTP or
dMTMOTP at this concentration resulted in 90% or 64% retention in the sfGFP gene and
77% and 71% in the tRNA gene. Thus, as with the sequence contexts examined above,
dPTMO-dTPT3 is replicated better than dM TM O-dTPT 3, and both are replicated better
than the parental dNaM-dTPT3.

To monitor protein production, culture fluorescence was monitored after induction with
IPTG (Figure 3). Cells that had been grown in the presence of dANaM TP, dAPTMOTP or
dMTMOTP at a concentration of 150 uM, exhibited little fluorescence in the absence of
AzK, but significant fluorescence in the presence of AzK, similar to the control amber
suppression cells. With cells that had been grown with 10 pM of dNaM TP or dAM TM OTP,
greater fluorescence was observed in the absence of AzK (relative to the corresponding 150
UM samples). However, fluorescence in the absence of AzK remained low in samples that
had been grown in the presence of 10 uyM dPTMOTP. Moreover, in the presence of AzK,
less fluorescence was observed with cells provided with dNaM TP (again, relative to the
corresponding 150 uM samples) than with cells provided with AIMTM OTP or dPTMOTP.
As mentioned above, cells provided with 5 uM dNaM TP were unable to grow. At this
concentration, cells grown with dAM TM OTP showed decreased fluorescence in the presence
of AzK, while fluorescence in the absence of AzK remained the same (relative to the
corresponding 10 uM sample). In contrast, with dPTM OTP, an increase in fluorescence was
observed in the absence of AzK, and while in its presence similar levels of fluorescence
were observed (relative to that observed with the addition of dPTMOTP at 150 or 10 uM).
This data suggests that the higher fidelity replication of DNA containing the dPTM O-
dTPT3 UBP results in higher fidelity ncAA incorporation.

To directly characterize the protein produced, cells were harvested and lysed 2.5 h after
mMRNA induction, and the sfGFP produced was isolated and subjected to copper-free click
reaction with dibenzocyclooctyl (DBCO) appended to a TAMRA dye, which produces a
shift in electrophoretic migration, enabling quantification of the percentage of protein
containing the ncAA (Figure 4). Using this assay, we found that virtually all of the control
amber suppression cells produced sfGFP containing the ncAA. Cells that were transformed
with the unnatural nucleotide-modified plasmid and grown in the presence of 150 uM

dNaM TP, dPTMOTP, or dAM TMOTP produced sfGFP that showed a 99%, 98%, and 95%
shift. When grown in the presence of 10 uM dNaM TP, dPTMOTP, or dAM TM OTP, the
ncAA content of the protein was found to be 73%, 98% and 94%, respectively. Finally, in
the presence of 5 uM unnatural triphosphate, 95% and 69% of protein purified from cells
supplemented with dAPTMOTP and dM TM OTP, respectively, contained the ncAA (again, as
mentioned above, the SSO is unable to grow when supplied with dNaM TP at this
concentration). This demonstrates not only that the DNA containing the dM TM O-dTPT3 or
dPTMO-dTPT3 UBP is better replicated in the SSO than DNA containing dNaM-dTPT 3,
but also that both dPTM O and dM TM O can efficiently and faithfully template the
transcription of cognate unnatural nucleotides into mMRNA and tRNA.
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CONCLUSION

The results of this study demonstrate that the dM TM O-dTPT 3 and especially the dPTM O-
dTPT3 UBPs are better retained in the DNA of the SSO than the previously most promising
UBP, dNaM-dTPT 3. The more optimal replication is only manifested within the in vivo
environment of the SSO, and not within the /n vitro environment employed with the kinetics
and PCR assays. It seems likely that this results from differences in recognition by
polymerase 111 and/or polymerase I, which are the polymerases that replicate DNA
containing the UBP in vivo,22 relative to the Klenow fragment or OneTag, the polymerases
employed for the /n vitro analysis, or from other components of the /n7 vivo replisome (e.g.
the B-clamp processivity factor) which are not present /in vitro. Regardless, this data
emphasizes the importance of using an /n vivo environment when evaluating synthetic
biology “parts,” as ultimately this is where they must function.

