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Silencing Transcription from an Influenza Reverse Genetics Plasmid
in E. coli Enhances Gene Stability
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ABSTRACT: Reverse genetics (RG) systems have been instrumental for determining the molecular aspects of viral replication,
pathogenesis, and for the development of therapeutics. Here, we demonstrate that genes encoding the influenza surface antigens
hemagglutinin and neuraminidase have varying stability when cloned into a common RG plasmid and transformed into Escherichia
coli. Using GFP as a reporter, we demonstrate that E. coli expresses the target genes in the RG plasmid at low levels. Incorporating lac
operators or a transcriptional terminator into the plasmid reduced expression and stabilized the viral genes to varying degrees.
Sandwiching the viral gene between two lac operators provided the largest contribution to stability and we confirmed the
stabilization is Lac repressor-dependent and crucial for subsequent plasmid propagations in E. coli. Viruses rescued from the lac
operator-stabilized plasmid displayed similar kinetics and titers to the original plasmid in two different viral backbones. Together,
these results indicate that silencing transcription from the plasmid in E. coli helps to maintain the correct influenza gene sequence
and that the lac operator addition does not impair virus production. It is envisaged that sandwiching DNA segments between lac
operators can be used for reducing DNA segment instability in any plasmid that is propagated in E. coli which express the Lac
repressor.

KEYWORDS: neuraminidase, NA, hemagglutinin, HA, lac operon, cloning toxic genes, influenza virus rescue, influenza A virus, IAVs,
regulatory elements, iVEC

H INTRODUCTION Influenza A virus (IAV) RG systems have been instrumental
Plasmid-based reverse genetics (RG) systems enable viral for addressing key questions about the viral life cycle, virus
genomes to be rapidly modified in a directed manner, evolution, and for developing new influenza vaccine
providing molecular details about viruses that were previously strategies.” '’ The first systems involved the transfection of
very difficult to ascertain. These systems were first developed twelve or sixteen plasmids into mammalian cells;”"' ™" eight
in the 1980°’s—90’s for positive and negative stranded RNA human RNA polymerase I (Pol I) promoter-driven plasmids
viruses"” and are now commonly used to investigate viral for transcribing the eight negative-sense viral RNA (VRNA)
pathogenesis, virus—host interactions, and replication.}'_5 gene segments and eight or four RNA polymerase IT (Pol II)

Similarly, viral RG systems have been utilized to introduce
changes that attenuate a virus for the development of live virus
vaccines or for creating more “customized” vaccines that use a
virus to 6produce and elicit a response against an antigen of
choice.”® Despite the numerous advances and applications,
viral RGs are still dependent on the ability of Escherichia coli to
propagate plasmids containing viral genes and/or genome
segments, which are ultimately used to produce infectious virus
following transfection into an appropriate cell line.

promoter-driven plasmids for transcribing either all the viral
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Figure 1. Human and avian HIN1 NA plasmid library construction for influenza RG. (A) Schematic of the iVEC cloning strategy for creating the
human and avian NA subtype 1 (N1) plasmid libraries. Each N1 gene segment and the pHW plasmid were amplified by PCR prior to E. coli
transformation. (B) Table displaying the number of human and avian N1 gene segments readily cloned into the pHW plasmid. Asterisk denotes
three avian N1 gene segments (from 1983, 1991, and 1999) that required multiple cloning attempts. (C) Diagram showing the typical mutations
observed in the 1983, 1991, 1999 avian N1 gene segment clones. (D) Agarose gel (0.8%) image of the PCR-amplified pHW plasmid and N1y and
N1, gene segments. (E) Representative images of E. coli colonies obtained following transformation with the PCR-amplified pHW plasmid alone
and with the indicated N1 gene segments cloned into pHW. Higher magnification insets show the typical large (L) colony size observed for the
PHW + Nl transformed bacteria and the atypical smaller (S) colony size of the pHW + N1y, transformed bacteria. LB-agar Amp plates images
include scale bars that correspond to 1 cm. (F) Agarose gels displaying the NA PCR screening results for 10 randomly selected colonies from each
transformation. Bands corresponding to pHW N1gg and N1, positive clones are shown (arrowhead) along with products of the wrong size (*) and
target-independent PCR products (¢) observed from the empty pHW plasmid. NA genes in positive clones were verified by sequencing. Data in
panels E and F are representative of three biological repeats.

mRNAs or only the mRNAs encoding for the nucleoprotein plasmids,”" eight-plasmid systems based on pHW continue to
(NP) and the three polymerase subunits. These initial plasmids be widely used.
were modified further to create an elegant bidirectional Multiple studies have reported difficulties cloning several

IAV gene segments (e.g, PB2, PB1, and HA) into established
RG plalsmids,n_24 suggesting particular influenza genes are
unstable or “toxic” in E. coli. Problems associated with cloning
viral genes or cDNAs are not unique to IAVs and have been
extensively reported for flaviviruses including Dengue virus,

(ambisense) construct that can efficiently generate IAVs
from eight plasmids."”"> In this system, each pHW plasmid
contains one IAV gene segment flanked by a Pol I and a Pol II
promoter resulting in the transcription of both vRNAs and

mRNAs from all eight gene segments following co-transfection Japanese encephalitis virus, and Kunjin virus.”>*® However,
into 293T cells. Although additional 1163122m1d—based RG mechanistic data explaining these observations is lacking and
systems have been developed for IAVs, " ™ including one the studies that have investigated unstable viral genes have
that combines synthesized IAV gene segments with backbone generally inferred the instability is a result of viral gene
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Figure 2. Analysis of gene expression from the pHW plasmid in E. coli. (A) Diagram of the assay used for monitoring gene expression from the
pHW plasmid in E. coli. Bacteria transformed with the pHW plasmid containing N1og or sfGFP genes were grown overnight, lysed and analyzed by
FSEC to detect sfGFP expression. (B) Representative FSEC chromatograms of lysates from E. coli transformed with the indicated pHW plasmids
are displayed. The peak corresponding to sfGFP is indicated. Arrowheads show the elution volumes of the indicated molecular weight standards.

expression in E. coli. More recently it has been suggested that
transcripts from heterologous genes cloned into plasmids can
also contribute to their instability in E. coli.”” Supporting both
of these possibilities for IAV genes, cryptic E. coli promoter-like
sequences have been identified in the Pol II (CMV)
promoter,”**” which is a common feature in several viral RG
plasmids. In addition, regions within multiple viral genomes
(e.g, S" UTR’s of Dengue and Kunjin viruses, the 5" LTR of
Rous sarcoma virus, and the Hepatitis B virus pre-core region)
have been shown to facilitate transcription in E. coli.”***~>

Several approaches have been reported to increase the
stability of IAV RG plasmids in E. coli. These include
exchanging the E. coli origin of replication in the RG 4plasmid
for one that produces low copy numbers,””*" using
recombination deficient E. coli strains for propagating the
plasmid,”* and growing the transformed E. coli at low (25—32
°C) temperatures.” Although each of these approaches have
advantages, none of them provide a universal solution for
cloning potentially unstable genes that require amplification in
E. coli for DNA isolation or protein production.

Our laboratory has frequently encountered difficulties in
cloning specific neuraminidase (NA) and hemagglutinin (HA)
gene segments from [AVs into a common RG plasmid (pHW).
Based on this observation, we examined if the IAV gene
segment or features in the RG plasmid are responsible for the
instability in E. coli. Our results show that genes cloned into
the RG plasmid can be transcribed and translated in E. coli and
that the addition of bacterial regulatory elements can decrease
gene transcription and consequently stabilize the problematic
NA and HA gene segments in the plasmid. The largest
contribution to stability was achieved by sandwiching the
influenza gene segment between two lac operators in the
plasmid and combining it with E. coli such as XL10-Gold cells
that express an active Lac repressor, which can bind the two lac
operators cooperatively.*>*" The modified plasmid efficiently
produced IAVs following transfection into mammalian cells,
indicating that the Pol I and II promoters were not impaired.
Introducing the E. coli rrnB terminator sequence®”*® upstream
of the viral gene further increased its stability; however, this
also significantly reduced gene expression in mammalian cells
that could potentially impact viral production. The broader
applications of these plasmid modifications are discussed.
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B RESULTS

Construction of Human and Avian HIN1 NA Plasmid
Libraries. To assess temporal and species related changes in
the properties of NA from IAVs, we generated a RG plasmid
library carrying NA genes from human and avian HINT1 virus
isolates spanning several decades. The library was created by
an in vivo E. coli cloning (iVEC) approach where the NA
subtype 1 (N1) genes were inserted between the human Pol I
and cytomegalovirus Pol II promoters of the common
influenza RG plasmid pHW'® (Figure 1A). During con-
struction of the library, three of the avian N1s (1983, 1991,
and 1999) proved difficult to clone into the pHW plasmid
(Figure 1B). After more extensive screening, putative clones
were obtained for these NAs. However, the isolated plasmids
typically displayed point mutations, insertions, or hetero-
geneity in different regions of the NA genes (Figures 1C and
S1) indicating that the genes may be unstable in the E. coli
strain (XL10-Gold) which was used to produce the library.

