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Abstract

Recombination-based cloning is a quick and efficient way to generate expression vectors.
Recent advancements have provided powerful recombinant DNA methods for molecular
manipulations. Here, we describe a novel collection of three-fragment MultiSite Gateway
cloning system-compatible vectors providing expanded molecular tools for vertebrate
research. The components of this toolkit encompass a broad range of uses such as fluores-
centimaging, dual gene expression, RNA interference, tandem affinity purification, chemi-
cally-inducible dimerization and lentiviral production. We demonstrate examples
highlighting the utility of this toolkit for producing multi-component vertebrate expression
vectors with diverse primary research applications. The vectors presented here are compat-
ible with other Gateway toolkits and collections, facilitating the rapid generation of a broad
range of innovative DNA constructs for biological research.

Introduction

Most contemporary investigations of cellular and molecular processes necessitate the use of
synthetic DNA vectors. Recombinant cloning of plasmid vectors is the most commonly used
method for transgenic analyses. Shortly after the first successful demonstration of gene expres-
sion from exogenous DNA in mammalian cells [1], synthetic vectors were established as a pow-
erful method to assay gene function in vitro and in vivo. Over time, the development of
sophisticated techniques such as genetic knockdown and knockout allowed more intricate and
detailed investigations. Today, the continued advancement of recombinant DNA technologies
has provided the modern biologist with an arsenal of molecular tools. Use of these techniques,
however, often requires the laborious construction and validation of complex, multi-compo-
nent vectors.
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The effort associated with conventional cloning methods still prevents many researchers
from exploiting recombinant DNA tools. Plasmids are often still constructed with traditional
“cut-and-paste” restriction enzyme techniques that are difficult and time consuming. More-
over, restriction enzyme-based cloning methods are prohibitive for DNA sequences containing
common endogenous restriction sites. This problem is exacerbated when insertion of more
than one DNA sequence into a vector is desired. The MultiSite Gateway' ™ cloning system
(ThermoFisher) utilizes site-specific recombination to insert DNA elements into a vector [2]
and has been established as a fast and efficient alternative for generating multi-component
plasmids [3]. Further, molecular “toolkits” have been created for the Gateway system that pro-
vide modular DNA elements for specific applications, such as fluorophores for imaging and
methods for genetic manipulation [4-18]. Additionally, genome-wide open reading frame
libraries (ORFeomes) containing protein coding sequences from human [19-22], worm [23,
24], frog [25] and multiple bacteria [26-29] have been cloned into Gateway-compatible vec-
tors, representing valuable resources for the characterization of individual genes.

Here, we present a novel set of three-fragment MultiSite Gateway vectors which provide an
expanded array of molecular tools. Our entry vectors cover a large variety of applications such
as cell-specific expression, fluorophore-based imaging, bicistronic expression, inhibitory RNA
(RNAi)-mediated gene knockdown, protein purification and inducible protein dimerization.
Additionally, we created two destination vectors for lentiviral production and describe opti-
mized entry vectors designed for enhanced viral titers.

We illustrate the diverse uses of these vectors with examples from multiple primary research
applications. Using an entry vector with a novel brainbow color palette, we label motoneuron
circuitry in zebrafish. Next we demonstrate efficient artificial microRNA (amiRNA)-mediated
knockdown of multiple genes in primary neuronal cultures using lentivirus produced from vec-
tors containing our recently enhanced amiRNA expression scaffold [30]. We then show high-
fidelity bicistronic protein expression using vectors containing the porcine teschovirus-1 2A
(P2A) “self-cleaving” peptide [31]. Finally, we demonstrate the use of vectors for tandem affin-
ity protein purification and for rapamycin-induced protein dimerization. All of our vectors are
available through Addgene (www.addgene.org). Together, the tools presented here will prove
useful for cutting-edge molecular and genetic investigations.

Materials and Methods
Vertebrate animals

Studies using rats or zebrafish were carried out in strict accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
The protocols were approved by the University of Oregon Institutional Animal Care and Use
Committee (Permit Numbers: #13-19 and #11-20). Rats were anesthetized with isoflurane
prior to cervical dislocation and culturing of neurons. Zebrafish embryos were anesthetized
with MS-222 prior to embedding in agarose and imaging. All zebrafish embryos, larvae and
adults were raised and maintained at 28.5°C with a 14/10 light/dark cycle according to standard
protocols [32] in the University of Oregon Zebrafish Facility. All zebrafish were of the AB line.
Rats were housed with a 12/12 light/dark cycle according to standard protocols in the Univer-
sity of Oregon Animal Care Facility. Sprague Dawley rats were obtained from Envigo (India-
napolis, IN).

Vector design and cloning

5’ entry vectors. Unless otherwise stated, all 5 entry vectors were generated by PCR
amplification of the desired 5" element using attB4/B1R-flanked oligonucleotide primers,
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followed by a BP reaction with pDONR P4-P1R (Invitrogen). pSE-CMVmin was created by
amplification of the minimal cytomegalovirus immediate early enhancer/promoter (CMVmin)
from pcDNA3 (Invitrogen). The human synapsinl promoter alone or hybrid CMVmin/human
synapsinl promoter from pENTR-L1-ESYN-R5 [12] were amplified to make p5E-hSynl and
p5E-ESynl, respectively. To make p5E-hPGK, an EcoRV fragment containing the human PGK
promoter from pLenti PGK PURO DEST [4] was cloned into the Klenow-blunted AscI site of
p5EM-FA, a modified version of pSE-Fse-Asc [6] with extraneous sequences removed. For
p5E-Ui4-eSIBR, a Pmel/BamHI Klenow-repaired Ui4-SIBR cassette from pUi4-GFP-SIBR [33]
was inserted into the Klenow-blunted AscI site of pPSEM-FA; the wild-type SIBR cassette was
then swapped for the eSIBR cassette [30]. p5SE-elavi3 was made by inserting a XholI-containing
linker into the NotI site of a huC:Cam2.1 plasmid [34] and cloning the 8723-nucleotide Xhol
fragment into the Xhol site of p5E-MCS [6]. p5E-gfap was made by cloning a 7437-nucleotide
XhoI-BamHI fragment from a gfap:GFP plasmid [35] into p5E-MCS.

The generation of p5E-EF1a/B-globin and p5E-krt5 [36], pSE-mnx1 [37] and p5E-dusp6
[38] have been previously described. p5E-EF1a/B-actin was made by cloning the 1714-nucleo-
tide Sall fragment of p5E-bactin2 [6] into the Sall site of p5E-EF10/B-globin.