The modeling data suggest that the replication of both dAM TM O-dTPT3 and dPTMO-
dTPT3 is favored by specific inter-nucleobase interactions mediated by the sulfur of the
thiophene moiety that optimize extension of the UBP by favorable packing with the primer
nucleobase relative to cross-strand intercalation and packing with template nucleobases. The
modeling also predicts that access to a major groove environment, and perhaps molecules of
water therein, facilitates the insertion of dPTM OTP opposite dTPT3.

Importantly, the results also demonstrate that both dM TM O and dPTM O efficiently and
faithfully template the transcription of mMRNA containing TPT 3 within the SSO, so that their
increased retention during replication results in the higher fidelity production of proteins
with the ncAA AzK. Finally, the optimized /n vivoreplication of AIMTMO-dTPT3 and
dPTMO-dTPT 3 further demonstrates the ability of hydrophobic and packing interactions to
replace complementary H-bonding as the force underlying information storage, and these
UBPs appear to represent the most promising candidates identified to date. From a practical
perspective, the increased range of sequences compatible with retention of dAM TM O-
dTPT3 and especially dPTM O-dTPT 3 increases the potential unnatural information that
may be stored in the SSO.

EXPERIMENTAL SECTION

General.

Synthetic details and compound characterizations are provided in Supporting Information.
All anhydrous solvents were distilled and/or dried over 4 A molecular sieves. All other
chemical reagents were purchased from Aldrich, unless otherwise noted. 1H and 13C spectra
were recorded on a Bruker DPX 400 mHz, Bruker DRX 500 mHz or Bruker AVIII HD 600
mHz NMR instrument. High-resolution mass spectroscopic data were obtained from the
core facilities at The Scripps Research Institute.

All bacterial cultures were grown in liquid 2xYT media (casein peptone 16 g/L, yeast
extract 10 g/L, NaCl 5 g/L) supplemented with potassium phosphate (50 mM, pH 7). All
replication experiments in the SSO were conducted in 96-well microwell plates and
translation experiments were conducted in 48-well microwell plates. When needed,
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antibiotics were used at the following concentrations: 5 ug/mL chloramphenicol, 100 pg/mL
ampicillin, 100 pg/mL carbenicillin, 50 ug/mL zeocin. A PerkinElmer EnVision 2103
Multilabel Plate Reader was used to measure cell growth (OD600; 590/20 nm filter), as well
as sfGFP fluorescence (485/14-nm excitation filter; 535/25-nm emission filter). Reagents for
molecular biology were purchased from New England Biolabs (Ipswich, MA), unless
otherwise stated, and were used according to the manufacturer’s protocols. Fully natural
primers and oligonucleotides were purchased from Integrated DNA Technologies (San
Diego, CA) and oligonucleotides containing unnatural nucleobases dNaM or dTPT 3 were
synthesized and purified using reverse phase cartridge by Biosearch Technologies
(Petaluma, CA), gifted from Synthorx (La Jolla, CA). Plasmids were isolated using a ZR
Plasmid Prep Kit (Zymo Research) according to the manufacturer’s recommendations. PCR
amplifications were performed using a CFX Connect Real-Time PCR Detection System
(Bio-Rad).

Gel-based Kinetics Assays.

Steady-state kinetic reactions’ and presteady-state kinetics reactions34 were performed as
reported previously using the primer and template oligonucleotides listed in Table S1.
Reaction products were analyzed using denaturing urea PAGE gel electrophoresis, followed
by overnight exposure to a phosphor screen (Kodak) and imaging (Typhoon 9410, GE
Amersham Biosciences). Image Studio Lite (Li-Cor Biosciences) was used to quantify
primer and extended primer gel band intensities for determination of rates of incorporation
at each triphosphate concentration. The data was fit to the Michaelis-Menten equation using
R Studio (See Figure S1 for a representative plot).3> The reported values for Az, and Ky are
the averages and standard deviations of three, independent experiments.

PCR Assay.

Oligonucleotides containing dNaM (04 and O5, see Table S2) were PCR amplified in the
presence of SYBR Green (0.5x%, Life Technologies), each dNTP (200 uM, GenDEPOQOT),
dTPT3 (100 uM), each unnatural triphosphate of interest (100 uM), and the appropriate
forward and reverse primers (1 uM of each P2 and P3, see Table S2) using OneTag DNA
Polymerase (additional details are provided in Supporting Information). Reactions were
monitored by gPCR and then processed after maximum amplification (See Figure S2 for
representative qPCR amplification curves). The remaining solution was purified by spin-
column (DNA Clean and Concentrator-5; Zymo Research) then quantified by absorption at
260 nm using an Infinite M200 Pro Multimode Microplate Reader (Tecan). Percent retention
of the UBP was measured using the streptavidin gel shift assay (as described below).

