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Mirror-image T7 transcription of chirally inverted
ribosomal and functional RNAs
Yuan Xu1,2,3 and Ting F. Zhu2,3*

To synthesize a chirally inverted ribosome with the goal of building mirror-image biology systems requires
the preparation of kilobase-long mirror-image ribosomal RNAs that make up the structural and catalytic core
and about two-thirds of the molecular mass of the mirror-image ribosome. Here, we chemically synthesized a
100-kilodalton mirror-image T7 RNA polymerase, which enabled efficient and faithful transcription of the
full-length mirror-image 5S, 16S, and 23S ribosomal RNAs from enzymatically assembled long mirror-image
genes. We further exploited the versatile mirror-image T7 transcription system for practical applications such
as biostable mirror-image riboswitch sensor, long-term storage of unprotected kilobase-long L-RNA in water,
and L-ribozyme–catalyzed L-RNA polymerization to serve as a model system for basic RNA research.

M
ore than 160 years after Louis Pasteur’s
discovery of molecular chirality and
proposal of a chirally inverted form of
life (1), mirror-image life has not been
discovered in nature. The laboratory

realization of in vitro mirror-image biology
systems with D-amino acids and L-nucleic acids
as the building blocks (as opposed to the
natural-chirality L-amino acids and D-nucleic
acids) presents unique opportunities but re-
mains challenging. An important part of this
effort is establishing amirror-image version of
the central dogma of molecular biology (2, 3).
After mirror-image DNA replication, transcrip-
tion, and reverse transcription (2, 4–8), the
next step is to realizemirror-image translation
(Fig. 1A) (3, 9, 10). This requires high-quality
long L-RNAs such as the kilobase-long mirror-
image ribosomal RNAs (rRNAs), which make
up the structural and catalytic core of the
>2-MDa mirror-image ribosome.
The chemical synthesis of high-quality long

L-RNAs remains difficult because traditional
phosphoramidate chemistry only allows effi-
cient RNA synthesis of up to 60 to 70 nucleo-
tides (nt) (11). One way to overcome this
limitation is through enzymatic transcription
by mirror-image polymerases. We previously
used a Y12S mutant of the mirror-image
Sulfolobus solfataricus P2 DNA polymerase IV
(D-Dpo4-5m-Y12S) to transcribe a 120-ntmirror-
image Escherichia coli (E. coli) 5S rRNA (7).
Additionally, cross-chiral ribozymes have been
developed to polymerize L-RNAs (12, 13). How-
ever, both systems suffer from low efficien-
cy and fidelity, and require single-stranded
L-DNA or L-RNA templates, which are diffi-
cult to prepare and remove from the polymer-
ized L-RNAs.

An alternative is to synthesize amirror-image
version of the bacteriophage T7 RNA polymer-
ase, which is a widely used workhorse enzyme
for both in vitro and in vivo transcription in
the laboratory because of its excellent efficiency,
fidelity, and promoter specificity (14). The T7
RNA polymerase uses double-stranded DNA
templates for transcription, the mirror-image
version of which can be readily assembled
by mirror-image polymerase chain reaction
(PCR) (4–6, 8). However, the full-length T7
RNA polymerase contains 883 amino acids,
beyond the general size limit for chemical pro-
tein synthesis that combines solid-phase pep-
tide synthesis (SPPS) (15) with native chemical
ligation (NCL) (16), enabling the synthesis of
various mirror-image enzymes (2, 5, 6, 17–21)
typically smaller than ~400 amino acids, or
~45 kDa. Recently, we applied split-protein
design and systematic isoleucine substitution
to facilitate the total chemical synthesis of a
90-kDa high-fidelity mirror-image Pfu DNA
polymerase, which enabled the accurate as-
sembly of a 1.5-kb mirror-image 16S rRNA
gene (8). Althoughwe also developed amutant
Pfu DNA polymerase for transcribing RNA,
the suboptimal transcription efficiency and
difficulty in preparing long single-stranded
L-DNA templateswill likelymake this approach
impractical (8). Here, we set out to synthesize
a 100-kDa mirror-image T7 RNA polymerase
using split-protein design and systematic iso-
leucine substitution and test its ability to ef-
ficiently and faithfully transcribe high-quality
long L-RNAs such as themirror-image 5S, 16S,
and 23S rRNAs and various functional L-RNAs.