Middle entry vectors. Unless otherwise stated, all middle entry vectors were generated by
PCR amplification of the desired middle element using attB1/B2-flanked oligonucleotide primers,
followed by a BP reaction with pDONR221 (Invitrogen). To create pME-mKate2 no-stop, the
mKate2 coding sequence [39] was amplified from pmKate2-C (Evrogen) with the 5" primer addi-
tionally containing a Kozak sequence. pME-tdTomato was generated by cloning a 1507-nucleo-
tide BglIT-Xbal fragment containing an optimized Kozak sequence, the tdTomato ORF [40] and
3’ elements into a BamHI-Xbal fragment of pME-MCS [6]; the no stop version with Kozak
sequence was then amplified and inserted into pDONR221. pME-BrainbowTEC was generated
sequentially. First, a Brainbow1.0 recombination scaffold including nested loxP and lox2272 sites
and 3 SV40 polyadenylation sequences was created by PCR. This 1024-nucleotide recombination
scaffold was cloned into KpnlI-SacI sites of pME-MCS. Then HA-tagged E2Crimson (Clontech),
Myc-tagged tdTomato and EGFP were cloned in sequence into unique Pacl, Ascl and Fsel sites
within the recombination scaffold, respectively. pME-FIEx was created by annealing sets of oligo-
nucleotides to produce antiparallel tandem loxP and lox2272 recombination sites which was then
PCR amplified inserted into pPDONR221.

To generate P2A middle entry vectors, the GFP, nlsGFP, and memGFP sequences were first
subcloned into pcDNA3. Sequences for GFP or nlsGFP with Kozak sequences and without stop
codons were amplified from pME-nlsEGFP [6] and inserted between the HindIIT and BamHI
sites to make pcDNA3-GFP no stop and pcDNA3-nlsGFP no stop. To make pcDNA3-memGFP
no stop, the memGFP sequence without a stop codon was generated by amplification of GFP
using a 5’ primer containing a Kozak sequence and the Fyn myristoylation sequence [41], fol-
lowed by insertion between HindIII and BamHI sites of pPCDNA3. Next, annealed sense and anti-
sense oligonucleotides containing the P2A sequence [42] and 5" overhangs were inserted between
BamHI and NotI to make pcDNA3-GFP-P2A and pcDNA3-nlsGFP-P2A, or between EcoRI and
NotI to make pcDNA3-memGFP-P2A. Both restriction sites used for insertion of the P2A
sequence were destroyed upon ligation for clonal screening purposes. Finally, sequences includ-
ing the Kozak consensus were amplified from pcDNA3-GFP-P2A, pcDNA3-nlsGFP-P2A and
pcDNA3-memGFP-P2A and recombined by BP reaction to generate pME-GFP-P2A, pME-
nlsGFP-P2A and pME-memGFP-P2A, respectively.

The generation of pME-eSIBR [30], pME-ERT2-Cre-ERT2 [38] and pME-Gal4-ERT2-VP16
[36] have been previously described

3’ entry vectors. Unless otherwise stated, all 3’ entry vectors were generated by PCR
amplification of the desired 3’ element using attB2R/B3-flanked oligonucleotide primers,
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followed by a BP reaction with pPDONR P2R-P3 (Invitrogen). p3E-GFP-HA, p3E-YFP-HA
(from pEYFP-C1, Clontech), p3E-CFP-HA (from pECFP-C1, Clontech), p3E-mCherry-HA
(from p3E-mCherrypA [6]), p3E-mKate2-HA and p3E-mKate2-myc no-polyadenylation sig-
nal (pA) were made by amplification of the coding sequences without a stop codon, but with
the 3’ primer additionally containing an HA or c-myc epitope sequence followed by a stop
codon. p3E-HA-Neuroliginl was generated by amplification of HA-Neuroliginl from a previ-
ously described vector [30]. p3E-Dam-myc no-pA is from pNDam-Myc [43]. p3E-SGTAP no-
pA originated from pCeMM-CTAP(SG)-Gw [44]. p3E-FRT-Kan"-FRT pA was cloned by
amplifying the Kan" cassette from pCRII (ThermoFisher) with FRT sites in the 5 and 3” prim-
ers and inserting into the BamHI site of p3E-polyA [6]. FRB variants and FKBP cassettes were
amplified from Gerald Crabtree lab plasmids [45-47] to generate p3E-FRB-HA, p3E-FRB
(PLF)-HA, p3E-FRB(KTF)-HA, p3E-FKBP-HA and p3E-mCherryFRB-HA no-pA. p3E-HA
was made by cloning annealed oligos (5-GATCCACTCGAGTATCCGTACGACGTACCAGA
CTACGCAGCATAGGGTACCAGTACTAAC-3 and 5-AATTGTTAGTACTGGTACCCTA
TGCTGCGTAGTCTGGTACGTCGTACGGATACTCGAGTG-3’) into BamHI/Mfel-digested
p3E-polyA. This element provides an HA tag, a stop codon, additional cloning sites and lacks a
PA sequence.

GFP, nlsGFP, GFPmem and CMVmin-promoted 3’ entry vectors were generated by first
subcloning GFP, nlsGFP, or GFPmem coding sequences into pcDNA3. GFP and nlsGFP were
amplified from pME-nlsGFP and inserted between HindIII/NotI to make pcDNA3-GFP and
pcDNA3-nlsGFP. GFPmem, which contains the palmitoylation domain of human H-Ras on
the c-terminus, was amplified from pME-EGFPCAAX [6] and inserted between HindIII/EcoRI
to make pcDNA3-GFPmem. Sequences from these intermediates were then amplified to gener-
ate entry vectors: 1) for no-pA constructs, the 3’ primer annealed to the native stop codons, 2)
for pA constructs the 3’ primer encompassed the bovine growth hormone polyadenylation
sequence (BGHpA) of pcDNA3, and 3) for CMVmin-promoted constructs, a 5’ primer was
used that annealed 242 nucleotides upstream of the CMVmin promoter of pcDNA3 to provide
an “insulating” space between an independently-promoted open reading frame positioned
upstream of the CMVmin promoter.

To make P2A 3’ entry vectors, the MCS from pBluescript IT SK(+) (Agilent) was amplified
to make p3E-MCS. Sense and antisense oligonucleotides containing the P2A sequence were
annealed and inserted into the Kpnl site of p3E-MCS to create p3E-P2A-MCS, which has
unique restriction enzyme sites downstream of the P2A sequence in the 5’ to 3’ order of: Xhol,
Sall, Accl, Clal, HindIII, Xmal, Smal, Spel, BstXI and SacIl. Coding sequences for GFP, CFP,
and mKate2 were then amplified and inserted between Xhol/HindIII of p3E-P2A-MCS to pro-
duce p3E-P2A-GFP, p3E-P2A-CFP and p3E-P2A-mKate2 no-pA.

Destination vectors. pEpic was made by blunt-end cloning the Xhol/Clal-defined
attR4-attR3 cassette from pDestTol2pA2 [6] into the 7.3kb EcoRV fragment of pLenti PGK
PURO DEST, effectively replacing its attR1-attR2 cassette. pEpic_Lite was created by removing
the Puro® cassette by Agel/Apal restriction enzyme digestion, filling in 5" overhangs with DNA
polymerase I Klenow fragment, and blunt-end ligation with T4 DNA ligase.