Streptavidin Gel Shift Assay.

PCR products, plasmid minipreps, Golden Gate assembled plasmids (0.5 ng to 2.5 ng), or
dNaM -containing oligonucleotides (0.5 fmol) were PCR amplified in the presence of each
dNTP (400 uM, GenDEPOT), d5SICSTP (65 uM), dM M O2g;,TP (65 uM), and the
appropriate forward and reverse primers (1 pM) using a mixture of OneTaq and DeepVent
DNA polymerase (additional details are provided in the Supporting Information). Following
amplification, 1 uL of each reaction was incubated for 5 min with streptavidin (2.5 uL, 2 pg/
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mL). Samples with and without streptavidin were mixed with loading buffer, separated on a
polyacrylamide TBE gel, stained with SYBR Gold (1x, Thermo Fisher), and imaged using a
Molecular Imager Gel Doc XR+ (Bio-Rad) equipped with a 520DF30 filter (Bio-Rad).
Percent retention, as previously described and validated,? can be calculated as a ratio of the
signal of the shifted band to the total signal of both shifted and unshifted bands.

In Vivo Replication of the Unnatural Base Pair.

An overnight culture of £. colistrain YZ3 cells grown with chloramphenicol was used to
prepare electrocompetent cells for transformation with 2 ng of a Golden Gate pINF plasmid
containing the UBP, as described previouslyl3 (see Supporting Information). Cells were
transformed by electroporation and then recovered in the presence of dTPT3TP (37.5 uM)
and varying concentrations of dANaM TP, dPTM OTP, or AIMTMOTP for 1 h at 37 °C. An
aliquot of the resulting culture was then used to inoculate growth media with the same
triphosphates added and additionally supplemented with ampicillin. The cells were then
monitored for growth and collected at an ODggg ~ 0.7 (See Figures S3-S7 for representative
growth curves). Plasmids were isolated and then subjected to a streptavidin gel shift assay to
determine UBP retention (Supporting Information). A separate aliquot of the culture
following electroporation and recovery was used to determine transformation efficiency by
plating dilutions onto solid 2xYT media supplemented with chloramphenicol and ampicillin
and enumerating colonies after a 16 h incubation at 37 °C.

In Vivo Translation of the Unnatural Base Pair.

E. colistrain YZ3 bearing a pGEX plasmid carrying the sequence of the M. barkeri
pyrrolysyl-tRNA synthetase (PyIRS), prepared as described previously (see Supporting
Information), was grown overnight in chloramphenicol and carbenicillin and used to prepare
electrocompetent cells for transformation with ~0.5 ng of Golden Gate assembled plasmid
containing the UBP embedded within the sfGFP and tRNAPY! genes!4 (see Supporting
Information). Cells were transformed via electroporation and then recovered in the presence
of dANaM TP (150 uM) and dTPT3TP (10 uM) for 1 h at 37 °C. Dilutions of the resulting
culture were plated onto solid media supplemented with zeocin, dNaM TP (150 uM), and
dTPT3TP (10 uM) and allowed to grow overnight at 37 °C. Single colonies were used to
inoculate media supplemented with zeocin, dANaM TP (150 uM), and dTPT3TP (10 uM),
and monitored for cell growth. At an ODgqg of ~0.7, an aliquot was subjected to plasmid
isolation to determine which colonies retained the UBP well, and the remaining culture was
stored in glycerol (25% v/v) at —80 °C.