We examined the cloning problem more thoroughly by
comparing the potentially unstable avian N1 gene from 1999
(N1g) to a more easily cloned avian N1 gene from 1998
(N1gg). Although no difficulties were observed in amplifying
each NA gene segment or the pHW plasmid (Figure 1D),
transformation with a mixture containing the amplified N1y
gene and pHW vector (pHW + N1y) yielded atypical E. coli
colonies on LB-agar Amp plates that were much smaller than
those that were observed following transformation with a pHW
+ Nlgg mixture (Figure 1E). PCR screening of randomly
selected large and small colonies from the plates showed that
all colonies transformed with pHW + N1y produced a band
corresponding with the expected full-length NA gene insert
(Figure 1F, middle panel), whereas only a minority (30%) of
the colonies transformed with pHW + Nlg, yielded the
expected ~1500 bp band (Figure 1F, right panel). Subsequent
sequencing of the plasmids revealed that the few potential full-
length pHW-N1yy clones frequently contained point muta-
tions, rendering them unsuitable for viral generation.

Analysis of Gene Expression from the Influenza RG
Plasmid in E. coli. Previous studies have shown that the CMV
promoter in eukaryotic expression plasmids contains E. coli
promoter-like sequences.””” Therefore, we hypothesized that
E. coli promoter-like sequences in the Pol II (CMV) promoter

https://doi.org/10.1021/acssynbio.2c00358
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Figure 3. Analysis of gene expression from the pHW plasmid variants in prokaryotic and eukaryotic cells. (A) Diagrams showing how plasmid-
derived gene transcription can be minimized by positioning (i) three cooperative wild type lac operator sequences or (ii) the E. coli rrmB
transcriptional terminator around a gene of interest. Note there are more possible Lacl interactions with the lac operator than shown. (B)
Schematics of pHW plasmid variants carrying sfGFP with three lac operator sequences (pHW/O,3), the rruB transcriptional terminator (pHW/
T,T,), and the lac operators combined with the terminator (pHW/O,,;T,T,). (C) FSEC chromatograms of E. coli lysates carrying the indicated
sfGFP pHW plasmid variants. The peak corresponding to sfGFP is indicated. FSEC data are representative of two biological and three technical
repeats. (D) GFP fluorescence of 293-T cell lysates prepared 60 h post-transfection with the indicated sfGFP pHW plasmid variants. Data are from
two biological repeats. (E) Representative images showing GFP fluorescence in 293-T cells 60 h post-transfection with the indicated sfGFP pHW
plasmid variants. Insets contain brightfield images of the confluent cell layer.

of the pHW plasmid may lead to the expression and
subsequent instability of influenza genes in E. coli. To test
our hypothesis, we transformed E. coli with a pHW reporter
plasmid (pHW-sfGFP) that encodes the robust super folder
green fluorescent protein (sfGFP)*’~*” and a control plasmid
(pHW-N1gg) harboring a stable NA gene (Figure 2A). No
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sfGFP fluorescence was detected in the E. coli using either a
plate reader or by imaging the colonies on a plate, indicating
any potential sfGFP expression was low and masked by the
inherent fluorescence of the E. coli."”*" To address this
possibility we used fluorescent size exclusion chromatography
(FSEC)* to monitor the sfGFP expression in whole cell

https://doi.org/10.1021/acssynbio.2c00358
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Figure 4. pHW plasmid variants differ in the ability to accommodate the N1,, gene segment. (A) Diagram of the N1 pHW plasmid variants that
were generated by iVEC. UTRs are from the N1 gene segment. (B) Agarose gel (0.8%) of the PCR-amplified pHW plasmid variants and indicated
N1 gene segments. (C) Representative images of E. coli colonies that were obtained following transformation with the indicated pHW plasmid
variants. Higher magnification insets show the typical large (L) colony size and the atypical small (S) colony sizes that were observed on the LB-
agar Amp plates. Scale bars correspond to 1 cm. (D) Agarose gels displaying the PCR screening results of 10 randomly selected colonies from each
transformation. Bands corresponding to the predicted NA gene size are indicated. Asterisks denote bands that are not of the expected size. NA
genes in positive clones were verified by sequencing. Data in panels C and D are representative of three biological repeats.

bacterial lysates (Figure 2A). Following the FSEC analysis, a
clear peak corresponding to sfGFP was only observed from the
bacteria transformed with pHW-sfGFP (Figure 2B), indicating
that genes inserted into the pHW plasmid are expressed in E.
coli at a low but detectable level.

Based on the sfGFP results, we attempted to silence gene
expression from the pHW plasmid in E. coli by introducing the

436

three natural lac operator sequences*’ and/or the widely used
transcriptional terminator from the rrnB gene®>° into the
pHW plasmid backbone (Figures 3A and S2). In one of the
modified plasmids, a single lac operator sequence was
positioned upstream of the Pol II promoter, another was
positioned before the sfGFP gene, and a third was positioned
downstream of the sfGFP gene (Figure 3B, pHW/O,,;). This

https://doi.org/10.1021/acssynbio.2c00358
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configuration was chosen because it mimics the natural lac
operon and allows for the binding of multiple Lac repressors
which can interact with each other to form loops in the DNA
and potentially enhance transcriptional repression.””**** The
second modified plasmid contained the transcription termi-
nation region of the E. coli rrnB gene®*° upstream of the
sfGFP gene (Figure 3B, pHW/T,T,), and the third modified
plasmid contained the three lac operators and the terminator
(Figure 3B, pHW/O,,;T T,). To analyze how the different
modifications affected expression, the plasmids were trans-
formed into E. coli that express the Lac repressor and the
sfGFP level in each whole cell lysate was measured by FSEC.
Compared to bacteria transformed with the non-modified
plasmid pHW-sfGFP, the GFP signal was reduced by ~50% in
the bacteria transformed with pHW/O,;-sfGFP and by ~95%
in the bacteria transformed with pHW/T,T,-sfGFP (Figure
3C). The GFP signal was further reduced in the bacteria
transformed with pHW/O,,T,T,-sfGFP (Figure 3C), indicat-
ing the operator and terminator combination almost
completely silences transcription from the pHW plasmid in
E. coli.

To determine if the presence of the lac operators or the
transcriptional terminators hindered the gene expression
driven by the Pol II promoter, we transfected 293T cells
with each of the plasmids. The transfected cell lysate
fluorescence (Figure 3D) and live cell imaging (Figure 3E)
both showed that the GFP signal with pHW/O,,;-sftGFP
transfected cells was ~60% of the pHW-sfGFP transfected
cells. In the cells transfected with either pHW/ T, T,-sfGFP or
pHW/O,,,T,T,-sfGFP, the GFP signal was reduced to ~10%
of the pHW-stGFP transfected cells, indicating that the lac
operators have less of a negative impact on mRNA tran-
scription from the plasmid in eukaryotic cells.

Stability of the Avian N1y, Gene Segment in the
Modified pHW Plasmids. To test if the regulatory elements
improved the ability to clone the problematic avian N1gyy gene,
we compared the cloning results using the pHW plasmid with
the three modified pHW plasmids (Figure 4A). Despite the
presence of highly structured sequences,” no difficulties were
observed in amplifying the three modified pHW plasmids by
PCR (Figure 4B). Transformations with the pHW/O,; +
Nlgg and pHW/O 53T T, + Nlgg mixtures both produced E.
coli colonies that were larger than the pHW + Nlgy colonies
and more similar in size to the colonies obtained from the
pHW + Nlgg control transformation (Figure 4C). Colonies
from the E. coli transformed with the pHW/T T, + Nlg
mixture remained small (Figure 4C), which was unexpected
based on the sfGFP results. The phenotypic observations were
supported by a PCR screen of randomly selected large and
small colonies as almost 100% of the pHW/O,3 + N1y and
pHW/O 53T T, + N1y colonies yielded a band corresponding
to the full-length N1y, insert, whereas only 65% of the pHW/
T,T, + Nlgy colonies and 52% of pHW + Nlg, colonies
yielded the expected band (Table 1 and Figure 4D). The high
positive screen rates for pHW/Opy; + Nlgy and pHW/
0,,3T,T, + Nlgy were in line with the 94% positivity rate for
the control transformation with pHW + Nlgg (Table 1),
suggesting the lac operators effectively minimize the instability
in E. coli that is caused by the transcription of the NA gene
from the pHW plasmid.

Stability of HA Gene Segments in pHW/O,,3. Similar to
a previous study,”* we also experienced problems cloning two
different HA (H1 and H6) gene segments into the pHW
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Table 1. Colony Screening of NA Gene Segments Cloned
into the pHW Plasmid Variants®

Plasmid Positive full-length clones
PHW + Nlgg 31/33 (93.9%)
pHW + Nl 17/33 (51.5%)

pHW/O,,; + Nl
pHW/T1T2 + Nl
pHW/O,,,T1T2 + Nlg,

21/23 (91.3%)
15/23 (65.2%)
23/23 (100%)

“NA gene segments and the indicated pHW variant were amplified by
PCR, mixed, and transformed into E. coli. Putative positive full-length
clones were determined by a PCR screen of randomly selected
colonies using a primer pair that targets an upstream region in pHW
(pHW Screen) and the 3’ end of the NA insert (NA reverse).

plasmid (Figure S3), making them ideal targets for testing the
general ability of pHW/O,,; to increase the stability of
influenza genes (Figure SA). As expected, no difficulties were
observed in amplifying pHW/O,; or the H1 and H6 gene
segments (Figure SB). Following transformation with pHW/
Oyy3 + HI, the colonies were noticeably larger than those
transformed with pHW + H1 (Figure SC, top two panels). For
the H6 gene, the results were somewhat different, but still
consistent. Transformation with pHW/O,; + H6 yielded
numerous small colonies that were found to contain H6,
whereas the transformation with pHW + H6 produced very
few large colonies and almost no small colonies (Figure SC,
bottom two panels). Random PCR colony screening showed
that 100% of the colonies transformed with pHW/O,,; + H1
and 87% of the colonies transformed with pHW/O,,; + H6
produced products of the expected length, compared to 70%
for pHW + H1 colonies and 15% for pHW + H6 colonies
(Table 2 and Figure SD). These screening results combined
with the phenotypic observations confirmed that the lac
operators in pHW can also stabilize HA genes, likely by
silencing expression of the HA gene from the plasmid in E. coli.