Additional vector sources. Tol2kit vectors pDestTol2CG2, pDestTol2pA2, pSE-UAS,
p5E-CMV/SP6, p5E-Fse-Asc, pSE-bactin2, pSE-MCS, p3E-polyA, p3E-mCherrypA,
p3E-MTpA, pME-EGFPCAAX, pME-MCS and pME-nlsEGFP [6] were generous gifts from
Chi-Bin Chien and Kristen Kwan. pLenti PGK PURO DEST was made by Eric Campeau’s lab
and was acquired through Addgene (plasmid #19068). pUi4-GFP-SIBR was a gift from David
Turner. pPNDam-Myc originates from Steven Henikoff’s lab. pCeMM-CTAP(SG)-Gw was
acquired through the EuroSCARF plasmid repository (#30534). The huC:Cam2.1 plasmid was
a gift from Joe Fetcho. The gfap:GFP plasmid was generously provided by Pam Raymond.
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pDONR223-ErbB3 and pDONR223-ErbB2 [48] were gifts from William Hahn and David
Root (Addgene plasmids #23874 and #23888). pPENTR-L1-ESYN-R5 was provided by Matthew
Nolan (Addgene plasmid #32581). pME-OGT1 and pME-Baf57c¢ contain full length human
OGT1 and human Smarcel (Baf57c) open reading frames, respectively, without stop codons
cloned into pDONR221. They were acquired from the DNASU plasmid repository (clones
HsCD00042534 and HsCD00039580).

LR recombination reactions. Vectors were generated using recombination reactions with
LR-clonase II (Invitrogen). UAS:BrainbowTEC was made by combining p5E-UAS, pME-B-
rainbowTEC, p3E-polyA, and pDestTol2CG2. pEpic_Lite mCMV:eSIBR-nlsGFP pA or no-pA
vectors were created by combining pEpic_Lite, pSE-CMVmin, pME-eSIBR constructs with
pre-inserted amiRNAs, and p3E-nlsGFP pA or no pA, respectively. pEpic_Lite UbiC:eSIBR-
nlsGFP no-pA vectors were produced by combining pEpic_Lite, p5E-Ui4-eSIBR constructs
with pre-inserted amiRNAs, pME-nlsGFP, and p3E-HA no-pA. pEpic_Lite nCMV:ErbB3-
P2A-GFP was made by combining pEpic_Lite, p5E-CMVmin, pDONR223-ErbB3, and
p3E-P2A-GFP no-pA. ErbB2-myc was created by combining pEpic_Lite, p5SE-CMVmin,
pDONR223-ErbB2, and p3E-MTpA. pEpic_Lite mCMV:memGFP-P2A-HA-Neuroliginl was
made by combining pEpic_Lite, p5E-CMVmin, pME-memGFP-P2A, and p3E-HA-Neuroli-
ginl. pEpic hPGK:Baf57¢c-SGTAP was constructed by combining pEpic, p5E-hPGK, pME-
Baf57¢, and p3E-SGTAP no-pA. pEpic CMV:OGT1-mCherry-FRB-HA was made by combin-
ing pEpic, pSE-CMV/SP6 [6], pME-OGT1, and p3E-mCherryFRB-HA no-pA.

Generation of UAS:BrainbowTEC zebrafish

Transgenic UAS:BrainbowTEC lines were generated by co-injecting plasmid DNA and Tol2
transposase RNA [49] into the yolk of one-cell stage embryos. Multiple founders were recov-
ered and characterized. The founders used for this study were selected for multiple insertions
giving rise to mixed fluorescent protein expression, and strong expression, with a low degree of
mosaicism. Embryos carrying transgenic insertions (cmlc:GFP-positive) produced from these
founders were indistinguishable from siblings lacking transgenic insertions (crmilc:GFP-
negative).

UAS:BrainbowTEC labeling of primary motoneurons

To label neurons in the ventral spinal cord of zebrafish embryos, Tg(mnx1:GAL4)"'**% Tg
(hsp701:cre)ZC1f13 were crossed to Tg(UAS:BrainbowTEC) founders. To induce Cre expression,
embryos at 6-7 hpf were heat-shocked for 30 min by transfer into embryo medium pre-heated
to 38.5°C as optimized previously [50]. 48-52 hpf embryos were agar mounted and the mid-
trunk region of the spinal cord adjacent to somites 8-15 live imaged using a 40x water immer-
sion objective on a Zeiss Pascal confocal microscope. The brightness and contrast of images
was adjusted using Photoshop CS5 (Adobe).

Cell culture, lentiviral production and titration

COS7 and HEK293T cell (ATCC™ cat # CRL-1651 and CRL-3216, respectively) culture and
transfection, and production and titration of lentivirus was previously described [30]. For
nlsGFP expression comparisons, 20,000 HEK293T cells were plated per well of a 12-well plate
and transduced with lentivirus at single-particle levels (5-20% transduction), and cells were
used for flow cytometry 5 days later. For ErbB3 phosphorylation experiments, 1 ug each of
pEpic_Lite mCMV:ErbB3-P2A-GFP and pEpic_Lite mCMV:ErbB2-myc were transfected into
COS7 cells per well of a 12-well plate. 48 hours later cells were harvested for western blotting
or treated with 10 nM recombinant human neuregulin1-f (Reprokine) for 5 minutes and then
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harvested. For HA-Neuroliginl experiments, COS7 cells were transfected with 1 pg of pEpi-
c_Lite mCMV:memGFP-P2A-HA-Neuroliginl per well of a 12-well plate and used 48 hours
later for western blotting or immunocytochemistry. For SGTAP experiments, HEK293T cells
were transduced with lentivirus carrying pEpic CMV-Baf57c-SGTAP. Transduced cells were
selected with 1ug/ml puromycin.

Primary hippocampal neurons

Primary rat hippocampal cell cultures were prepared and maintained as previously described
[30]. For saturating transduction with lentivirus, 20,000 infectious lentiviral particles (as calcu-
lated by our titration method) were added per well of a 12-well plate at 2 days in vitro (DIV);
for sub-saturating transduction 2,000 infectious lentiviral particles were added. Cells were used
for western blotting, QRT-PCR, or immunocytochemistry at 14DIV.

Flow cytometry

Single-cell GFP intensity was measured by flow cytometry on an Attune™ acoustic focusing
cytometer (Applied Biosystems). GFP+ cells were determined as cells with >2x the maximum
signal observed from non-transduced sister cultures for the BL1 channel (488 nm excitation,
530/30 nm emission filter). Mean BL1 values of all GFP+ cells in a culture were used for
comparisons.

