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ABSTRACT
RNA-dependent RNA polymerase (RdRp) is a primary target for antivirals. We report that Nsp12, a catalytic
subunit of SARS-CoV-2 RdRp, produces an inactive enzyme when codon-optimized for bacterial expression.
We also show that accessory subunits, NTPs, and translation by slow ribosomes partially rescue Nsp12. Our
findings have implications for functional studies and identification of novel inhibitors of RdRp and for rational
design of other biotechnologically and medically important expression systems.

RNA viruses pose an existential threat to humankind. The coronaviral (CoV) genome encodes several nonstructural proteins (Nsps) required for viral replication and gene expression1. Among these, Nsp12 plays a
central role as a catalytic subunit of RdRp. A minimally active SARS-CoV-2 RdRp consists of Nsp12, Nsp7, and two
copies of Nsp82-4 (7•82•12; Fig. 1A). Single-particle cryogenic electron microscopy (cryoEM) structures of RdRp2-4
provide an excellent framework for understanding the mechanism of RNA synthesis and for the identification of
novel RdRp inhibitors, studies that, in turn, critically depend on the availability of robust expression systems and
active RdRp preparations. Since structures obtained with RdRp produced in Escherichia coli2,4 and insect cells3
are similar, we used the E. coli expression platform described in ref.2 (Extended Data Fig. 1) to initiate
mechanistic studies of SARS-CoV-2 RdRp. Subsequent in vitro experimentation revealed that RdRp assembled
with thus purified Nsp12, which we will refer to as 12R, was largely inactive. After a process of elimination, we
identified Nsp12 recoding as an underlying reason for this low activity.
Nsp12R contains a non-cleavable C-terminal His10 tag, is relatively soluble when produced in E. coli and is easily
purified under “native” (non-denaturing) conditions. However, the 7•82•12R enzyme exhibited negligible activity
on a number of different templates, including the optimal hairpin scaffold3, which could be extended only at
very low salt (Fig. 1B). An extensive survey of purification schemes, RNA scaffolds, and reaction conditions failed
to identify conditions that supported efficient primer extension, and the removal of the His tag, proposed to be
detrimental5, did not increase activity (Fig. 1B). In their follow-up study, Rao and colleagues reported similar
results6, arguing that further optimization would be futile.
A robust enzyme activity is essential for functional studies - to rephrase the fourth commandment of
enzymology7, thou shalt not waste clean thinking on dead enzymes, and indispensable for the drug design and
screening. Our survey of published reports failed to reveal an obvious reason for low activity - under similar
reaction conditions, some RdRps were able to completely extend the RNA primer in minutes3,5,8, whereas others
failed to do so in an hour6,9, regardless of the expression host. Idiosyncratic but reproducible variations in
activity can arise from recombinant protein misfolding; indeed, co-expression of Nsp12, a multi-domain 9322
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Fig. 1. A. Transcribing RdRp. Nsp7 and Nsp8 are shown as surface, Nsp12 – as cartoon, with individual domains
highlighted; PDB ID 6YYT. B. The RdRp activity on the RNA hairpin scaffold shown on top. Under permissive (15 mM KCl)
condition, removal of the His tag (ΔHis) does not increase Nsp12R activity, but Nsp12A expressed from an mRNA that
retains rare codons is more active. Fractions of the extended RNA (% Ext.) at 10 min are shown (mean ± s.e.m.; n = 3).
C. Intrinsic tryptophan fluorescence of Nsp12 proteins; the spectra of denatured proteins confirm that their
concentrations are identical. The mean and s.e.m. of triplicate measurements are shown as lines and shaded bands,
respectively, in this and other figures. D. Mapping the EDC modifications. Lines show positions of monolinks (outside)
and crosslinks (inside) mapped onto the Nsp12 schematic, with the domains colored as in panel A. Colors indicate
differences in reactivity: residues in red were reactive only in Nsp12R; in blue – in Nsp12A; in black –in both proteins.
Only high-confidence monolinks (<10-5) and crosslinks (<10-3) are shown; see Extended Dataset 1.