Dependence of H6 Gene Segment Stability on lac
Operator Locations in pHW/O, 3. To investigate if all three
lac operators are essential for H6 gene segment stability, we
created three additional variants of pHW/O,,; (Figure 6A).
One contained two operators located on either side of the gene
segment (pHW/O,,), the second contained two operators on
either side of the Pol II promoter sequence (pHW/O,;) and
the third was a control that contained only one operator
upstream of the Pol II promoter sequence (pHW/O;).
Transformation with pHW/O;; + H6 or pHW/O; + H6
both yielded few large colonies similar to pHW + H6. In
contrast, transformation with pHW/O,, + H6 or pHW/O,; +
H6 both produced numerous small colonies, suggesting that
the operators on both sides of the H6 gene segment are crucial
for its stability (Figure 6B). As expected, the control
transformation with pHW + N1 yielded mostly large bacterial
colonies. We then pooled five large and five small colonies
from each plate and screened for the presence of the full-length
H6 insert by PCR (Figure 6C). In all instances except one
(pHW/O, + H6), the pooled small colonies produced a band
at the expected size for full-length H6, whereas all the pooled
large colony preparations yielded a much smaller band. Taken
together, these data suggest that cryptic promoter-like
sequences within the H6 gene segment facilitate its expression
in E. coli and that the expression is likely toxic, resulting in the
formation of small E. coli colonies even when transcription of
the H6 gene segment is reduced. Supporting this hypothesis,
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Figure 5. HA (H1 and H6) gene segments are more readily introduced into the pHW/O,; plasmid variant. (A) Diagram of the HA (H1 and H6)
pHW and pHW/O,; plasmid variants that were generated by iVEC. 5’ and 3’ HA gene segment UTRs are indicated. (B) Agarose gel (0.8%)
image of the indicated PCR-amplified pHW plasmids and HA gene segments. (C) Representative images of E. coli colonies obtained following
transformation with the indicated pHW plasmid variants. Higher magnification insets show the large (L) and atypical small (S) colony sizes that
were observed on the LB-agar Amp plates following transformation. Scale bars correspond to 1 cm. (D) Agarose gel (0.8%) images displaying the
PCR screening results of 10 randomly selected colonies from each transformation. Bands corresponding to the HA gene predicted size are
indicated. Asterisks denote bands of the incorrect size. HA genes in positive clones were verified by sequencing. Data in panels C and D are

representative of three biological repeats.

Table 2. Colony Screening of HA Gene Segments Cloned
into the pHW and pHW/O,,; Plasmids”

Plasmid Positive full-length clones
pHW + H1 7/10 (70.0%)
PHW/O,,; + H1 10/10 (100.0%)
pHW + H6 2/13 (15.4%)

pHW/Oyy; + H6 13/15 (86.7%)

“HA gene segments and the indicated pHW variant were amplified by
PCR, mixed, and transformed into E. coli. Putative positive full-length
clones were determined by a PCR screen of randomly selected
colonies using a primer pair that targets an upstream region in pHW
(pHW screen) and the 3’ end of the HA insert (HA reverse).

low level transcription has been reported from most of the E.
coli genome, indicating that promoter recognition by the E. coli
RNA polymerase is rather promiscuous.

All of our data thus far suggests that expression from the
influenza genes in the pHW plasmid is responsible for the
observed instability and cloning difficulties. To test this more
directly, we equally divided the pHW/O,,; + H6 transformed
bacteria between plates that lacked and contained isopropyl f-
D-1-thiogalactopyranoside (IPTG), which prevents binding of
the Lac repressor to the lac operator*® (Figure 6D). In line
with our prior results (Figure 6B), E. coli transformed with
pHW/O,; + H6 and grown on agar plates lacking IPTG
yielded numerous small colonies. However, only a few large
colonies were observed when the same E. coli were grown on
LB-agar Amp plates containing IPTG, similar to the trans-
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formation with pHW + Hé. Plates (+/— IPTG) containing
pHW + Nlgg transformed E. coli were included as a control
and no differences in colony morphology were observed,
indicating the stability of the H6 gene segment in pHW/O ,; is
dependent on the binding of the Lac repressor to the lac
operators.

Influenza Virus Rescue Using pHW/O,,;. Addition of
two or more lac operators in the pHW plasmid made the
largest contribution to stability (Figures 4D and SD) and
showed the least impact on expression in mammalian cells
(Figure 3E). Therefore, we compared the viral rescue kinetics
from the pHW/O,; plasmid to the parental pHW plasmid.
For the initial analysis, viruses were generated using either the
pHW/O,,5-N1gy or pHW/O,,3-H6 plasmids together with
seven pHW backbone plasmids that encode for gene segments
from the HINI1 IAV strain A/WSN/1933 (WSN). Both
viruses generated with a pHW/O,; plasmid (WSNNV9%% and
WSNHE N/18:) showed a slight delay in the production of NA
activity and HAU titers (Figure 7A). However, at later time
points, NA activity and HAU titers equaled or exceeded those
for the viruses (WSNN'% and WSNHENVI8) generated
exclusively with pHW plasmids, indicating that viruses rescued
from the pHW/O,; plasmid reach similar titers to pHW
rescued viruses despite the slightly slower kinetics. We then
sent the same pHW-H6 and pHW/O,;-H6 plasmids for large
scale DNA production to determine if the plasmids could be
propagated in an independent lab setting. Virus
(WSNHE NVISH) (vas successfully rescued from the commercial
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Figure 6. Location and number of lac operators are crucial for H6 insertion into the modified pHW plasmid. (A) Diagram of the H6 pHW plasmid
variants that were generated with different combinations of the three lac operators by iVEC. 5’ and 3’ HA gene segment UTRs are indicated. (B)
Representative images of E. coli colonies obtained following transformation with the indicated pHW plasmid variants. Higher magnification insets
show the large (L) and small (S) colony sizes observed on the LB-agar Amp plates. Scale bars correspond to 1 cm. (C) Agarose gel (0.8%)
displaying the PCR screening results of five pooled L and S colonies from each transformation. Bands corresponding to the H6 gene predicted size
are indicated. The asterisk denotes a band of an unexpected size. (D) Representative images of E. coli colonies obtained from transformation with
the indicated plasmids and overnight growth on LB-agar Amp plates with and without IPTG. Higher magnification insets show the L and S colonies
that were observed. Scale bars correspond to 1 cm. Data in panels C and D are representative of three biological repeats.

pHW/O,;-H6 plasmid DNA, which contained the correct H6
sequence (Figure 7A). In contrast, the commercial pHW-Hé6
plasmid DNA contained an insertion in the H6 gene making it
unsuitable for virus rescue, further confirming that influenza
genes are more stable in the pHW/O,,; plasmid.

All rescued viruses were passaged in embryonated eggs to
determine if any differences were observed in viral propagation
or protein content. Each virus rescued from the pHW/O,;
plasmid preparations (WSNN!/%%% WSNHONI/ISx - 5n4
WSNH6 NI/18#) produced NA activities, HAU, and infectious
titers that were equivalent or higher than the analogous viruses
(WSNNV# and WSNHE NVI8) produced entirely from pHW
plasmids (Figure 7B and Table 3). SDS-PAGE analysis of the
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isolated viruses showed that the viral protein content was
similar and that the H6 and Nlgyy proteins resolved at the
expected molecular weights (Figure 7C), indicating pHW/O 53
retains the ability to produce recombinant virus.

To examine if the delay in the viral rescue kinetics would be
exacerbated in other settings, we compared the rescue of WSN
from eight pHW/O,; plasmids versus the eight parental pHW
plasmids. In addition, we compared the viral rescue from the
pHW/O,,3-N1yy plasmid versus the pHW-N1gy plasmid in
combination with seven different pHW backbone plasmids
from the HIN1 IAV strain A/PR/8/1934 (PR8). During the
rescue, the WSN viruses generated by the eight pHW/O,,;
plasmids and the eight pHW plasmids both displayed similar
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Figure 7. Influenza virus rescue using pHW/Oy,;. (A) NA activities and HAU titers of the indicated viruses during the RG rescue are displayed.
Measurements were from equal cell culture supernatant volumes at the indicated times. Asterisks indicate viruses (WSNNY/?%% and WSNH6 NI/18x)
generated with the pHW/O,;-N1gy and pHW/O,;-H6 plasmids, respectively. Hashtag (#) represents a virus (WSN'6 NV/18%) generated with a
commercial pHW/O,;-H6 plasmid preparation. (B) Indicated viruses were passaged in eggs for 72 h and the NA activities and HAU titers were
measured using equal allantoic fluid volumes. Individual egg data is displayed with the mean (bar). (C) Image of a non-reduced Coomassie-stained
SDS-PAGE gel (4—12%) containing the indicated virions (~$ ug) isolated by sedimentation. Oxidized (OX) forms of the NA and HA proteins are
indicated along with the viral proteins NP and M1. (D) NA activities and HAU titers of the indicated viruses during RG rescue are displayed.
Measurements were from equal cell culture supernatant volumes. Asterisks denote viruses generated with eight pHW/O,; plasmids (WSN*) or
the pHW/O,,3-N1go plasmid combined with seven PR8 pHW plasmids (PR8N'~%°*). (E) Viruses were passaged in eggs for 72 h, and the HAU
titers were measured from equal allantoic fluid volumes. Data from uninfected eggs were excluded. Each bar corresponds to the mean. (F) Non-
reduced Coomassie-stained SDS-PAGE gel image of the indicated virions (~5 ug) isolated by sedimentation. All P values were calculated from a

two-tailed unpaired t-test (95% CI).