Western blotting

Standard SDS-PAGE western blotting procedures using nitrocellulose membranes were per-
formed as previously described [30]. Chemiluminescent blotting was performed with primary
antibodies for ErbB3 phospho-Y1289 (rabbit clone 21D3, 1:1000, Cell Signaling), GFP
(chicken, 1:2000, Aves Labs) and streptavidin binding protein (mouse, 1:1000, Santa Cruz);
secondary antibodies used were anti-rabbit or anti-chicken HRP (donkey, 1:5000, Jackson
ImmunoReserarch) or anti-mouse HRP (donkey, 1:10000, Cell Signaling); blots were devel-
oped using ECL Plus reagents (Pierce). Two-color, near-infrared blotting was performed using
primary antibodies for HA.11 (mouse clone 16B12, 1:2000, BioLegend) and GFP (chicken,
1:2000, Aves Labs) and using secondary anti-mouse IRDye 680RD and anti-chicken
IRDye800CW antibodies (donkey, 1:1000, LI-COR); blots were imaged on an Odyssey-Fc
imaging system (LI-COR). Quantitative western blotting using Cadm1, Cadm3 and Cadm1-3
antibodies has been previously described [30]. The contrast and intensity of representative blot
images were adjusted in GIMP (The GIMP Team, www.gimp.org).

qRT-PCR

First-strand cDNAs were synthesized from total RNA isolated from cultured hippocampal
neurons using oligo-dT primers and qRT-PCR was performed as described previously [30].
Values and relative expression levels were compared using the AAC, method. Primer sets used
to measure mRNA levels were: nlgn1 (forward: GCACACTGACTTGGATCACG, reverse:
TGGGAATCATTGTGATGGTG), nlgn2 (forward: CGTAAGACCCTGTTGGCACT, reverse:
ACACCAAAGACGTAGGGCAG), nlgn3 (forward: GGAAGTAGCCTGGTCCAAATACA,
reverse: GATCACGAACCCTTGGTTTCA).

Immunocytochemistry and imaging

For COS7 cells and primary hippocampal neurons, cells grown on circular glass coverslips
(ThermoFisher) were fixed in 4% PFA and 4% sucrose in 1X PBS for 15 min at 4°C, rinsed 1X
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with PBS, and blocked for 1 hr at RT in 1X blocking buffer (10% BSA (Sigma Aldrich), 1X
blocking reagent (Roche) and 1% normal donkey and goat serums (Jackson ImmunoResearch)
in 1X PBS). Cells were then incubated with a primary antibody for HA.11 (mouse clone 16B12,
1:1000, BioLegend) in 0.33X blocking buffer diluted in 1X PBS for 2 hr at RT. Cells were then
washed 3 x 5 min with 1X PBS, permeabilized with 0.25% Triton X-100 in 1X PBS for 5 min at
RT, then re-blocked with 1X blocking solution for 1 hr at RT. Cells were then incubated with
primary antibodies overnight at 4°C; GFP (chicken, 1:2000, Aves Labs) and neurons addition-
ally used Synapsinl (rabbit, 1:500, EMD Millipore). The following day cells were rinsed 3 x 5
min with 1X PBS and incubated for 1 hr at RT with secondary antibodies; anti-chicken Alexa
Fluor 488 (goat, 1:500, Jackson ImmunoResearch) and anti-mouse Cy3 and anti-rabbit Cy5
(donkey, 1:500, Jackson ImmunoResearch). Cells were washed 3 x 5 min in 1X PBS and
mounted on slides with Fluoromount-G (Southern Biotech). Images were taken using a 40X air
or 100X oil-immersion objective on an inverted Nikon Eclipse C1 confocal microscope. The
brightness and contrast of images was adjusted using GIMP. The binary GFP mask was pro-
duced by intensity thresholding of the GFP image in Image-Pro Plus 6.3 (Media Cybernetics).

SGTAP purification

Nuclear extracts [51] were prepared from lentivirally-transduced HEK293T cells and used to
purify Baf57c using SGTAP as described previously [44], except that Baf57c was directly eluted
from sepharose beads with SDS sample buffer without a biotin-elution step. Samples at various
stages of the purification were immuno-blotted using standard SDS-PAGE methods.

Rapamycin-induced dimerization

HEK293T cells were co-transfected with 500 ng each of pEpic CMV:0GT1-mCherry-FRB-HA
and pS-FKBPNES (which expresses human FKBP12 fused to the nuclear export sequence from
HIV REV protein) per well of a 24-well plate using Xfect transfection reagent (Clontech). 24
hours later, the cells were treated with 50 nM rapamycin (LC Labs) and time-lapse imaged
using a Nikon Eclipse Ti-E fluorescent inverted widefield microscope equipped with a LiveCell
environmental control system (Pathology Devices).

Statistical analysis

P-values obtained by statistical comparisons of two sample groups with normal distributions
verified by Shapiro-Wilk tests for normality in R (R Foundation for Statistical Computing,
Vienna, Austria) used Student’s two-tailed, unpaired t-tests in Microsoft Excel. Sample group
variances were compared using F-tests in R, and comparisons with equal variances used type 2
(homoscedastic) assumptions, whereas comparisons with unequal variances used type 3 (het-
eroscedastic) assumptions.

Results and Discussion
Introduction to MultiSite Gateway cloning and overview of toolkit vectors

The vectors in this toolkit are compatible with three-fragment Multi-Site Gateway cloning. In
this system, specific DNA elements are first cloned into an “entry” vector flanked by unique
attL and attR recombination sites. A “destination” vector is also required that contains an
attR4/attR3-flanked negative-selection ccdB gene and chloramphenicol resistance cassette
(ccdB/Cm™), which can contain additional vector-specific 5’ and 3’ flanking sequences. Next,
using an “LR” reaction for site-specific recombination between pairs of unique attL and attR
sites, DNA elements from a 5°, middle, and 3’ entry vector recombine to replace the destination
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specific 5’ and 3’ sequences intact. (B) Schematic of lentiviral destination vectors pEpic and pEpic_Lite. attR3 and 4 sites flanking the ccdB/Cm" selection
cassette are positioned in an anti-sense orientation to viral RNA expression driven by a Rous sarcoma virus (RSV) promoter. pEpic_Lite lacks puromycin
resistance (Puro®). LTR = long terminal repeat; RRE = Rev response element; cPPT = central polypurine tract; ccdB = E. coli ccdB toxin; Cm™ =
chloramphenicol resistance; mPGK = mouse phosphoglycerate kinase promoter; WPRE = woodchuck hepatitis virus posttranslational regulatory element.

doi:10.1371/journal.pone.0159277.g001

vector ccdB/CmR cassette, allowing for the selection of recombinant clones (Fig 1A). Typically,
the 5’ element contains a promoter sequence to drive gene expression, while middle and 3’ ele-
ments contain a gene of interest or other protein coding sequence.