Results
Design and synthesis of a 100-kDa mirror-image
T7 RNA polymerase

Split-protein design divides a large (natural-
chirality or mirror-image) protein into two or
more smaller split-protein fragments that can
co-fold in vitro into a functionally intact en-
zyme (8). Many enzymes have naturally occur-
ring or engineered split versions, including the

T7 RNA polymerase (22, 23). However, some
of the previously reported split sites alter its
transcription efficiency (22) or are near the
N or C terminus of the polymerase (22, 23),
resulting in split-protein fragments larger
than 400 amino acids, which are difficult to
chemically synthesize. We designed a double-
split version of the T7 RNA polymerase with a
previously reported split site between N601
and T602 (23) and a newly discovered split site
between K363 and P364 in a solvent-exposed
loop, dividing the 883–amino acid polymerase
into three split-protein fragments: the 363–
amino acid N fragment, the 238–amino acid
M fragment, and the 282–amino acid C frag-
ment (Fig. 1B). Additionally, we substituted
14 of the 51 isoleucines in the polymerase with
valine, leucine, and methionine (fig. S1 and
table S1) to facilitate the chemical protein syn-
thesis and to reduce the D-amino acid costs (8).
We next biochemically validated the design by
comparing the transcription efficiencies of the
recombinant wild-type (WT) and recombinant
double-split mutant (containing 14 isoleucine
substitutions) T7 RNA polymerases at various
enzyme concentrations with a double-stranded
D-DNA template, and observed similar tran-
scription efficiencies between them (fig. S2).
We then performed total chemical synthesis

of the double-split mutant version of both the
natural-chirality and mirror-image T7 RNA
polymerases (hereafter referred to as the syn-
thetic natural-chirality and synthetic mirror-
image T7 RNA polymerases, respectively). The
N, M, and C fragments of the natural-chirality
and mirror-image polymerases were each di-
vided into five to eight peptide segments rang-
ing from20 to 76 amino acids in length (figs. S3
to S6 and table S2). All of the peptide segments
were prepared by 9-fluorenylmethoxycarbonyl
(Fmoc)-SPPS, purified by reversed-phase high-
performance liquid chromatography (RP-HPLC),
and assembled by hydrazide-based NCL (24),
followed bymetal-free radical-based desulfuri-
zation (25) to convert unprotected cysteine to
alanine (26). After the synthesis, ligation, puri-
fication, and lyophilization (figs. S7 to S55), the
N, M, and C fragments of the natural-chirality
and mirror-image polymerases were obtained
at milligram scales with the expected molec-
ular masses of 41.4, 26.8, and 31.5 kDa, re-
spectively, totaling ~100 kDa (table S2). Both
the synthetic natural-chirality and synthetic
mirror-image T7RNApolymeraseswere folded
in vitro by dialysis, as validated by 8-anilino-1-
naphthalene sulfonate (ANS) fluorescence (fig.
S56), and analyzed by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) (Fig. 1C).