NA activities and HAU titers, indicating that the delay in the
rescue kinetics is not amplified when pHW/O,; is used as an
eight plasmid system (Figure 7D). In contrast, only the PR8
virus %enerated from the pHW/O,3;-N1gy plasmid
(PR8NY?%*) produced measurable NA activity and HAU titers
by 96 h post-transfection (Figure 7D). Upon passaging the cell
culture media from the rescues in eggs, all four viruses grew,
and no significant differences were observed in the HAU titers
of the infected eggs (Figure 7E) or the protein profiles of the
isolated virions (Figure 7F). Together, these results show that
the more stable pHW/O,,; plasmid can be used in
combination with the parental pHW RG system or as a
stand-alone eight plasmid system to generate recombinant
viruses without any substantial loss in efficiency.

pHW/O,,; Allows Unstable Influenza Genes to be
Propagated in E. coli. During this study, small scale
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preparations of pHW-H6 and pHW/O,,;-H6 were sent for
commercial DNA production; however substantial changes
were found in the pHW-H6 plasmid DNA we received. Based
on this observation we re-transformed E. coli with the sequence
and PCR-verified (Figure 8A) small scale preparations of
pHW-H6 and pHW/O,,;-H6 to determine the stability of the
H6 gene segment during propagation of the plasmid DNA in
bacteria. Almost all colonies (99.5%) transformed with pHW/
O1,3-H6 showed the expected small phenotype (Figure 8B),
whereas almost all colonies (96.5%) transformed with pHW-
H6 were large (Figure 8B). PCR screening of randomly
selected small and large E. coli colonies transformed with
pHWO,,;-H6 produced a band at the expected size for full-
length H6, whereas all colonies transformed with pHW-H6
yielded a larger than expected band, suggesting that the
increased stability provided by pHW/O,; is equally crucial for
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Table 3. Infectious Titers of Rescued Viruses Following a
Single Passage in Eggs”

Rescued virus TCIDg,/mL EIDg,/mL
WSNN/ 1.4 x 10° nd.
WSNN/9% 2.3 % 107 nd.
WSNH6 N1/18 3.3 x 10* 6.8 X 107
WSNH N1/185 5.3 x 10* 6.8 x 107
WSNH6 NI/18# 2.5 x 10* nd.

“Median tissue culture infectious doses per milliliter (TCIDs,/mL)
were determined using MDCK cells in 96-well plates, and the results
represent the mean of two independent analysis. Median egg
infectious doses per milliliter were determined using specific
pathogen-free eggs. Asterisks indicate viruses rescued from the
pHW/O,,3-N1/g9 and pHW/O,;-H6 plasmids, respectively. The
hashtag (#) represents the virus rescued from a commercial
preparation of pHW/O,3-H6. n.d.—not determined.

plasmid propagation (Figure 8C). Taken together, these data
demonstrate that the pHW/O,,; plasmid can readily
accommodate unstable influenza genes while maintaining the
ability to efficiently generate recombinant IAVs.

B DISCUSSION

All influenza RG systems are dependent on E. coli for
generating and propagating the plasmids that contain the
viral gene segments. Our data demonstrates that the stability of
NA and HA genes vary during plasmid propagation in E. coli,
resulting in unwanted point mutations, deletions, or insertions.
Similar issues have been reported for other IAV genes, **
suggesting that influenza RG plasmids may frequently be
subject to selection pressure in E. coli and this could contribute
to unexpected and unwanted substitutions in the viruses that
are generated by transfecting these plasmids into mammalian
cells. Supporting this premise, we showed that E. coli express
genes in the RG plasmid and that the addition of transcrip-
tional regulatory elements can mitigate expression and
influenza gene instability in E. coli. The largest contribution
to gene stability in E. coli with the least impact on expression in
mammalian cells was achieved by sandwiching the influenza
gene between lac operators, and this modification was crucial
for subsequent plasmid propagation in E. coli. We confirmed

that the stabilization requires the Lac repressor and that viruses
rescued from the modified plasmid (pHW/O,,;) with a third
lac operator upstream of the Pol II promoter can reach high
titers following a single passage in eggs. These findings indicate
that the lac operators can stabilize the influenza genes in E. coli
that express the Lac repressor and that the approach of
stabilizing heterologous DNA sequences by sandwiching them
between lac operators can be used in any plasmid.

Numerous viral and non-viral genomic sequences have been
reported to be unstable or “toxic” in E. coli,”®" ™" and
multiple approaches for cloning unstable genes have been
developed [reviewed in ref 52]. These include in vitro
synthesis of the gene,” modifying regions of the toxic
gene'’™* and/or the use of recombination deficient E. coli
strains,”»>® low copy number plasmids,”*>*>> plasmids
containing negative selection markers™* or terrninators,50
lower E. coli culturing temperatures,” and more aggressive
antibiotic selection regimens.22 For stabilizing influenza genes,
most studies have used low copy number plasmids,”>**
recombination deficient E. coli strains,”* or reduced the E.
coli culturing temperature.”> However, none of these
approaches have been shown to prevent E. coli from expressing
the viral genes, increasing the likelihood of the bacteria
modifying the RG plasmids to mitigate “toxicity” during
plasmid propagation. Along these lines, the pHW plasmid
contains an E. coli origin of replication (OriC) from pBR322
that produces low to medium copy numbers,”® and yet the
instability of the NA and HA genes were exacerbated upon
propagation in E. coli and retransformation. Despite this
observation, these strategies are not mutually exclusive, making
it possible that we could further increase gene stability in our
plasmid by introducing a low copy number OriC or lowering
the E. coli incubation temperature.

The native lac operon in the E. coli genome achieves full
repression by using three operators that function coopera-
tively.”>** Therefore, we expected that the addition of three
operators would provide higher gene stability in the RG
plasmid than the common approach of using one lac operator.
However, we did not expect that the terminator would only
show some benefit in the presence of the three operators as we
found the terminator reduced the GFP reporter expression in
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Figure 8. H6 gene segment stability in pHW and pHW/O,; following re-transformation. (A) Agarose gel (0.8%) image of the PCR-amplified H6
gene segment from the sequence-verified H6 pHW and H6 pHW/Oy,; plasmids that were used for E. coli transformation. (B) Representative
images of E. coli colonies that were obtained on LB-agar Amp plates following transformation with the sequence and PCR verified H6 pHW and H6
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corresponding to the predicted H6 gene size are indicated. Asterisks denote a band that is not of the expected size.
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E. coli by ~95%, whereas the operators only reduced it by
~50%. This unexpected result suggests that some unstable
influenza genes may contain cryptic bacterial promoters that
express transcripts or gene products in E. coli that are “toxic”.
The presence of cryptic transcriptional or translational
regulatory elements within a viral genomic segment is not
without precedent,”**°~** and any of these possibilities could
explain why the lac operator located after the influenza genes
was instrumental for stabilization in the pHW/O,,; plasmid.

The benefit of the lac operators was most clearly shown for
the H6 gene which was also used to verify the Lac repressor
which is crucial for mitigating the instability. The same
construct was used to test if the influenza genes in the pHW/
Oy,; plasmid showed increased stability outside of our
laboratory. For this test, we sent sequence-verified pHW/
O,,3-H6 and pHW-H6 plasmids to a commercial service for
large-scale DNA preparation. However, only the pHW/O ;-
H6 plasmid was readily produced without mutations,
indicating the robustness of the pHW/O,,; plasmid. Addi-
tionally, it should be noted that the commercial service
amplified the plasmids in an E. coli DHS-alpha strain rather
than the XL-10 Gold strain used in our laboratory, confirming
that the instability of influenza genes in the original plasmid
(pHW) and the stabilizing effect of the modified plasmid
(pHW/O,,3) are not specific to a single E. coli cloning strain.

Cooperative repression in the native lac operon is thought to
occur by the formation of loops in the DNA that are created by
interactions between the bound Lac repressor tetramers.*>>***
We envisage that this mechanism also contributes to increased
gene stability in the pHW/O,,; plasmid. Additionally,
interactions between the bound repressors could also facilitate
the aggregation of multiple pHW/O1,; copies that are present
in an E. coli)’* making the genes inaccessible to the
transcription machinery. Since both mechanisms are likely to
function in the context of any plasmid or DNA sequence, we
speculate that the lac operator strategy for stabilizing influenza
genes in pHW would also function to stabilize any
heterologous DNA sequences in other plasmids that are
propagated in E. coli which express the Lac repressor. While
additional modifications such as the inclusion of the Lac
repressor gene on the plasmid itself could offer further
improvements to the strategy, our results show that minimizing
gene expression in E. coli provides a clear advantage for
plasmid-based influenza RG systems.