The 5’ and 3’ sequences in the destination vector often dictate the application of the result-
ing construct. We created a destination vector with flanking sequences that allow for the pro-
duction of lentivirus, which we call pEpic (Fig 1B). This configuration promotes viral RNA
transcription in an antisense orientation to 5’ element-promoted gene expression. pEpic is a
third-generation self-inactivating (SIN) vector [52, 53] with a 5> Rev-response element (RRE),
central polypurine tract (cPPT) and 3’ woodchuck hepatitis virus posttranscriptional regula-
tory element (WPRE) for enhanced viral titers and transgene expression [54-56]. pEpic also
contains a dedicated antisense mouse phosphoglycerate kinase promoter (mPGK) driving
expression of a puromycin resistance cassette (Puro®) for clonal selection purposes. Because
large inserts between the viral long terminal repeats (LTRs) can decrease lentiviral titers [57,
58], we also generated pEpic without Puro®, which we call pEpic_Lite (Fig 1B). We designed
pEpic and pEpic_Lite to produce antisense viral RNA because same-strand transcription of
viral RNA has been shown to severely inhibit full-length viral RNA production and resulting
viral titers [59].

A complete list of 5° (p5E), middle (pME) and 3’ (p3E) entry vectors is provided in Table 1
and contains a short description of the vector, general use(s), use in figure(s), the constructing
lab, and references to publications which previously used the vector. Below we provide
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Table 1. Entry vectors provided in the toolkit.

5' Entry Vectors Description Use(s) Figure |Lab Reference
(s)
p5E-CMVmin minimal cytomegalovirus immediate early strong ubiquitous expression 3,4,5 Washbourne
enhancer/promoter (CMVmin) from pcDNA3
p5E-hPGK human phosphoglycerate kinase (hPGK) ubiquitious expression 6 Stankunas
promoter
p5E-EF1a/B-globin frog translation elongation factor 1a (EF1a) semi-ubiquitous expression Stankunas | [36]
enhancer fused to rabbit B-globin intron
p5E-EF10/B-Actin EF1a/B-globin fused to zebrafish B-actin 2 strong semi-ubiquitous expression Stankunas
enhancer/promoter
p5E-hSyn1 human Synapsin1 (hSyn1) promoter pan-neuronal expression Washbourne
p5E-ESyn1 hSyn1 promoter fused to CMVmin strong pan-neuronal expression Washbourne
p5E-elavi3 zebrafish elav/3 promoter pan-neuronal expression Eisen
p5E-gfap zebrafish gfap promoter glial-specific expression Eisen
p5E-mnx1 zebrafish mnx1 promoter expressed in primary and subset of Eisen [37]
secondary motorneurons, also
expressed in VeLD
p5E-dusp6 FGF-responsive regulatory element of the FGF-responding cells Stankunas | [38]
zebrafish dusp6 promoter
p5E-krt5 zebrafish krt5 promoter epidermis-specific expression Stankunas | [36]
p5E-Ui4-eSIBR human ubiquitin C promoter followed by ubiquitious expression, RNAI 3 Stankunas
intronically-expressed eSIBR cassette
Middle Entry Vectors
pME-eSIBR intronically-expressed eSIBR cassette RNAi 3 Washbourne | [30]
pME-tdTomato orange-red fluorophore imaging Eisen
pME-tdTomato no stop tdTomato without stop codon imaging, N-terminal conjugation Eisen
pME-mKate?2 no stop red fluorophore without stop codon imaging, N-terminal conjugation Washbourne
pME-GFP-P2A GFP without stop codon followed by porcine imaging, bicistronic expression Washbourne
teschovirus-1 2A (P2A) "self-cleaving" peptide
pME-nIsGFP-P2A nuclear localization signal fused to N-terminus | nuclear-targeted GFP, imaging, Washbourne
of GFP (nIsGFP) without stop codon, followed | bicistronic expression
by P2A
pME-memGFP-P2A Fyn myristoylation domain fused to N-terminus | membrane-targeted GFP, imaging, 5 Washbourne
of GFP (memGFP) without stop codon, bicistronic expression
followed by P2A
pME-BrainbowTEC Brainbow-1.0 with fluorophores tdTomato-myc/ | Cre-induced recombination for imaging, | 2 Eisen
EGFP/E2Crimson-HA circuit tracing, cell mapping, lineage
tracing
pME-FIEx switch empty FIEx cassette containing two pairs of permits permenant, Cre-dependent Eisen
heterotypic, antiparallel loxP-type inversion of inserted sequence
recombination sites
pME-ERT2-Cre-ERT2 tamoxifen-inducible estrogen receptor (ERT2) | tamoxifen-inducible Cre recombination Stankunas | [38]
fused to both ends of Cre recombinase
pME-GAL4-ERT2-VP16 | GAL4 fused to ERT2 and the VP16 tamoxifen-inducible UAS-promoted Stankunas | [36]
transcriptional activation domain transgene expression
3' Entry Vectors
p3E-mKate2-HA no-pA hemagluttanin (HA) epitope fused to C- imaging, epitope labeling/purification Washbourne
terminus of mKate2 without pA
p3E-mKate2-myc no-pA | myc epitope fused to C-terminus of mKate2 imaging, epitope labeling/purification Washbourne
without pA
p3E-GFP no-pA GFP without pA imaging Washbourne
p3E-nIsGFP pA nIsGFP with pA nuclear-targeted GFP, imaging 3 Washbourne
p3E-nisGFP no-pA nIsGFP without pA nuclear-targeted GFP, imaging 3 Washbourne | [30]
(Continued)
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Table 1. (Continued)

5' Entry Vectors Description Use(s) Figure |Lab Reference
(s)

p3E-GFPmem pA palmitoylation domain of human hRas fused to | membrane-targeted GFP, imaging Washbourne
C-terminus of GFP (GFPmem) with pA

p3E-GFPmem no-pA GFPmem without pA membrane-targeted GFP, imaging Washbourne

p3E-CMVmin:GFP pA CMVmin-promoted GFP with pA imaging, bicistronic expression Washbourne

p3E-CMVmIin:GFP no-pA | CMVmin-promoted GFP without pA imaging, bicistronic expression Washbourne

p3E-CMVmin:nIsGFP pA | CMVmin-promoted nIsGFP with pA nuclear-targeted GFP, imaging, Washbourne

bicistronic expression

p3E-CMVmin:nlsGFP no- | CMVmin-promoted nisGFP without pA nuclear-targeted GFP, imaging, Washbourne

pA bicistronic expression

p3E-CMVmin:GFPmem CMVmin-promoted GFPmem with pA membrane-targeted GFP, imaging, Washbourne

pA bicistronic expression

p3E-CMVmin:GFPmem CMVmin-promoted GFPmem without pA membrane-targeted GFP, imaging, Washbourne