Mirror-image T7 transcription of short L-RNAs

We tested the transcription activity of the syn-
thetic mirror-image T7 RNA polymerase with
a double-stranded L-DNA template coding for
the Thermus thermophilus (T. thermophilus)
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5S rRNA (tables S5 to S7) assembled by mirror-
image PCR (5), and found that it was capable
of transcribing the full-length 122-nt mirror-
image 5S rRNA (Fig. 2A) despite having lower

efficiency than the recombinant WT, recom-
binant double-split mutant, and synthetic
natural-chirality polymerases (fig. S57). The gel-
purified 122-nt mirror-image 5S rRNA was

resistant to natural-chirality ribonuclease A
(RNase A) digestion (Fig. 2B). Because of the
lack of high-fidelity mirror-image reverse tran-
scriptase and Sanger sequencing tools, we were
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Fig. 1. Synthetic natural-
chirality and synthetic mirror-
image T7 RNA polymerases.
(A) Mirror-image version of the
central dogma of molecular biology,
including mirror-image DNA replica-
tion, transcription, reversetranscrip-
tion, and translation (blue arrows), and
the role of the synthetic mirror-image
T7 RNA polymerase in transcribing
the mirror-image rRNAs (shown in
red) to be assembled with the mirror-
image ribosomal proteins (r-proteins)
into a mirror-image ribosome.
(B) Structure of the WT T7 RNA
polymerase (Protein Data Bank ID:
1CEZ) in natural-chirality and mirror-
image forms. TheN fragment is shown
in green, the M fragment in yellow,
and the C fragment in pink, with the
amino acids at the two split sites (K363
and P364, N601 and T602) shown in
red. (C) Recombinant WT, recombi-
nant double-splitmutant, synthetic natural-chirality, and syntheticmirror-image T7 RNApolymerases analyzed by SDS-PAGE and stained by Coomassie brilliant blue. M, proteinmarker.
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Fig. 2. Mirror-image T7 transcription of
short L-RNAs. (A) Transcription of the
natural-chirality and mirror-image 122-nt
5S rRNAs from the double-stranded D- or
L-DNA template by the recombinant WT,
recombinant double-split mutant, synthetic
natural-chirality, and synthetic mirror-image
T7 RNA polymerases, respectively, analyzed
by denaturing PAGE and stained by SYBR
green II. NC and MI-NC, negative controls
without natural-chirality or mirror-image
T7 RNA polymerase, respectively; M, Low
Range ssRNA ladder. (B and C) Transcription
of the natural-chirality and mirror-image
122-nt 5S rRNAs (B) and 90-nt tRNAsSer (C)
from the double-stranded D- or L-DNA
template by the synthetic natural-chirality and
synthetic mirror-image T7 RNA polymerases,
respectively, purified by denaturing PAGE,
treated by natural-chirality RNase A, analyzed
by denaturing PAGE, and stained by SYBR
green II. M, Low Range ssRNA ladder.
(D) Natural-chirality and mirror-image dFx
charging of L- or D-serine onto the natural-
chirality and mirror-image tRNAsSer with
L- or D-Ser-DBE, respectively, analyzed
by acid PAGE and stained by SYBR green II.
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unable to evaluate the transcription fidelity of
the synthetic mirror-image T7 RNA polymerase
directly, and thuswe examined the transcription
fidelity of the synthetic natural-chirality T7 RNA
polymerase as an estimate for the mirror-image
version.We reverse-transcribed the DNase-
treated transcription product of the synthetic
natural-chirality T7 RNA polymerase by a high-
fidelity reverse transcriptase, followed by high-
fidelity PCR and Sanger sequencing (fig. S58).
We measured the error rate of the synthetic
natural-chirality T7 RNA polymerase on the
order of 10−4, consistent with those of the
recombinant WT and recombinant double-
split mutant polymerases, as well as the WT
polymerase reported in previous studies (table
S3) (27).