B METHODS

Reagents. Dulbecco’s modified Eagle medium (DMEM),
fetal bovine serum (FBS), L-glutamine, penicillin/streptomycin
(P/S), Opti-MEM 1 (OMEM), Simple Blue Stain, Novex 4—
12% Tris-glycine SDS-PAGE gels, Novex Sharp Unstained
Protein Standard, GeneRuler 1 kb Plus DNA Ladder, LB
Medium Dehydrated Capsules, and the Phusion High-Fidelity
DNA Polymerase were all purchased from Thermo Fisher
Scientific. His-tagged Pfu X7 DNA Polymerase was prepared
in-house by immobilized metal affinity chromatography for
routine PCR-based bacterial colony screening. XL10-Gold
Ultracompetent cells were acquired from Agilent Technolo-
gies, Inc. Note XL10-Gold cells have a mutation in the lacl
gene 5promoter (lacl?), resulting in higher Lac repressor
levels.”” SIGMAFAST EDTA-free Protease Inhibitor cocktail
tablets and IPTG were obtained from Sigma-Aldrich. DpnlI,
TransIT-LT1 transfection reagent, and 2’-(4-methylumbelli-
feryl)-a-p-N-acetylneuraminic acid (MUNANA) were ob-
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tained from New England Biolabs, Mirus Bio, and Cayman
Chemicals, respectively. Specific-pathogen-free (SPF) eggs and
turkey red blood cells (TRBCs) were purchased from Charles
River Labs and the Poultry Diagnostic and Research Center
(Athens, GA), respectively. All cloning and screening primers
(Table S1) used in this study were synthesized by Integrated
DNA Technologies.

Plasmids and Constructs. The eight WSN (A/WSN/33)
and PR8 (A/PR/8/34) RG plasmids were provided by Dr.
Robert Webster (St. Jude Children’s Research Hospital). The
RG plasmids were sequenced, and the GenBank Identifications
along with the details for generating the NA (NI1-BRIS;
GISAID ID: EPI1212833) RG plasmid were described
previously.”® To create the NA [Human HIN1 (1935—
2019), Avian HIN1 (1976—2019)] and HA [H1-BR18
(GISAID ID: EPI1212834) and H6 (GenBank ID:
CY087752.1)] RG plasmids, the NA and HA gene segments
with their respective 5’ and 3’ untranslated regions (UTR’s)
were amplified by PCR using gene specific primers with
overhangs matching the plasmid insertion sites (Table S1) and
commercially synthesized as gene templates in pUCS7
(GenScript USA). The amplified genes were then cloned
into a PCR-amplified pHW2000 (referred to here as pHW)
plasmid backbone'® using iVEC, which involves mixing the
Dpnl treated PCR reactions at 3:1 molar ratio of insert/vector
prior to transformation.”” The gene encoding sfGFP’’ was
synthesized together with different combinations of the lac
operators (pHW-sfGFP, pHW/O,,;-sfGFP, pHW/O,,-GFP,
pHW/O,;-sfGFP, and pHW/O;-sfGFP) and/or the E. coli
rrnB gene terminators (pHW/T1T2-sfGFP and pHW/
0,,;T1T2-sfGFP) and cloned into the SnaBl/Nael sites of
the pHW plasmid (GenScript USA). The avian N1 (1999 NA;
GenBank ID: CY016957) and the HA (H1-BR18 and the H6)
gene segments together with their 5’ and 3’ UTR’s were
cloned into the modified pHW plasmids by replacement of the
gene encoding sfGFP using iVEC.

Transformation and Colony Screening. Ligation
reactions consisting of 1 uL of the PCR insert and vector
mixtures were transformed into 50 yL of XL10-Gold cells per
the manufacturer’s instructions (Agilent) and cultured over-
night at 37 °C on LB-agar ampicillin plates. Plates were imaged
with an Azure C600 and 5—10 individual or pooled colonies
were randomly selected for growth on a master plate and for
direct colony screening by PCR. For screening, colonies were
resuspended in 1X PCR reaction buffer (RB) (10x RB: 200
mM Tris-HCI pH 8.8, 100 mM KCl, 60 mM (NH,),SO,, 20
mM MgSO,, 1 mg/mL BSA and 1% Triton) for lysis and the
DNA was amplified over 30 cycles using Pfu X7 DNA
polymerase and a primer pair targeting the plasmid (pHW
FWD screening primer) and the specific insert (NA/HA
reverse primer). The amplified DNA was analyzed by agarose
gel (0.8%) electrophoresis. Overnight liquid cultures (LB
broth) were used to amplify the positive clones for additional
studies including virus rescue. Plasmid DNA was isolated using
the QIAprep Spin Miniprep Kit (Qiagen), and all constructs
were sequenced prior to use (Macrogen).

Fluorescent Size Exclusion Chromatography. Plasmids
containing the gene encoding sfGFP were transformed into
XL10 Gold cells and amplified overnight in 10 mL LB broth
cultures containing 100 pg/mL ampicillin. The following day,
1 mL of the overnight culture was sedimented (10,000g; S
min) and the bacterial pellets were resuspended in 1 mL lysis
buffer (50 mM Tris-HCl pH 7.0, 150 mM NaCl, 1 mM MgCl,,
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200 pg/mL lysozyme, 1X EDTA-free protease inhibitors, spec
DNase I), incubated for 30 min at room temperature and
sonicated on ice (S s X 6; amplitude 10%). The sonicated
lysates were sedimented (6000g; 1 min) to remove insoluble
debris and analyzed by FSEC using an Agilent 1260 prime
HPLC equipped with an AdvanceBio SEC 300A column and a
fluorescent detector set at 486 nm excitation and 524 nm
emission wavelengths. A protein standard (AdvanceBio SEC
300A protein standard; Agilent) of known molecular weights
was included in each run to estimate the molecular weight/
stokes radius of the expressed sfGFP.

GFP Expression Analysis. HEK 293T/17 cells (CRL-
11268) were cultured at 37 °C with $% CO, and ~95%
humidity in DMEM containing 10% FBS and 100 U/mL P/S.
For each transfection, ~7.5 X 10° HEK cells in DMEM
containing 10% FBS were seeded in a 12-well plate. When the
wells reached 75—80% confluency, ~24 h post seeding, 1.0 ug
of each pHW plasmid encoding sfGFP was separately added to
100 uL of OMEM, mixed with 3 uL of TransIT-LT1
transfection reagent, and incubated for 30 min at room
temperature before addition to a well containing the HEK
cells. Live-cell imaging for GFP expression was performed ~60
h post-transfection using a Keyence BZ-X810 fluorescence
microscope with a 10X objective and a BZ-X GFP cube filter
(470 nm excitation and 525 nm emission wavelengths). Image
capture settings were fixed across the experiment. Post-
imaging, the cells in each well were harvested in 1 mL 1X
phosphate buffered saline pH 7.2 (PBS), sedimented (6000g; 1
min), and resuspended in 150 uL lysis buffer (50 mM Tris-
HCI pH 7.0, 150 mM NaCl, 0.5% n-dodecyl-f-p-maltoside,
and 1X EDTA-free protease inhibitors). The lysed samples
were sedimented (6000g; 1 min) to obtain a post-nuclear
supernatant. GFP relative fluorescence units (RFU’s) in each
post-nuclear supernatant (100 L) were measured in a 96-well
low protein binding black clear bottom plate (Corning) on a
Cytation S (Biotek) plate reader with 485 nm excitation and
528 nm emission wavelengths.

Viral RG. Madin—Darby canine kidney 2 (MDCK.2; CRL-
2936) cells and HEK 293T/17 cells were cultured at 37 °C
with 5% CO, and ~95% humidity in DMEM containing 10%
FBS and 100 U/mL P/S. Reassortant viruses were created by
8-plasmid RG in T25 flasks using the indicated NA, or NA and
HA pair, and the complimentary seven, or six, gene segments
of WSN or PR8 as previously described.”” For each virus, ~1.5
x 10° MDCK.2 cells in OMEM containing 10% FBS were
seeded in a T2S flask and allowed to adhere for 45 min. During
this period, the eight RG plasmids (1.5 ug of each) were added
to 750 puL of OMEM, mixed with 24 pL of TransIT-LT1
transfection reagent, and incubated 20 min at room temper-
ature. A 750 uL suspension of 293T/17 cells (~3 % 10° cells/
mL) in serum-free OMEM was added to each transfection
mixture and incubated for 10 min at room temperature before
addition to the T2S flask containing the MDCK.2 cells. At ~24
h post-transfection, the media in each flask was replaced with
3.5 mL of DMEM containing 0.1% FBS, 0.3% BSA, 4 ug/mL
TPCK trypsin, 1% P/S, and 1% L-glutamine. Following
transfection NA activity and HAU measurements were taken
at the indicated time points until viral harvest. Rescued viruses
in the culture medium were harvested 72—96 h post-
transfection, clarified by sedimentation (2000g; S min), and
passaged in SPF eggs.

Viral Passaging in SPF Chicken Eggs. Initial passages
(E1) were carried out by inoculating 9—11 day old embryonic
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SPF chicken eggs with 100 uL of the rescued virus either
undiluted (PR8) or diluted 1/10 in PBS (WSN). Eggs were
incubated for 3 days at 33 °C and placed at 4 °C for 2 h prior
to harvesting. Allantoic fluid was harvested individually from
each egg and clarified by sedimentation (2000g; S min). NA
activity and HAU measurements were taken prior to
combining each viral harvest for storage at —80 °C or viral
purification.

Viral Isolation. Viruses in allantoic fluid were isolated by
sedimentation (100,000g; 45 min) at 4 °C through a sucrose
cushion (25% w/v sucrose, PBS pH 7.2 and 1 mM CaCl,)
equal to 12.5% of the sample volume. The supernatant was
discarded, the sedimented virions were resuspended in 250 L
PBS pH 7.2 containing 1 mM CaCl, and the total protein
concentration was determined using a BCA protein assay kit
(Pierce). All isolated viruses were adjusted to a concentration
of ~500 pg/mL using PBS pH 7.2 containing 1 mM CaCl,
prior to analysis on a 4—12% SDS-PAGE gel.