residue protein, with cellular chaperons improves its activity5,10. The feasible source of this variability could lie in
the coding mRNA itself: whereas all Nsp12s have the same amino acid sequence (ignoring the tags), their coding
sequences (CDS) have been altered to match the codon usage of their respective hosts to maximize protein
expression. This approach is routinely used by us and others, yet protein function can be compromised even by
a single synonymous codon substitution11, and protein expression in an E. coli RIL strain, which alleviates codon
imbalance by supplying some rare tRNAs, may hinder proper folding12. The loss of ribosome pausing at rare
codons is thought to uncouple the nascent peptide synthesis from its folding, giving rise to aberrantly folded
proteins11,13.
3

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.24.428004; this version posted January 25, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

The viral nsp12 mRNA is not optimized for translation in human cells14, whereas the 12R codon usage matches
that of highly expressed E. coli genes, suggesting that the 12R CDS could be over-optimized. Consistently, we
found that RdRp assembled with Nsp12A, whose CDS has more rare codons (Extended Data Fig. 2), had a much
higher activity on the hairpin scaffold (Fig. 1B). We also noted that Nsp12A co-purified with nucleic acids,
whereas Nsp12R did not; subsequent gel shift assays revealed that 7•82•12A readily bound the RNA hairpin,
whereas 7•82•12R did not (Extended Data Fig. 3).
To test whether Nsp12R is misfolded, we used several approaches. First, we assessed the Nsp12 thermal stability
using differential scanning fluorimetry. We recorded melting temperatures (Tm) of 41.3 oC for Nsp12R and 47.3 oC
for Nsp12A (Extended Data Fig. 4A); Tm of 43.6 oC was reported for another E. coli-expressed Nsp1215. Second, we
compared the fluorescence spectra of Nsp12, which contains nine tryptophan residues expected to be sensitive
to microenvironment 16. Nsp12A and Nsp12R exhibit similar emission peaks but the Nsp12A intensity is two-fold
higher (Fig. 1C), suggesting that at least one Trp is more buried; the derivative spectra (Extended Data Fig. 4B)
did not reveal any additional differences. These results show that Nsp12A and Nsp12R structures are different
but cannot identify the altered regions. We next used a carboxyl- and amine-reactive reagent EDC [1-ethyl-3-(3dimethylaminopropyl)carbodiimide) to map solvent-accessible (surface) residues and intra-protein crosslinks by
mass spectrometry. We observed significant differences in the accessibility of several regions centered at
residues 150 (NiRAN domain), 415 (Fingers), 600 (Palm), and 850 (Thumb) and in crosslinking, particularly of the
NiRAN domain (Fig. 1D).
Although an overall abundance of underrepresented codons could slow translation, in many cases the ribosome
must pause at one or more rare codons to promote folding of a “problematic” region. There are more
differences between the 2.8 kb mRNAs encoding Nsp12A and Nsp12R than there are similarities (Extended Data
Fig. 2). The produced proteins also differ in their N- and C-termini (Extended Data Fig. 1) but, based on available
structural data, an extra N-terminal glycine would not be expected to account for dramatic differences in EDC
reactivity (Fig. 1D and Extended Dataset 1). Comparative analysis identified two regions that contained rare codon
clusters in the viral and 12A mRNAs, but not in 12R (Fig. 2A and Extended Data Fig. 5). We constructed chimeric
proteins in which these 12A segments were replaced with corresponding segments from 12R, generating proteins
with identical amino acid sequences (Fig. 2A). We found that while toggling of codons [143-346] between active
and inactive Nsp12 variants did not alter the RdRp activity, a chimeric protein with codons [350-435] derived
from the 12R CDS was defective (Fig. 2B). Together with the EDC modification patterns (Fig. 1D), these data
suggest that controlled translation of the 350-435 region is important for Nsp12 folding and that changes in
contacts with Nsp7 (Extended Data Fig. 6), which are critical for RdRp activity3, could be partially responsible for
the low activity of Nsp12R.
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Fig. 2. Determinants of the Nsp12 activity. A. Translational context around residue 400 is critical for the correct
folding of Nsp12. SARS CoV-2 genomic nsp12 RNA (with domain boundaries shown on top) contains clusters of rare
codons (purple bars); only 12A CDS has rare codons (cyan bars) at the corresponding positions. B. A chimeric Nsp12-AR2
protein is defective in RNA synthesis. C-E. Reactivation of Nsp12R via (C) formation of RdRp at 37 oC; (D)
preincubation with NTPs; and (E) translation by slow ribosomes. RNA extension is shown as mean ± S.E.M. and p
value was calculated by unpaired two-tailed t-test. n.s., not significant; **, p < 0.01.