no-pA bicistronic expression

p3E-GFP-HA no-pA HA epitope fused to C-terminus of GFP without | imaging, epitope labeling/purification Stankunas
pA

p3E-YFP-HA no-pA HA epitope fused to C-terminus of YFP without | imaging, epitope labeling/purification Stankunas
pA

p3E-CFP-HA no-pA HA epitope fused to C-terminus of CFP without | imaging, epitope labeling/purification Stankunas
pA

p3E-mCherry-HA no-pA | HA epitope fused to C-terminus of mCherry imaging, epitope labeling/purification Stankunas
without pA

p3E-HA no-pA HA epitope without pA epitope labeling/purification 3 Stankunas

p3E-P2A-MCS no-pA P2A followed by multiple cloning site without pA | bicistronic expression Washbourne

p3E-P2A-GFP no-pA P2A followed by GFP without pA imaging, bicistronic expression 4 Washbourne

p3E-P2A-CFP no-pA P2A followed by CFP without pA imaging, bicistronic expression Washbourne

p3E-P2A-mKate2 no-pA | P2A followed by mKate2 without pA imaging, bicistronic expression 4 Washbourne

p3E-FRB-HA no-pA HA epitope fused to C-terminus of TOR FKBP | Rapamycin/rapalog-induced Stankunas
and rapamycin binding (FRB) domain without dimerization (with FKBP)
pA

p3E-mCherry-FRB-HA HA epitope fused to C-terminus and mCherry Rapamycin/rapalog-induced 7 Stankunas

no-pA fused to N-terminus of FRB without pA dimerization (with FKBP)

p3E-FRB(KTF)-HA no-pA | HA epitope tag fused to C-terminus of FRB Rapamycin/rapalog-induced Stankunas
mutant (W2101F) without pA dimerization (with FKBP)

p3E-FRB(PLF)-HA no-pA | HA epitope tag fused to C-terminus of FRB Rapamycin/rapalog-induced Stankunas
mutant (K2095P, T2098L, W2101F) without pA | dimerization (with FKBP)

p3E-FKBP-HA no-pA HA epitope tag fused to C-terminus of human Rapamycin/rapalog-induced Stankunas
FK506 binding protein 12 (FKBP12) without pA | dimerization (with FRB)

p3E-SGTAP no-pA streptavidin binding protein (SBP) followed by a | tandem affinity protein purification 6 Stankunas
TEV cleavage site and 2 protein G copies
without pA

p3E-Dam-myc no-pA myc epitope tag fused to C-terminus of E. coli DamlID for identifying native DNA Stankunas
DNA adenine methyltransferase without pA binding sites of chromatin proteins

p3E-FRT-Kan"-FRT pA FRT-flanked kanamycin resistance cassette FLP-induced kanamycin resistance, Stankunas
(Kan™) with pA drug selection

doi:10.1371/journal.pone.0159277.t1001

examples of primary research applications of select vectors that highlight their diverse applica-
tions; each of which includes a schematic of the entry and destination vectors used in the LR

reaction. In these schematics, bold vector names indicate novel vectors that are provided in the
current toolkit. We conclude by outlining additional vectors provided in our toolkit and briefly
discuss their potential applications.
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BrainbowTEC labels motoneuron circuitry of the developing zebrafish
spinal cord

To create transgenic brainbow zebrafish using the existing Gateway-compatible Tol2 transpo-
son system [6], we developed pME-BrainbowTEC. This vector uses the brainbow-1.0 architec-
ture [60], but with a novel color pallet comprised of a myc-tagged tdTomato, EGFP, and the
far-red fluorophore E2Crimson [61] fused to a hemagglutinin (HA) epitope tag, which we
abbreviate as TEC (Fig 2A). Brainbow has been revolutionary for the analysis of neural circuits,
cell lineages, and tissue development [62]. The addition of epitope tags to tdTomato and
E2-Crimson coupled with the existence of robust GFP antibodies makes BrainbowTEC com-
patible with immunolabeling; this is not possible with the original brainbow-1.0 system that
utilized untagged GFP and XFP spectral variants [60]. The excitation maxima of these three
fluorophores closely match the laser lines of commonly used three laser confocal imaging sys-
tems (488, 568 and 633nm), which is not the case for previous versions of Brainbow [63]. For
ease of cloning different fluorophores in place of the current TEC combination, unique 6-cutter
restriction enzyme sites were placed flanking each fluorophore (Fig 2A). The position of loxP
and Jox2272 sites allows for either Cre-mediated recombination between different lox sites or
failure to recombine dictating which fluorophore is expressed. tdTomato-myc is expressed as
the default, no recombination configuration; whereas loxP recombination causes expression of
GFP and lox2272 recombination causes the expression of E2Crimson-HA (Fig 2B). For cell-
specific brainbow expression, we performed an LR reaction with pME-BrainbowTEC and a 5’
element containing 10 copies of an upstream activating sequence (UAS) for the Gal4 transcrip-
tional regulator into a destination vector for Tol2-mediated genomic integration [6], producing
UAS:BrainbowTEC (Fig 2C). Three genomic copies of UAS:BrainbowTEC theoretically would
allow 10 unique combinations of expressed fluorophores and resulting observed colors (Fig
2D).

We generated transgenic zebrafish founders containing multiple genomic integrations of
BrainbowTEC. To specifically label motoneurons in embryonic zebrafish, we crossed UAS:
BrainbowTEC fish with a driver line expressing GAL4 in primary motoneurons and a subset of
secondary motoneurons [37] (mnx1:GAL4). This line also allowed temporal control of Cre
expression by placing Cre downstream of the heat shock protein 70 promoter (hsp70l:Cre).
The resulting embryos (UAS:BrainbowTEC; mnx1:GAL4; hsp70l:Cre) were heat shocked at 7
hours post fertilization (hpf) to induce Cre expression and recombination (Fig 2E). Live imag-
ing of the embryos at 48 hpf showed robust BrainbowTEC labeling of motoneuron circuitry in
the developing spinal cord (Fig 2F). Although we did not verify the number of insertions car-
ried by individual embryos in the F1 generation, we validated that each reporter could be
expressed after Cre-mediated recombination, and that embryos that carried multiple insertions
gave rise to neurons that expressed multiple fluorescent reporters. These results show that
BrainbowTEC is well-suited for circuit tracing in zebrafish in vivo and may be useful in other
species and for other brainbow applications such as cell-lineage analysis.