NA Activity, HAU, and Viral Titer Measurements. NA
activity measurements were performed in 96-well low protein
binding black clear bottom plates. Reactions were initiated by
bringing up each sample (S0 uL viral cell-culture medium or
10 uL allantoic fluid) to a volume of 200 uL with 37 °C RB
(0.1 M KH,PO, pH 6.0 and 1 mM CaCl,) and S uL of 2 mM
MUNANA. The fluorescence was measured on a Cytation S
plate reader at 37 °C for 10 min using 30 s intervals and a 365
nm excitation wavelength and a 450 nm emission wavelength.
Final activities were determined based on the slopes of the
early linear region of the RFU versus time graph.

HAU titers were determined by a two-fold serial dilution in
96-well plates using a sample volume of SO uL and PBS.
Following the dilution, S0 L of 0.5% TRBCs were added to
each well and the plate was incubated 30 min at room
temperature. HAU titers were determined as the last well
where agglutination was observed. Median tissue culture
infectious doses (TCIDg,) per milliliter and median egg
infectious doses (EIDy,) per milliliter were calculated using
100 uL inoculums of MDCK cells and SPF eggs as previously
described.”’ MDCK cell cytopathic effects and egg infections
were verified by the presence of NA activity.

SDS-PAGE, Coomassie Staining. Purified virions equal to
~$§ pg of total viral protein were mixed with 2X sample buffer.
Samples were heated at 50 °C for 10 min and resolved on a 4—
12% polyacrylamide Tris-glycine SDS-PAGE wedge gel. Gels
were stained with simple blue and imaged with an Azure C600.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssynbio.2c00358.

Example sequence chromatograms of the mutations
introduced to the NA and HA genes during plasmid
propagation in E. coli, sequences and position of the
regulatory elements introduced into the pHW plasmid,
and the primer sequences used for cloning and PCR
screening (PDF)

B AUTHOR INFORMATION

Corresponding Author
Robert Daniels — Division of Viral Products, Center for
Biologics Evaluation and Research, Food and Drug
Administration, Silver Spring, Maryland 20993, United

https://doi.org/10.1021/acssynbio.2c00358
ACS Synth. Biol. 2023, 12, 432—445


https://pubs.acs.org/doi/10.1021/acssynbio.2c00358?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.2c00358/suppl_file/sb2c00358_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+Daniels"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.2c00358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Synthetic Biology

pubs.acs.org/synthbio

Research Article

States; ® orcid.org/0000-0002-5988-2920;
Email: Robert.Daniels@fda.hhs.gov

Authors

Tahir Malik — Division of Viral Products, Center for Biologics
Evaluation and Research, Food and Drug Administration,
Silver Spring, Maryland 20993, United States

Laura Klenow — Division of Viral Products, Center for
Biologics Evaluation and Research, Food and Drug
Administration, Silver Spring, Maryland 20993, United
States

Alexandros Karyolaimos — Department of Biochemistry and
Biophysics, Stockholm University, 10691 Stockholm, Sweden

Jan-Willem de Gier — Department of Biochemistry and
Biophysics, Stockholm University, 10691 Stockholm, Sweden

Complete contact information is available at:
https://pubs.acs.org/10.1021/acssynbio.2c00358

Author Contributions

T.M, J.G, and RD. conceived the study. T.M and LK
performed the experiments. T.M., LK., AK, J.G, and R.D.
analyzed the data. AK. and J.G. provided reagents and
expertise. T.M. assembled the figures and wrote the first draft
of the manuscript. R.D. edited the manuscript with input from
all authors, funded, and supervised the study.

Notes

The authors declare the following competing financial
interest(s): A provisional patent application for the approach
described in this study has been submitted.

B ACKNOWLEDGMENTS

We would like to thank the members of the Division of Viral
Products at the Center for Biologics Evaluation and Research
(CBER), particularly Dr. Gabriel Parra and Dr. Ewan Plant for
critical reading of the manuscript and offering several helpful
suggestions. This work was supported by Intramural funding to
the laboratory from CBER at the US Food and Drug
Administration (FDA) (to R.D.) and by the Swedish Research
Council (2019-04143) and the NOVO NORDISK FOUN-
DATION (NNF190C0057673) (to J.G).

B REFERENCES

(1) Racaniello, V. R.; Baltimore, D. Cloned poliovirus comple-
mentary DNA is infectious in mammalian cells. Science 1981, 214,
916—919.

(2) Schnell, M. J.; Mebatsion, T.; Conzelmann, K. K. Infectious
rabies viruses from cloned cDNA. EMBO J. 1994, 13, 4195—4203.

(3) Palese, P.; Roizman, B. Genetic engineering of viruses and of
virus vectors: a preface. Proc. Natl. Acad. Sci. U.S.A. 1996, 93, 11287.

(4) Garcia-Sastre, A. Negative-strand RNA viruses: applications to
biotechnology. Trends Biotechnol. 1998, 16, 230—235.

(5) Walpita, P.; Flick, R. Reverse genetics of negative-stranded RNA
viruses: a global perspective. FEMS Microbiol. Lett. 2005, 244, 9—18.

(6) Stobart, C. C.; Moore, M. L. RNA virus reverse genetics and
vaccine design. Viruses 2014, 6, 2531—-2550.

(7) Thyagarajan, B.; Bloom, J. D. The inherent mutational tolerance
and antigenic evolvability of influenza hemagglutinin. Elife 2014, 3,
No. e03300.

(8) Wu, N. C.; Thompson, A. J.; Lee, J. M.; Su, W.; Arlian, B. M.;
Xie, J.; Lerner, R. A,; Yen, H. L.; Bloom, J. D.; Wilson, L. A. Different
genetic barriers for resistance to HA stem antibodies in influenza H3
and HI1 viruses. Science 2020, 368, 1335—1340.

(9) White, C. L.; Chiem, K; Perez, D. R.; Santos, J.; Cardenas
Garcia, S.; Nogales, A.; Martinez-Sobrido, L. A New Master Donor

444

Virus for the Development of Live-Attenuated Influenza B Virus
Vaccines. Viruses 2021, 13, 1278.

(10) Smith, A.; Rodriguez, L.; El Ghouayel, M.; Nogales, A;
Chamberlain, J. M,; Sortino, K.; Reilly, E.; Feng, C.; Topham, D. J;
Martinez-Sobrido, L.; et al. A Live Attenuated Influenza Vaccine
Elicits Enhanced Heterologous Protection When the Internal Genes
of the Vaccine Are Matched to Those of the Challenge Virus. J. Virol.
2020, 94, No. e0106S.

(11) Neumann, G.; Watanabe, T.; Ito, H.; Watanabe, S.; Goto, H.;
Gao, P.; Hughes, M.; Perez, D. R;; Donis, R.;; Hoffmann, E.; et al.
Generation of influenza A viruses entirely from cloned cDNAs. Proc.
Natl. Acad. Sci. U.S.A. 1999, 96, 9345—9350.

(12) Fodor, E; Devenish, L.; Engelhardt, O. G.; Palese, P;
Brownlee, G. G.; Garcia-Sastre, A. Rescue of influenza A virus from
recombinant DNA. J. Virol. 1999, 73, 9679—9682.

(13) Neumann, G.; Whitt, M. A.; Kawaoka, Y. A decade after the
generation of a negative-sense RNA virus from cloned cDNA - what
have we learned? J. Gen. Virol. 2002, 83, 2635—2662.

(14) Hoffmann, E.; Neumann, G.; Hobom, G.; Webster, R. G.;
Kawaoka, Y. “Ambisense” Approach for the Generation of Influenza
A Virus: VRNA and mRNA Synthesis from One Template. Virology
2000, 267, 310—317.

(15) Hoffmann, E.; Neumann, G. Kawaoka, Y.; Hobom, G.;
Webster, R. G. A DNA transfection system for generation of influenza
A virus from eight plasmids. Proc. Natl. Acad. Sci. U.S.A. 2000, 97,
6108—6113.

(16) Neumann, G; Fujii, K; Kino, Y.; Kawaoka, Y. An improved
reverse genetics system for influenza A virus generation and its
implications for vaccine production. Proc. Natl. Acad. Sci. U.S.A. 2005,
102, 16825—16829.

(17) de Wit, E.; Spronken, M. L J.; Vervaet, G.; Rimmelzwaan, G. F.;
Osterhaus, A.; Fouchier, R. A. M. A reverse-genetics system for
Influenza A virus using T7 RNA polymerase. J. Gen. Virol. 2007, 88,
1281—1287.

(18) Stech, J.; Stech, O.; Herwig, A.; Altmeppen, H.; Hundt, J;
Gohrbandt, S.; Kreibich, A.; Weber, S.; Klenk, H. D.; Mettenleiter, T.
C. Rapid and reliable universal cloning of influenza A virus genes by
target-primed plasmid amplification. Nucleic Acids Res. 2008, 36,
No. el39.

(19) Zhang, X.; Curtiss, R, 3rd. Efficient generation of influenza
virus with a mouse RNA polymerase I-driven all-in-one plasmid. Virol.
J. 2015, 12, 95.

(20) Ozawa, M.; Goto, H.; Horimoto, T.; Kawaoka, Y. An
adenovirus vector-mediated reverse genetics system for influenza A
virus generation. J. Virol. 2007, 81, 9556—9559.