Toward realizing mirror-image translation,
we previously used a mirror-image version of
the 46-nt dinitro-flexizyme (dFx) (28) to charge
three D-amino acids (D-lysine, D-alanine, and
D-phenylalanine) and the achiral glycine onto
the correspondingmirror-image transfer RNAs
(tRNAs) transcribed by D-Dpo4-5m-Y12S (10).
However, D-Dpo4-5m-Y12S was unable to tran-
scribe certain mirror-image tRNA sequences,
such as the 90-nt mirror-image serine tRNA
(tRNASer) (fig. S59), likely because of the length
and extensive secondary structure of the single-
stranded L-DNA template. We addressed this
issue by mirror-image T7 transcription with a
double-stranded L-DNA template coding for
tRNASer (tables S5 to S7) assembled by mirror-
image PCR (5). We found that the transcrip-

tion efficiencyof the90-ntmirror-image tRNASer

by the synthetic mirror-image T7 RNA poly-
merase was substantially higher than that by
D-Dpo4-5m-Y12S (fig. S59). The gel-purified
90-nt mirror-image tRNASer was resistant to
natural-chirality RNase A digestion (Fig. 2C).
Furthermore, we charged D-serine onto the
mirror-image tRNASer using the mirror-image
dFx and D-Ser-3,5-dinitrobenzyl ester (Ser-DBE),
with a charging yield similar to that of the
natural-chirality version (Fig. 2D).

Mirror-image T7 transcription and purification of
kilobase-long mirror-image rRNAs

Encouraged by the results of the transcription
andpurification of short L-RNAs,we performed
the mirror-image T7 transcription of the
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Fig. 3. Mirror-image T7
transcription and purification
of kilobase-long mirror-image
rRNAs. (A and B) Transcription of
the natural-chirality and mirror-
image 1.5-kb 16S (A) and 2.9-kb
23S (B) rRNAs from the double-
stranded D- or L-DNA template by
the synthetic natural-chirality and
synthetic mirror-image T7 RNA
polymerases, respectively, purified
by low-melting-point agarose gel
electrophoresis and b-agarase I
digestion, treated by natural-
chirality RNase A, analyzed by
agarose gel electrophoresis, and
stained by ExRed. M1, Trans2K
Plus DNA marker; M2, RNA
marker RL6,000. (C) Gel-purified
natural-chirality and mirror-image
122-nt 5S, 1.5-kb 16S, and 2.9-kb
23S rRNAs treated by natural-
chirality RNase A, analyzed by
agarose gel electrophoresis, and
stained by ExRed. M2, RNA
marker RL6,000; M3, RNA marker
RL1,000. (D) Structure of the
T. thermophilus ribosome (Protein
Data Bank ID: 4V4P) in natural-
chirality and mirror-image forms,
showing the 5S rRNA in red,
16S rRNA in gold, 23S rRNA in
pink, and r-proteins in green.
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kilobase-long mirror-image rRNAs. Using
double-stranded L-DNA templates coding for
the T. thermophilus 16S and 23S rRNAs (tables
S5 to S7) assembled by mirror-image PCR
(fig. S60) (5, 8) and through further optimizing
the transcription conditions, particularly for
23S rRNA (figs. S61 and S62), we transcribed
the full-length mirror-image 1.5-kb 16S and
2.9-kb 23S rRNAs by the synthetic mirror-
image T7 RNA polymerase (Fig. 3, A and B).
Meanwhile, we also transcribed the natural-
chirality rRNAs by the synthetic natural-
chirality T7 RNA polymerase (Fig. 3, A and B).
Because a mirror-image DNase to digest

L-DNA templates is unavailable, we purified
the kilobase-long mirror-image 16S and 23S
rRNAs from the double-stranded L-DNA tem-
plates by low-melting-point agarose gel electro-
phoresis and β-agarase I digestion (Fig. 3,
A and B). The kilobase-long natural-chirality
rRNAs and RNA markers were partially de-
graded despite our best effort to avoid natural-
chirality RNase contamination and use of
RNase inhibitor in conjunction, whereas the
mirror-image 5S, 16S, and 23S rRNAs were
stable (Fig. 3C), suggesting that the assembly
of the mirror-image ribosome (Fig. 3D) could
be more experimentally convenient to per-
form than the natural-chirality version be-
cause of the stability of themirror-image rRNAs.
We further evaluated the transcription fidelity
of the synthetic natural-chirality T7 RNA poly-
merase (again, as an estimate for the mirror-
image version) with double-stranded D-DNA
templates coding for the 5S, 16S, and 23S rRNAs,
and measured error rates on the order of 10−4,
consistent with that of the WT polymerase re-
ported in previous studies (table S4) (27).