eSIBR-based lentiviral vectors enable potent multi-gene knockdown

amiRNAs are synthetic RNAi targeting sequences expressed from endogenous miRNA back-
bones, and have proven to be powerful tools for gene knockdown, especially when silencing of
multiple genes is desired (for review see ref. [64]). In contrast to other common RNAi methods,
such as RNA polymerase III-driven short hairpin RNAs (shRNAs), amiRNAs can be chained
in tandem to target multiple genes and expressed from any RNA polymerase II-dependent pro-
motor. This versatility in vector design allows amiRNAs to be co-expressed with protein coding
sequences, such as fluorescent reporters. The two most commonly used amiRNA scaffolds are
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Fig 2. Overview of pME-BrainbowTEC and application in developing zebrafish spinal cord. (A) Schematic of pME-BrainbowTEC. (B) No
recombination, loxP recombination or /ox2272 recombination lead to distinct fluorophore expression. (C) Schematic of LR recombination reaction used
to create UAS:BrainbowTEC. (D) Possible fluorophore combinations and resulting observed color from three copy expression of UAS:BrainbowTEC. (E)
Experimental design for UAS:BrainbowTEC labeling of motoneurons in developing zebrafish spinal cords. Fish carrying multiple copies of UAS:
BrainbowTEC were crossed with a dual inducible-Cre and motoneuron-specific GAL4 driver line (mnx1:GAL4; hsp70I:Cre). Embryos were heat-
shocked at 7 hours post fertilization (hpf) to induce Cre expression for lox recombination of genomic UAS:BrainbowTEC copies, then imaged at 48 hpf.
(F) Representative fluorescent confocal microscope image for GFP, tdTomato, and E2Crimson in 48 hpf zebrafish embryo showing neuronal cell bodies
in the spinal cord and motor axons within several adjacent somites. Inset shows neuronal cell bodies in the spinal cord.

doi:10.1371/journal.pone.0159277.9002

derived from human miR-30a [65] or from the mouse miR-155 (SIBR) [33] backbones. We
have recently described an enhanced SIBR (eSIBR) backbone as an optimized amiRNA scaffold
for potent knockdown of multiple targets from a single vector [30]. Here, we provide the eSIBR
backbone in two vectors: p5SE-Ui4-eSIBR and pME-eSIBR. p5E-Ui4-eSIBR drives amiRNA
expression downstream of a dedicated hybrid human Ubiquitin C promoter (UbiC), whereas
PME-¢eSIBR allows amiRNAs to be expressed from any promoter in a 5’ entry vector. In both
vectors, eSIBR amiRNAs are expressed in an intron that is spliced from resulting mRNAs,
which prevents amiRNA cleavage from inhibiting downstream transgene expression and also
increases amiRNA knockdown potency compared to exonically-expressed amiRNAs [30, 33].

Lentivirus provide a means for gene transfer into many cell types which are not amenable to
transgenesis by other methods, including neurons, and are therefore a useful approach for
introducing amiRNAs. Because transgenes carried by lentivirus are genomically integrated,
they are beneficial for many research applications such as clonal selection and long-term
expression. As with other expression constructs, promoter selection and inclusion of other fac-
tors such as polyadenylation signal (pA) sequences can influence the efficacy of gene expres-
sion from lentiviral vectors. Additionally, high viral titers are often necessary for efficient
transgenesis in certain applications, such as in vivo injections. Therefore, we investigated these
factors in an attempt to optimize eSIBR-based gene knockdown and viral production from our
pEpic destination vectors.

Because previous reports have observed that internal pA sequences can impact lentiviral pro-
duction [59, 66], we wanted to determine if the inclusion of a pA sequence in pEpic-based lenti-
viral constructs affected the resulting titer. We inserted previously described chained eSIBR
amiRNAs targeting synaptic cell adhesion molecule family members (cadm1-3, nlgn1-3, or nrxnl-
3) or scrambled amiRNA sequences targeting no known genes (scrambled1-3) into pME-eSIBR
[30]. Next, we recombined pME-eSIBR amiRNAs with a 5 entry vector containing the minimal
cytomegalovirus immediate early enhancer/promoter (p5E-CMVmin) and a 3 entry vector
encoding a nuclear-localized GFP (p3E-nlsGFP) with or without a pA sequence into the destina-
tion vector pEpic_Lite to create mCMV:eSIBR-nlsGFP pA and no-pA vectors (Fig 3A). Finally, we
produced lentivirus with these vectors in HEK293T cells. Strikingly, the presence of an internal pA
signal in the lentiviral vector reduced the resulting titer >200-fold (Fig 3B). Lentiviral vectors with-
out a pA sequence, however, still produced robust transgene expression (data not shown). There-
fore, we developed numerous 3’ entry vectors without pA sequences (Table 1) and strongly
recommend using only 3’ entry vectors lacking a pA sequence for production of lentivirus.

To compare the effect of promoter choice on knockdown potency, we cloned cadm1-3 and
scrambled1-3 eSIBR amiRNAs into p5E-Ui4-eSIBR. We then performed LR reactions using
p5E-Ui4-eSIBR constructs with a middle entry vector carrying nlsGFP with a stop codon
(pME-nlsGFP [6]) and our smallest no-pA 3’ entry vector (p3E-HA no-pA) and pEpic_Lite to
create UbiC:eSIBR-nlsGFP no-pA vectors (Fig 3C). Because the nlsGFP contained a stop
codon, the HA tag from p3E-HA no-pA was not expressed, and the vector functioned as a
“filler” to allow the LR reaction to occur. Next, we produced lentivirus carrying these constructs
and infected HEK293T cells with single lentiviral particles, and then assayed nlsGFP expression
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Fig 3. Creation and optimization of potent multi-target lentiviral knockdown constructs using eSIBR-based artificial miRNA vectors. (A)
Schematic of LR recombination reactions used to create pEpic_Lite mCMV:eSIBR-nIsGFP pA and no-pA vectors. (B) Lentiviral titers obtained from
mCMV:eSIBR-nIsGFP vectors with or without a pA signal sequence. Number of biological replicates (n) are shown on or above the bars. (C) Schematic
of LR recombination reaction used to create pEpic_Lite UbiC:eSIBR-nIsGFP no-pA vectors. pME-nIsGFP contains a stop codon so the HA epitope in
p3E-HA no-pA is not expressed. (D) Mean GFP intensity as measured by flow cytometry of HEK293T cells infected at single-copy levels with UbiC or
CMVmin-promoted eSIBR vectors carrying scrambled1-3 or cadm1-3 amiRNAs. For scrambled1-3 and cadm1-3 groups, GFP intensity was set relative
to UbiC-promoted GFP levels at an arbitrary value of 1 (dashed line). n = 3 biological replicates. (E) Representative quantitative western blots for
antibodies against Cadm1, Cadm3, or Cadm1-3 and (F) quantification of protein knockdown from 14DIV cultured hippocampal neurons infected with
lentivirus carrying amiRNAs against cadm1-3 compared to corresponding scrambled1-3 amiRNA infected control neurons. Number of biological
replicates (n) is noted on or above bars. (G) Quantification of nign1, 2 and 3 mRNA levels by gRT-PCR from 14DIV cultured hippocampal neurons
infected at saturating levels with lentivirus carrying a pEpic_Lite mCMV:eSIBR no-pA vector with amiRNAs against nign1, 2 and 3. mRNA levels were
set relative to control sister cultures infected with a construct carrying scrambled1-3 amiRNAs (dashed line). (B,D,F,G) *p<0.05, **p<0.01 and
**%*p<0.001; Student’s two-tailed t-tests.