(21) Dormitzer, P. R;; Suphaphiphat, P.; Gibson, D. G.; Wentworth,
D. E; Stockwell, T. B.; Algire, M. A.; Alperovich, N.; Barro, M,;
Brown, D. M,; Craig, S.; et al. Synthetic generation of influenza
vaccine viruses for rapid response to pandemics. Sci. Transl. Med.
2013, 5, 185ral68.

(22) Zhou, B.; Jerzak, G.; Scholes, D. T.; Donnelly, M. E.; Li, Y;
Wentworth, D. E. Reverse genetics plasmid for cloning unstable
influenza A virus gene segments. J. Virol. Methods 2011, 173, 378—
383.

(23) Bhat, S.; Bialy, D.; Sealy, J. E.; Sadeyen, J. R.; Chang, P.; Igbal,
M. A ligation and restriction enzyme independent cloning technique:
an alternative to conventional methods for cloning hard-to-clone gene
segments in the influenza reverse genetics system. Virol. J. 2020, 17,
82.

(24) Mostafa, A.; Kanrai, P.; Petersen, H.; Ibrahim, S;
Rautenschlein, S.; Pleschka, S. Efficient generation of recombinant
influenza A viruses employing a new approach to overcome the
genetic instability of HA segments. PLoS One 2015, 10,
No. e0116917.

(25) Py, S. Y; Wu, R. H; Yang, C. C; Jao, T. M.; Tsai, M. H,;
Wang, J. C; Lin, H. M,; Chao, Y. S.; Yueh, A. Successful propagation
of flavivirus infectious cDNAs by a novel method to reduce the cryptic
bacterial promoter activity of virus genomes. J. Virol. 2011, 85, 2927—
2941.

https://doi.org/10.1021/acssynbio.2c00358
ACS Synth. Biol. 2023, 12, 432—445


https://orcid.org/0000-0002-5988-2920
mailto:Robert.Daniels@fda.hhs.gov
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tahir+Malik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laura+Klenow"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexandros+Karyolaimos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jan-Willem+de+Gier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00358?ref=pdf
https://doi.org/10.1126/science.6272391
https://doi.org/10.1126/science.6272391
https://doi.org/10.1002/j.1460-2075.1994.tb06739.x
https://doi.org/10.1002/j.1460-2075.1994.tb06739.x
https://doi.org/10.1073/pnas.93.21.11287
https://doi.org/10.1073/pnas.93.21.11287
https://doi.org/10.1016/s0167-7799(98)01192-5
https://doi.org/10.1016/s0167-7799(98)01192-5
https://doi.org/10.1016/j.femsle.2005.01.046
https://doi.org/10.1016/j.femsle.2005.01.046
https://doi.org/10.3390/v6072531
https://doi.org/10.3390/v6072531
https://doi.org/10.7554/eLife.03300
https://doi.org/10.7554/eLife.03300
https://doi.org/10.1126/science.aaz5143
https://doi.org/10.1126/science.aaz5143
https://doi.org/10.1126/science.aaz5143
https://doi.org/10.3390/v13071278
https://doi.org/10.3390/v13071278
https://doi.org/10.3390/v13071278
https://doi.org/10.1128/JVI.01065-19
https://doi.org/10.1128/JVI.01065-19
https://doi.org/10.1128/JVI.01065-19
https://doi.org/10.1073/pnas.96.16.9345
https://doi.org/10.1128/JVI.73.11.9679-9682.1999
https://doi.org/10.1128/JVI.73.11.9679-9682.1999
https://doi.org/10.1099/0022-1317-83-11-2635
https://doi.org/10.1099/0022-1317-83-11-2635
https://doi.org/10.1099/0022-1317-83-11-2635
https://doi.org/10.1006/viro.1999.0140
https://doi.org/10.1006/viro.1999.0140
https://doi.org/10.1073/pnas.100133697
https://doi.org/10.1073/pnas.100133697
https://doi.org/10.1073/pnas.0505587102
https://doi.org/10.1073/pnas.0505587102
https://doi.org/10.1073/pnas.0505587102
https://doi.org/10.1099/vir.0.82452-0
https://doi.org/10.1099/vir.0.82452-0
https://doi.org/10.1093/nar/gkn646
https://doi.org/10.1093/nar/gkn646
https://doi.org/10.1186/s12985-015-0321-5
https://doi.org/10.1186/s12985-015-0321-5
https://doi.org/10.1128/JVI.01042-07
https://doi.org/10.1128/JVI.01042-07
https://doi.org/10.1128/JVI.01042-07
https://doi.org/10.1126/scitranslmed.3006368
https://doi.org/10.1126/scitranslmed.3006368
https://doi.org/10.1016/j.jviromet.2011.01.021
https://doi.org/10.1016/j.jviromet.2011.01.021
https://doi.org/10.1186/s12985-020-01358-2
https://doi.org/10.1186/s12985-020-01358-2
https://doi.org/10.1186/s12985-020-01358-2
https://doi.org/10.1371/journal.pone.0116917
https://doi.org/10.1371/journal.pone.0116917
https://doi.org/10.1371/journal.pone.0116917
https://doi.org/10.1128/JVI.01986-10
https://doi.org/10.1128/JVI.01986-10
https://doi.org/10.1128/JVI.01986-10
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.2c00358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Synthetic Biology

pubs.acs.org/synthbio

Research Article

(26) Li, D.; Aaskov, J.; Lott, W. B. Identification of a Cryptic
Prokaryotic Promoter within the ¢cDNA Encoding the 5’ End of
Dengue Virus RNA Genome. PLoS One 2011, 6, No. e18197.

(27) Mittal, P.; Brindle, J.; Stephen, J.; Plotkin, J. B.; Kudla, G.
Codon usage influences fitness through RNA toxicity. Proc. Natl.
Acad. Sci. US.A. 2018, 115, 8639—8644.

(28) Lewin, A.; Mayer, M.; Chusainow, J.; Jacob, D.; Appel, B. Viral
promoters can initiate expression of toxin genes introduced into
Escherichia coli. BMC Biotechnol. 2008, §, 19.

(29) Gahan, M. E.; Webster, D. E.; Wesselingh, S. L.; Strugnell, R.
A.; Yang, J. Bacterial antigen expression is an important component in
inducing an immune response to orally administered Salmonella-
delivered DNA vaccines. PLoS One 2009, 4, No. e6062.

(30) Antonucci, T. K.; Wen, P.; Rutter, W. J. Eukaryotic promoters
drive gene expression in Escherichia coli. J. Biol. Chem. 1989, 264,
17656—17659.

(31) Mermer, B.; Malamy, M.; Coffin, J. M. Rous sarcoma virus
contains sequences which permit expression of the gag gene in
Escherichia coli. Mol. Cell. Biol. 1983, 3, 1746—1758.

(32) Mitsialis, S. A.; Young, J. F.; Palese, P.; Guntaka, R. V. An avian
tumor virus promoter directs expression of plasmid genes in
Escherichia coli. Gene 1981, 16, 217.

(33) Oehler, S.; Eismann, E. R.; Krimer, H.; Miiller-Hill, B. The
three operators of the lac operon cooperate in repression. EMBO J.
1990, 9, 973-979.

(34) Oehler, S.; Amouyal, M.; Kolkhof, P.; von Wilcken-Bergmann,
B.; Miiller-Hill, B. Quality and position of the three lac operators of E.
coli define efficiency of repression. EMBO J. 1994, 13, 3348—335S.

(35) Brosius, J.; Dull, T. J; Sleeter, D. D.; Noller, H. F. Gene
organization and primary structure of a ribosomal RNA operon from
Escherichia coli. J. Mol. Biol. 1981, 148, 107—127.

(36) Orosz, A.; Boros, 1; Venetianer, P. Analysis of the complex
transcription termination region of the Escherichia coli rrn B gene.
Eur. J. Biochem. 1991, 201, 653—659.

(37) Pédelacq, J. D.; Cabantous, S.; Tran, T.; Terwilliger, T. C.;
Waldo, G. S. Engineering and characterization of a superfolder green
fluorescent protein. Nat. Biotechnol. 2006, 24, 79—88.

(38) Drew, D.; Lerch, M.; Kunji, E.; Slotboom, D. J.; de Gier, J. W.
Optimization of membrane protein overexpression and purification
using GFP fusions. Nat. Methods 2006, 3, 303—313.

(39) Schlegel, S.; Genevaux, P.; de Gier, J. W. De-convoluting the
Genetic Adaptations of E. coli C41(DE3) in Real Time Reveals How
Alleviating Protein Production Stress Improves Yields. Cell Rep. 2018,
10, 1758—1766.

(40) Mihalcescu, I; Van-Melle Gateau, M.; Chelli, B.; Pinel, C.;
Ravanat, J. L. Green autofluorescence, a double edged monitoring tool
for bacterial growth and activity in micro-plates. Phys. Biol. 2015, 12,
066016.

(41) Surre, J; Saint-Ruf, C; Collin, V,; Orenga, S.; Ramjeet, M,;
Matic, I. Strong increase in the autofluorescence of cells signals
struggle for survival. Sci. Rep. 2018, 8, 12088.

(42) Kawate, T.; Gouaux, E. Fluorescence-detection size-exclusion
chromatography for precrystallization screening of integral membrane
proteins. Structure 2006, 14, 673—681.

(43) Reznikoff, W. S. The lactose operon-controlling elements: a
complex paradigm. Mol. Microbiol. 1992, 6, 2419—2422.