Mirror-image riboswitch sensor

Inspired by the broad utility of T7 transcrip-
tion in the laboratory, we explored the practical
applications of the mirror-image T7 transcrip-
tion system through developing a 130-ntmirror-
image riboswitchsensorby fusingamirror-image
guanine aptamer with a mirror-image Spin-
ach aptamer according to the previously re-
ported design (Fig. 4A) (29). Because both
guanine and3,5-difluoro-4-hydroxybenzylidene
imidazolinone [DFHBI, the small-molecule
fluorophore of the Spinach aptamer (30)] are
achiral, the natural-chirality and mirror-image
riboswitch sensors would be expected to ex-
hibit identical binding characteristics. We tran-
scribed the mirror-image riboswitch sensor by
the synthetic mirror-image T7 RNA polymer-
ase with a double-stranded L-DNA template
(tables S5 to S7) assembled by mirror-image
PCR (5). The gel-purified 130-nt mirror-image
riboswitch sensor was resistant to natural-
chirality RNase A digestion (Fig. 4B). We found
that the natural-chirality and mirror-image
riboswitch sensors exhibited nearly identical
fluorescence intensities when incubated with

the same concentration of guanine, whereas no
apparent binding was detected between the
natural-chirality and mirror-image riboswitch
sensors with D- or L-guanosine triphosphate
(GTP) and adenine at the same concentration
(Fig. 4C).
When we performed long-term incubation

of both the natural-chirality and mirror-image
riboswitch sensors under presumed “RNase-free”
conditions in a buffer prepared with diethylpyr-
ocarbonate (DEPC)–treated water and RNase-
free reagents at 37°C, we observed that the
mirror-image riboswitch sensor exhibited a
longer estimated half-life than the natural-
chirality version without or with RNase inhib-
itor (Fig. 4D and fig. S63). We validated this
result by denaturing PAGE analysis of the

natural-chirality and mirror-image riboswitch
sensors incubated under the same conditions
for up to 65 days, and found that the relative
full-length band intensities correlatedwell with
relative fluorescence intensities (fig. S64).
We attribute the difference in the stability
of the natural-chirality and mirror-image
riboswitch sensors to the extraordinary effi-
ciency, stability, and pervasiveness of natural-
chirality RNase in the environment (31), to
which the natural-chirality riboswitch is highly
sensitive and the mirror-image riboswitch is
resistant.