Dilutions of the glycerol stock were then re-plated onto solid media supplemented with
zeocin, dNaM TP (150 pM), and dTPT3TP (10 pM) and grown overnight at 37 °C. Single
colonies were used to inoculate media supplemented with zeocin, dNaM TP, dPTMOTP, or
dMTMOTP (at varying concentrations) and dTPT3TP (10 uM). Cells were monitored for
growth and collected at ODggg ~ 0.7. All samples were then simultaneously diluted to ODggg
~ 0.1-0.2 in media supplemented with the same antibiotic and unnatural triphosphates. The
remaining culture was pelleted and stored. At ODgqg ~ 0.4-0.6, cells were supplemented
with NaM TP (250 uM), TPT3TP (30 uM) and AzK (10 mM). From this step forward, cells
were shielded from light to minimize photodegradation of AzK. Cells were grown for 20
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min at 37 °C before adding IPTG (1 mM) to induce expression of T7 RNAP and tRNAPY!.
Cells were then monitored for cell growth and fluorescence. After 1 h, sSfGFP expression
was induced with anhydrotetracycline (100 ng/mL) and cells were allowed to grow for 2.5 h
before harvesting by centrifugation (230 pL for affinity purification of sfGFP and 50 L for
plasmid isolation and streptavidin gel shift assay, see Supporting Information). Cell pellets
were then stored at —80 °C until further use.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A) The dNaM-d5SI CS and dNaM -dTPT 3 UBPs. B) dNaM analogs, dPTM O and
dMTMO, sugar and phosphate groups omitted for clarity.
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Figure 2.
Model of AIMTM OTP and dPTM OTP pre-insertion complexes (A and C, respectively) and

post-insertion complexes (B and D, respectively). DNA backbone is shown as blue ribbon,
oxygen, sulfur, and phosphorous (of the triphosphates in pre-insertion complexes) are
colored red, orange, and yellow, respectively. In the pre-insertion complexes, only the UBP
is shown, and in the post-insertion complex the UBP and the templating nucleotide are
shown.
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5uM

Fluorescence of cells expressing sfGFP with AzK encoded at position 151, in the presence

or absence of AzK.
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Figure 4.
Western blot analysis of sfGFP with AzK encoded at position 151, purified from cells with

AzK content determined by conjugation to TAMRA-DBCO, which results in reduced
migration. Values shown below are the percent of the protein shifted, which reveals the
percent that was produced with the ncAA.
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Steady state incorporation kinetic data

Table 1.

5’- d(ACAACTTTAACTCACACAATGTA)

3’-d(GAGCTCATGTTGAAATTGAGTGTGTTACAT-Y-TCTAGTGCCGTCTGTTTGTTTTCTTACCTTAG)

Y dXTP keae (Min71)

A dTTP 51+0.7

TPT3 dNaM Tpa 10.7+£0.4
dPTMOTP 194+1.2
dMTMOTP 85+17

K (M)

0.05+0.02
0.09+0.01

0.08 £0.03
0.22+0.10

Keatl Kim
(M~ minT1)
1.2x 108
1.3x 108

2.9 x 108
4.2 x 107

aReproduced from Morris et al.!
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Table 2.

Pre-steady state kinetic data

5’- d(ACAACTTTAACTCACACAATGTA)
3’-d(GAGCTCATGTTGAAATTGAGTGTGTTACAT-TPT3-TCTAGTGCCGTCTGTTTGTTTTCTTACCTTAG)

dXTP incorporation (%) extension (%)
dNaM TP 35+8 41+7
dPTMOTP 41+6 47+3
dMTMOTP 25+4 52.8+1.0
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Table 3.

PCR amplification data

T1: 5’-CTCGAGTACAACTTTAACTCACACAATGTCA-X-TGTCACGGCAGACAAACAAAAGAATGGAATC
T2: 5’-CTCGAGTACAACTTTAACTCACACAATGTCC-X-GGTCACGGCAGACAAACAAAAGAATGGAATC

Sequence dXTP retention (%)

T1 dNaM TP 100+ 2
dPTMOTP 984 +1.0
dMTMOTP 80+4

T2 dNaM TP 86 + 20
dPTMOTP 78 £13
dMTMOTP 58+ 8
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UBP retention in the sfGFP and tRNAPY! genes

Gene dXTP

retention (%)

sfGFP dNaM TP

dPTMOTP
dMTMOTP

tRNAPY  dNaM TP

dPTMOTP
dMTMOTP

150 uM

99.2+1.2

9742
9247

76+2

80+2

82.1+1.1

[dXTP]
10 uM

72.7+1.0

9543
9342

7143

8216
74+3

5uM

90+5
64+3

77+3
7145

a .
Not determined
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