Analysis of Nsp7/Nsp12 interactions by Trp fluorescence reveals that Nsp7 binds to both Nsp12 subunits and
may favor a similar, Nsp12A-like state (Extended Data Fig. 6). In support of the “scaffolding” function of the
accessory subunits, we found that preincubation of Nsp12R with Nsp7 and Nsp8 led to an increased activity (Fig.
2C).
The patterns of EDC modification (Fig. 1D) suggest the NiRAN domain may be folded differently in Nsp12A and
Nsp12R proteins. While the effect of this domain on RNA synthesis has not been studied, it is known to bind
nucleotides4. We compared RNA synthesis under “standard” conditions, in which RdRp is prebound to the RNA
scaffold prior to the addition of NTP substrates, to the “NTP-primed” reaction in which the order of addition was
reversed (Fig. 2D). Our results show that preincubation with NTPs strongly potentiates Nsp12R activity, an effect
that could be mediated by the NiRAN domain; we are working to elucidate the mechanism of NTP-dependent
activation.
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We next tested if slowing translation would promote Nsp12 folding. We constructed a BL21 strain with a K42T
mutant of the ribosomal protein S12 (M&M) and compared the Nsp12R protein purified from this “slow” BL21
variant to the protein purified from the wild-type BL21. We found that Nsp12R purified from the mutant BL21
was more active (Fig. 2E), consistent with the favorable effect of attenuated translation.
Our results demonstrate that over-optimized Nsp12R mRNA produces a soluble but misfolded protein. Despite
dramatic differences in their activities, all structures of Nsp12 transcription complexes are similar2,4, reflecting
the purifying selection of cryoEM analysis in which 95% of inactive conformers could be ignored because only
active complexes are reported. However, using inactive enzymes would compromise ensemble experiments;
e.g., a comparison of SARS and SARS CoV-2 RdRp15 would generate opposite conclusions if Nsp12R or Nsp12A
were used. Even more critically, the inactive RdRp should not be used to screen potential inhibitors.
While recoding is routinely used to optimize heterologous protein expression, the existence of rare codons in
mRNAs encoding essential proteins indicates their important roles; for example, native non-optimal codons in
intrinsically disordered regions (IDR) are essential for function of circadian clock oscillators11. IDRs often serve as
platforms for protein-protein interactions17, but can become trapped in unproductive states in the absence of
their partners. Our analysis supports this scenario: an unstructured region that binds Nsp7 displays significant
differential sensitivity to EDC (Fig. 1D) and Nsp7 favors an “active-like” Nsp12 conformation (Extended Data Fig.
6). When added to the misfolded Nsp12, Nsp7/8 only modestly increase its activity (Fig. 2C). However, as all
Nsps are produced as a giant precursor in the virus-infected cells1, the accessory subunits could aid Nsp12
folding co-translationally, as apparently happens during their co-expression in E. coli5. Likewise, co-expression of
E. coli RNA polymerase subunits suppresses assembly defects conferred by deletions in the catalytic subunits18.
By contrast, single-subunit RdRps may be more dependent on the ribosome kinetics for proper folding.
Our results show that SARS-CoV-2 RdRp is highly active when expressed from an under-optimized mRNA and are
of paramount importance for the ongoing search for antivirals against Covid-19. But more broadly, they show
that the ubiquitous first step in designing a perfect heterologous expression system, the codon frequency
optimization, may backfire spectacularly. The importance of co-translational folding, particularly for large and
dynamic proteins that contain essential mobile regions, emphasizes a need for integration of diverse
approaches, from ribosome profiling to machine learning, during the rational design of coding sequences.
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