Stability of kilobase-long L-RNA

We then tested the stability of the unprotected
kilobase-long L-RNA in various environments.
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Fig. 4. Mirror-image riboswitch sensor. (A) Schematic overview of the natural-chirality and mirror-image
riboswitch sensors by fusing a guanine aptamer (purple) with a Spinach aptamer (blue) through a
“transducer” stem sequence (pink). (B) Transcription of the natural-chirality and mirror-image 130-nt
riboswitch sensors from the double-stranded D- or L-DNA template by the synthetic natural-chirality and
synthetic mirror-image T7 RNA polymerases, respectively, purified by denaturing PAGE, treated by
natural-chirality RNase A, analyzed by denaturing PAGE, and stained by SYBR green II. M, Low Range
ssRNA ladder. (C) Fluorescence intensities measured at 500 nm of the natural-chirality and mirror-image
riboswitch sensors incubated with DFHBI and guanine, D-GTP, L-GTP, and adenine in a buffer prepared
with DEPC-treated water and RNase-free reagents at 37°C for 30 min. NC, negative control with the
natural-chirality or mirror-image riboswitch sensor but without guanine; FU, fluorescence unit. Data are
presented as mean ± SD (n = 3) with individual data points. P values were calculated by the Student’s
two-tailed t test. (D) Fluorescence intensities measured at 500 nm of the natural-chirality riboswitch
sensor without or with RNase inhibitor and of the mirror-image riboswitch sensor without RNase inhibitor
incubated with DFHBI and guanine in a buffer prepared with DEPC-treated water and RNase-free reagents
at 37°C for up to 65 days and longitudinally measured at selected time points. NC and MI-NC, negative
controls with the natural-chirality or mirror-image riboswitch sensor but without guanine, respectively;
FU, fluorescence unit. Data are presented as mean ± SD (n = 3).
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We incubated the gel-purified natural-chirality
and mirror-image 1.5-kb 16S rRNAs under
presumed RNase-free conditions in DEPC-
treated water at 37°C. The natural-chirality
16S rRNA, in the absence of RNase inhibitor,
was partially degraded after 1 hour and com-
pletely degraded after 4 hours (Fig. 5A and
figs. S65A and S68). Despite the use of RNase
inhibitor, itwaspartially degradedafter 24hours
and completely degraded after 48hours (Fig. 5B
and figs. S65B and S68). By contrast, no sub-
stantial degradation of the mirror-image 16S
rRNAwas observed after 72 hours, with partial
degradation observed after 336 hours and com-
plete degradation observed after 720 hours
(Fig. 5C and figs. S65C and S68).
Next, we incubated the natural-chirality and

mirror-image 16S rRNAs in pond water at
37°C, and observed that regardless of the use
of RNase inhibitor, the natural-chirality 16S
rRNA was partially degraded after 1 hour
and completely degraded after 4 hours (Fig. 5,
D and E, and figs. S67, A and B, and S68). By
contrast, no substantial degradation of the
mirror-image 16S rRNA was observed after
72 hours, with partial degradation observed
after 120 hours and complete degradation

observed after 168 hours (Fig. 5F and figs.
S67C and S68). The degradation pattern of
the mirror-image 16S rRNA in both DEPC-
treated water and pond water was different
from that of the natural-chirality 16S rRNA
(Fig. 5 and figs. S65 to S67) in that the full-
length L-RNA peakwidened before partial and
complete degradation took place. This may
provide opportunities for future research to
reveal the kinetics and underlyingmechanisms
for the spontaneous hydrolysis of RNA with
different lengths and sequences at various
pH values, Mg2+ concentrations, and tempera-
tures (32) without the interference of natural-
chirality RNase–catalyzed degradation.

L-Ribozyme–catalyzed L-RNA polymerization

The biostable L-RNA model system may facil-
itate in vitro studies on ribozymes, particu-
larly for investigating the origins of life, during
which most of the modern RNA-processing
machinery such as RNase would be presumably
absent. Key to the “RNA world” hypothesis is
ribozyme-catalyzed RNA polymerization (33).
Thedirected evolutionofRNAsequences in vitro
has revealed various polymerase ribozymes,
including the ~180-nt “24-3” and “38-6” poly-

merase ribozymes, which are capable of ampli-
fying short RNA sequences and polymerizing
a 97-nt class I ligase ribozyme, respectively
(34, 35). We transcribed themirror-image 38-6
polymerase ribozyme and single-stranded L-
RNA template coding for the class I ligase
ribozyme (hereafter referred to as the L-RNA
template) by the synthetic mirror-image T7
RNA polymerase (Fig. 6, A to C) with double-
stranded L-DNA templates (tables S5 to S7)
assembled by mirror-image PCR (8). The gel-
purified 182-nt L-ribozyme and 112-nt L-RNA
templatewere both resistant tonatural-chirality
RNase A digestion (Fig. 6, B and C).
We next used the gel-purified mirror-image