(44) Krimer, H,; Niemoller, M,; Amouyal, M.; Revet, B.,; von
Wilcken-Bergmann, B.; Miiller-Hill, B. lac repressor forms loops with
linear DNA carrying two suitably spaced lac operators. EMBO ]. 1987,
6, 1481—1491.

(45) Selinger, D. W.; Cheung, K. J.; Mei, R;; Johansson, E. M,;
Richmond, C. S.; Blattner, F. R.; Lockhart, D. J.; Church, G. M. RNA
expression analysis using a 30 base pair resolution Escherichia coli
genome array. Nat. Biotechnol. 2000, 18, 1262—1268.

(46) Gilbert, W.; Miiller-Hill, B. The lac operator is DNA. Proc. Natl.
Acad. Sci. US.A. 1967, 58, 2415—2421.

(47) Rose, J. K; Shafferman, A. Conditional expression of the
vesicular stomatitis virus glycoprotein gene in Escherichia coli. Proc.
Natl. Acad. Sci. U.S.A. 1981, 78, 6670—6674.

445

(48) Gonzilez, J. M.; Pénzes, Z.; Almazén, F.; Calvo, E.; Enjuanes, L.
Stabilization of a full-length infectious cDNA clone of transmissible
gastroenteritis coronavirus by insertion of an intron. J. Virol. 2002, 76,
4655—4661.

(49) Satyanarayana, T.; Gowda, S.; Ayllén, M. A,; Dawson, W. O.
Frameshift mutations in infectious cDNA clones of Citrus tristeza
virus: a strategy to minimize the toxicity of viral sequences to
Escherichia coli. Virology 2003, 313, 481—491.

(50) Brosius, J. Toxicity of an overproduced foreign gene product in
Escherichia coli and its use in plasmid vectors for the selection of
transcription terminators. Gene 1984, 27, 161—-172.

(51) Kimelman, A.; Levy, A.; Sberro, H; Kidron, S.; Leavitt, A;
Amitai, G.; Yoder-Himes, D. R.; Wurtzel, O.; Zhu, Y.; Rubin, E. M,;
et al. A vast collection of microbial genes that are toxic to bacteria.
Genome Res. 2012, 22, 802—809.

(52) Saida, F.; Uzan, M.; Odaert, B.; Bontems, F. Expression of
highly toxic genes in E. coli: special strategies and genetic tools. Curr.
Protein Pept. Sci. 2006, 7, 47—56.

(53) Al-Allaf, F. A,; Tolmachov, O. E.; Zambetti, L. P.;
Tchetchelnitski, V.; Mehmet, H. Remarkable stability of an
instability-prone lentiviral vector plasmid in Escherichia coli Stbl3. 3
Biotech 2013, 3, 61—70.

(54) Wang, R. F.; Kushner, S. R. Construction of versatile low-copy-
number vectors for cloning, sequencing and gene expression in
Escherichia coli. Gene 1991, 100, 195.

(55) Cunningham, T. P.; Montelaro, R. C; Rushlow, K. E.
Lentivirus envelope sequences and pro viral genomes are stabilized
in Escherichia coli when cloned in low-copy-number plasmid vectors.
Gene 1993, 124, 93—98.

(56) Lupski, J. R; Projan, S. J; Ozaki, L. S; Godson, G. N. A
temperature-dependent pBR322 copy number mutant resulting from
a TnS position effect. Proc. Natl. Acad. Sci. U.S.A. 1986, 83, 7381—
7388S.

(57) Calos, M. P. DNA sequence for a low-level promoter of the lac
repressor gene and an 'up’ promoter mutation. Nature 1978, 274,
762—765.

(58) Gao, J.; Wan, H,; Li, X.; Rakic Martinez, M.; Klenow, L.; Gao,
Y,; Ye, Z.; Daniels, R. Balancing the influenza neuraminidase and
hemagglutinin responses by exchanging the vaccine virus backbone.
PLoS Pathog. 2021, 17, No. e1009171.

(59) Mellroth, P.; Daniels, R.; Eberhardt, A.; Ronnlund, D.; Blom,
H.; Widengren, J.; Normark, S.; Henriques-Normark, B. LytA, major
autolysin of Streptococcus pneumoniae, requires access to nascent
peptidoglycan. J. Biol. Chem. 2012, 287, 11018—11029.

(60) Wang, H; Dou, D; éstbye, H.; Revol, R.; Daniels, R.
Structural restrictions for influenza neuraminidase activity promote
adaptation and diversification. Nat. Microbiol. 2019, 4, 2565—2577.

(61) Reed, L. J.; Muench, H. A Simple Method of Estimating Fifty
per Cent Endpoints12. Am. J. Epidemiol. 1938, 27, 493—497.

https://doi.org/10.1021/acssynbio.2c00358
ACS Synth. Biol. 2023, 12, 432—445


https://doi.org/10.1371/journal.pone.0018197
https://doi.org/10.1371/journal.pone.0018197
https://doi.org/10.1371/journal.pone.0018197
https://doi.org/10.1073/pnas.1810022115
https://doi.org/10.1186/1472-6750-5-19
https://doi.org/10.1186/1472-6750-5-19
https://doi.org/10.1186/1472-6750-5-19
https://doi.org/10.1371/journal.pone.0006062
https://doi.org/10.1371/journal.pone.0006062
https://doi.org/10.1371/journal.pone.0006062
https://doi.org/10.1016/s0021-9258(19)84621-5
https://doi.org/10.1016/s0021-9258(19)84621-5
https://doi.org/10.1128/mcb.3.10.1746-1758.1983
https://doi.org/10.1128/mcb.3.10.1746-1758.1983
https://doi.org/10.1128/mcb.3.10.1746-1758.1983
https://doi.org/10.1016/0378-1119(81)90078-0
https://doi.org/10.1016/0378-1119(81)90078-0
https://doi.org/10.1016/0378-1119(81)90078-0
https://doi.org/10.1002/j.1460-2075.1990.tb08199.x
https://doi.org/10.1002/j.1460-2075.1990.tb08199.x
https://doi.org/10.1002/j.1460-2075.1994.tb06637.x
https://doi.org/10.1002/j.1460-2075.1994.tb06637.x
https://doi.org/10.1016/0022-2836(81)90508-8
https://doi.org/10.1016/0022-2836(81)90508-8
https://doi.org/10.1016/0022-2836(81)90508-8
https://doi.org/10.1111/j.1432-1033.1991.tb16326.x
https://doi.org/10.1111/j.1432-1033.1991.tb16326.x
https://doi.org/10.1038/nbt1172
https://doi.org/10.1038/nbt1172
https://doi.org/10.1038/nmeth0406-303
https://doi.org/10.1038/nmeth0406-303
https://doi.org/10.1016/j.celrep.2015.02.029
https://doi.org/10.1016/j.celrep.2015.02.029
https://doi.org/10.1016/j.celrep.2015.02.029
https://doi.org/10.1088/1478-3975/12/6/066016
https://doi.org/10.1088/1478-3975/12/6/066016
https://doi.org/10.1038/s41598-018-30623-2
https://doi.org/10.1038/s41598-018-30623-2
https://doi.org/10.1016/j.str.2006.01.013
https://doi.org/10.1016/j.str.2006.01.013
https://doi.org/10.1016/j.str.2006.01.013
https://doi.org/10.1111/j.1365-2958.1992.tb01416.x
https://doi.org/10.1111/j.1365-2958.1992.tb01416.x
https://doi.org/10.1002/j.1460-2075.1987.tb02390.x
https://doi.org/10.1002/j.1460-2075.1987.tb02390.x
https://doi.org/10.1038/82367
https://doi.org/10.1038/82367
https://doi.org/10.1038/82367
https://doi.org/10.1073/pnas.58.6.2415
https://doi.org/10.1073/pnas.78.11.6670
https://doi.org/10.1073/pnas.78.11.6670
https://doi.org/10.1128/jvi.76.9.4655-4661.2002
https://doi.org/10.1128/jvi.76.9.4655-4661.2002
https://doi.org/10.1016/s0042-6822(03)00387-8
https://doi.org/10.1016/s0042-6822(03)00387-8
https://doi.org/10.1016/s0042-6822(03)00387-8
https://doi.org/10.1016/0378-1119(84)90137-9
https://doi.org/10.1016/0378-1119(84)90137-9
https://doi.org/10.1016/0378-1119(84)90137-9
https://doi.org/10.1101/gr.133850.111
https://doi.org/10.2174/138920306775474095
https://doi.org/10.2174/138920306775474095
https://doi.org/10.1007/s13205-012-0070-8
https://doi.org/10.1007/s13205-012-0070-8
https://doi.org/10.1016/0378-1119(93)90766-v
https://doi.org/10.1016/0378-1119(93)90766-v
https://doi.org/10.1073/pnas.83.19.7381
https://doi.org/10.1073/pnas.83.19.7381
https://doi.org/10.1073/pnas.83.19.7381
https://doi.org/10.1038/274762a0
https://doi.org/10.1038/274762a0
https://doi.org/10.1371/journal.ppat.1009171
https://doi.org/10.1371/journal.ppat.1009171
https://doi.org/10.1074/jbc.M111.318584
https://doi.org/10.1074/jbc.M111.318584
https://doi.org/10.1074/jbc.M111.318584
https://doi.org/10.1038/s41564-019-0537-z
https://doi.org/10.1038/s41564-019-0537-z
https://doi.org/10.1093/oxfordjournals.aje.a118408
https://doi.org/10.1093/oxfordjournals.aje.a118408
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.2c00358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