38-6 polymerase ribozyme to polymerize the
mirror-image class I ligase ribozyme with a
5′-FAM-biotin–labeled L-RNA primer annealed
to the gel-purified L-RNA template (Fig. 6A),
incubated with L-nucleoside triphosphates
(L-NTPs) in 200 mMMgCl2, pH 8.3, at 17°C for
up to 10 days. Compared with the D-ribozyme
[which exhibited a polymerization efficiency
similar to that reported in previous studies
(35)], the L-ribozyme was almost equally effi-
cient in extending the L-RNA primer to the full
length (Fig. 6D), illustrating the high quality of
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L-16S rRNA in DEPC-treated water

D-16S rRNA in pond water
 

D-16S rRNA in pond water
 

L-16S rRNA in pond water
 

+ RNase inhibitor

+ RNase inhibitor

Fig. 5. Stability of kilobase-long L-RNA. (A and B) Electropherograms of the
1.5-kb natural-chirality 16S rRNA incubated in DEPC-treated water at 37°C
without (A) or with (B) RNase inhibitor for up to 8 or 72 hours, respectively,
and longitudinally measured at selected time points. (C) Electropherograms of
the 1.5-kb mirror-image 16S rRNA incubated in DEPC-treated water at 37°C
without RNase inhibitor for up to 1080 hours and longitudinally measured at
selected time points. (D and E) Electropherograms of the 1.5-kb natural-chirality

16S rRNA incubated in pond water at 37°C without (D) or with (E) RNase
inhibitor for up to 8 hours and longitudinally measured at selected time
points. (F) Electropherograms of the 1.5-kb mirror-image 16S rRNA incubated in
pond water at 37°C without RNase inhibitor for up to 240 hours and longitudinally
measured at selected time points. FU, fluorescence unit. The corresponding
data are also shown in figs. S65 and S67, with the full-length RNA peaks
appearing within the migration time of 35 to 45 s.
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themirror-imageT7–transcribed L-RNAs.More-
over, we evaluated the stability of the natural-
chirality and mirror-image 38-6 polymerase
ribozymes, RNA templates, and RNA primers
(figs. S69 to S72), and estimated the half-lives
of the natural-chirality and mirror-image 38-6
polymerase ribozymes incubated at various
Mg2+ concentrations. We found that the L-
ribozyme exhibited a longer estimated half-life
than the natural-chirality version at 2mMMg2+

concentration (Fig. 6E and fig. S73). With future

efforts to discover polymerase ribozymes with
lower Mg2+ concentration requirements (36–38),
the mirror-image T7–transcribed biostable L-
ribozymes may be incubated and evolved in the
laboratory for longer periods of time, poten-
tially outperforming their natural-chirality
counterparts.

Discussion

The realization of mirror-image T7 transcrip-
tion may enable a variety of practical applica-

tions of high-quality long L-RNAs in diagnostics
and therapeutics (39–43), information storage,
computation, imaging, and basic RNA research.
Furthermore, the ensemble of efficient mirror-
image DNA polymerase, RNA polymerase,
reverse transcriptase, and sequencing tools
may lead to the realization of a mirror-image
selection scheme for the directed evolution
and selection of L-RNA aptamers targeting
biologically important molecules as poten-
tial clinical and research tools (44).
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Fig. 6. L-Ribozyme–catalyzed L-RNA polymerization. (A) Schematic
overview of the natural-chirality and mirror-image ribozyme–catalyzed
RNA polymerization using the natural-chirality or mirror-image 38-6
polymerase ribozyme (red) on D- or L-RNA template (purple), prepared by
natural-chirality or mirror-image T7 transcription from the double-stranded
D- or L-DNA template (blue), respectively, with D- or L-RNA primer (green).
(B and C) Transcription of the natural-chirality and mirror-image 182-nt 38-6
polymerase ribozymes (B) and 112-nt RNA templates (C) from the
double-stranded D- or L-DNA template by the synthetic natural-chirality
and synthetic mirror-image T7 RNA polymerases, respectively, purified by
denaturing PAGE, treated by natural-chirality RNase A, analyzed by
denaturing PAGE, and stained by SYBR green II. M, Low Range ssRNA
ladder. (D) Natural-chirality and mirror-image ribozyme–catalyzed RNA

polymerization of the 97-nt class I ligase ribozyme with the natural-chirality or
mirror-image 38-6 polymerase ribozyme, RNA template, and 5′-FAM-biotin–labeled
D- or L-RNA primer incubated with D- or L-NTPs in 200 mM MgCl2, pH 8.3, at
17°C for up to 10 days and analyzed by denaturing PAGE. Contrast-adjusted
images are shown on the right to more clearly show the RNA primers and
full-length polymerization products, respectively. NC and MI-NC, negative
controls without natural-chirality or mirror-image 38-6 polymerase ribozyme,
respectively; E, two empty lanes; P, 20-nt 5′-FAM-biotin–labeled D- or L-RNA
primer; M, 97-nt 5′-FAM–labeled D-RNA marker. (E) Comparison of estimated
half-lives (t1/2) of the natural-chirality and mirror-image 38-6 polymerase
ribozymes at various Mg2+ concentrations. Data are presented as best-fit values
and 95% confidence intervals, and the corresponding data for curve fitting are also
shown in fig. S73. P values were calculated by the extra sum-of-squares F test.
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Traditional laboratory studies of RNA have
been hindered by its rapid degradation re-
sulting from spontaneous hydrolysis and pre-
dominantly natural-chirality RNase–catalyzed
degradation (31), with longer RNAs typically
beingmore vulnerable (Fig. 5 and figs. S65 to
S68). Without the interference of natural-
chirality RNase–catalyzed degradation, which
is virtually unavoidable in laboratory experi-
ments, L-RNAs may serve as an alternative
model system for studying RNA spontaneous
hydrolysis (32). Furthermore, because mirror-
image biomolecules behave in a reciprocal
manner to their natural-chirality twins, the
biostable L-RNA model system may also be
applied to a variety of biochemical and bio-
physical studies in basic RNA research.
To build amirror-image ribosome that trans-

lates D-proteins requires mirror-image rRNAs,
tRNAs, mRNAs, r-proteins, and translation fac-
tors, the synthesis and in vitro assembly of
which can be tested and optimized in the
natural-chirality version first, after which the
mirror-image version can be synthesized and
assembled following the same methodology.
Because themirror-imageT7–transcribed L-RNAs
contain no RNAmodification, the translation-
ally essential modifications of the 16S and 23S
rRNAs (the 5S rRNA is known to contain no
modifications) (45, 46) can also be validated in
the natural-chirality version and may be added
either chemically or enzymatically (11) to the
mirror-image T7–transcribed L-RNAs. More-
over, although the efficiency and fidelity of the
synthetic mirror-image T7 RNA polymerase
appear sufficient for transcribing themirror-
image rRNAs, tRNAs, and mRNAs for mirror-
image translation, the accuracy of mirror-image
gene assembly remains to be further improved
for preparing high-quality long mirror-image
genes (8). The realization of mirror-image trans-
lation will complete the mirror-image central
dogma of molecular biology (Fig. 1A), trans-
lating D-proteins and enabling various prac-
tical applications such as the directed evolution
and selection of biostable D-peptide drugswith

a mirror-image version of ribosome or mRNA
display (47, 48).
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Mirror-image T7 transcription of chirally inverted ribosomal and functional RNAs
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Writing genes in mirror image
Large mirror-image enzymes and RNAs are necessary to build mirror-image biology and related applications, but
the synthesis of these components has remained challenging. Xu and Zhu chemically synthesized a 100-kilodalton
mirror-image T7 RNA polymerase, which enabled efficient and faithful transcription of high-quality l-RNAs as long as
2.9 kilobases. The realization of mirror-image T7 transcription is an important step in synthesizing the mirror-image
ribosome toward creating functional in vitro mirror-image biomolecular systems and may provide new opportunities for
practical applications in diagnostics and therapeutics. —DJ
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