doi:10.1371/journal.pone.0159277.9003

intensity in transduced cells by flow cytometry. For lentiviral vectors carrying cadm1-3 or
scrambled1-3 amiRNAs, the mean GFP fluorescence intensity was >4-fold higher from the
CMVmin promoter than from the UbiC promoter (scrambled amiRNAs p = 0.07, cadm1-3
amiRNAs p<0.05, Student’s two-tailed t-tests, Fig 3D). To determine if enhanced expression
from the CMVmin promoter could increase knockdown efficiency, we transduced primary cul-
tured rat hippocampal neurons with sub-saturating concentrations of lentivirus carrying
cadm1-3 or scrambled1-3 amiRNAs expressed from either the UbiC or CMVmin promoter.
Quantitative western blot analysis using antibodies for Cadm1 or Cadm3 or an antibody that
binds Cadm1-3 showed in each case that knockdown potency was enhanced when amiRNAs
were expressed from the CMVmin promoter compared to UbiC (Fig 3E & 3F; Cadm1 p<0.01,
Cadm3 p =0.11, Cadm1-3 p = 0.11, Student’s two-tailed t-test). Together, these results high-
light the importance of promoter choice for optimizing knockdown from eSIBR amiRNAs.

We previously showed that chained eSIBR amiRNAs expressed from lentiviral vectors
potently knocked down Cadm1-3 in cultured rat hippocampal neurons when cells were
infected at saturating titers [30]. To determine if eSIBR amiRNAs produced efficient knock-
down of other genes, we similarly infected cultured neurons at saturating titers with lentivirus
carrying eSIBR amiRNAs against nlgn1-3. qRT-PCR analysis showed that mRNA levels for
each nlgn gene were reduced >90% compared to control cultures infected with scrambled1-3
amiRNAs (Fig 3G). These observations provide more evidence that the eSIBR backbone is a
potent tool for multi-gene knockdown.

Prior Gateway toolkits have provided entry vectors containing miR-30a scaffolds for
amiRNA expression [12, 67]. However, to our knowledge, only one report provides Gateway-
compatible vectors with the SIBR/mouse miR-155-based amiRNA backbone [68]. Intriguingly,
this study showed that SIBR-based amiRNAs vastly outperformed other amiRNA scaffolds,
including miR-30. Further, this study was the first to demonstrate efficient, heritable knock-
down in zebrafish from an RNAi-based method. Because our toolkit vectors were specifically
developed to be compatible with the Tol2kit [6], a popular Gateway vector collection for the
rapid generation of transgenic zebrafish lines, the eSIBR vectors described here may potentially
represent a powerful loss-of-function tool for the zebrafish research community. We have not
yet attempted the use of eSIBR-based amiRNAs for gene knockdown in zebrafish and therefore
cannot comment on its efficacy in this organism. Therefore, optimization will likely need to
occur before pioneering the use of eSIBR-based amiRNAs in zebrafish.

P2A vectors provide high-fidelity bicistronic transmembrane protein
expression

Despite the rapid advancement in recombinant DNA strategies, expression of more than one
transgene from a single vector often remains challenging. A common method for dual-gene
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expression includes use of the internal ribosome entry site (IRES) between two protein coding
sequences; however, IRES is notoriously inefficient and expression of the downstream trans-
gene tends to be greatly diminished [69, 70]. Another method for two-protein expression is to
use a dedicated promoter for each protein coding sequence [69, 71-73]. Unfortunately, limited
understanding about gene expression from independent promoters in close proximity to each
other has prevented the development of an effective, universal dual-promoter system that
works in all vector systems. For example, depending upon the application, independently pro-
moted genes placed in tandem on the same strand can cause unpredictable promoter suppres-
sion or transcriptional interference, which is especially prevalent in retroviral and lentiviral
vectors [74-77].

Recently, viral 2A peptides have been extremely successful for stoichiometric expression of
two proteins from a single open reading frame (ORF) in recombinant DNA vectors [42, 78-
82]. Initially, the mechanism of 2A bicistronic expression was thought to be mediated by pro-
teolytic cleavage of the growing polypeptide chain, and was therefore touted as “self-cleaving”
[83]; further investigations instead suggested a translational “ribosomal-skip” event leads to
the production of two independent protein products when 2A peptides were placed between
two protein coding sequences [84]. Of the various 2A and 2A-like peptides, the P2A sequence
has been most commonly and successfully applied for one-to-one protein expression in a wide
range of cell types and organisms [31, 42]. Therefore, we developed several P2A 3’ entry vectors
without a pA signal for independent gene expression from a protein-of-interest’s C-terminus.
In these constructs, GFP, CFP or the bright red fluorophore mKate2 [39] were placed down-
stream of P2A. Additionally, we made a vector with a multi-cloning site (MCS) downstream of
P2A for inserting other protein sequences.

To validate the efficacy of p3E-P2A vectors for bicistronic fluorophore expression, we gen-
erated a plasmid driving expression of the receptor tyrosine kinase ErbB3 conjugated to
P2A-GFP to make mCMV:ErbB3-P2A-GFP (Fig 4A). ErbB3, a transmembrane protein, is a
member of the epidermal growth factor receptor family and is a receptor for the growth factor
neuregulin/heregulin [85]. However, ErbB3 itself is incapable of kinase activity and signal
transduction [86]; instead it forms heterodimers with and is phosphorylated by ErbB2 follow-
ing neuregulin binding [87, 88]. To determine if conjugation of P2A-GFP to the C-terminus of
ErbB3 impacts phosphorylation by ErbB2, we co-transfected COS7 cells with mCMV:ErbB3--
P2A-GFP and a construct driving expression of a myc-tagged ErbB2 (ErbB2-myc). 48 hours
after transfection we briefly treated the cells with neuregulin1-p to induce phosphorylation by
ErbB2. Western blotting for phosphorylated ErbB3 (pErbB3) showed that the addition of
P2A-GFP did not inhibit phosphorylation (Fig 4B). Further, because ErbB3 is a transmem-
brane protein, this observation shows that the P2A sequence did not hinder correct plasma
membrane targeting. Lastly, to determine the reliability of stoichiometric ErbB3 and GFP pro-
tein expression from this construct, we also performed western blotting for GFP on the same
samples. Blots showed that GFP was only present at its predicted molecular weight (~27 kDa),
but not at the size of ErbB3 (~140 kDa) (Fig 4D), suggesting high-fidelity 2A “cleavage.”
Although others have reported inhibition of “cleavage” when other 2A sequences were placed
downstream of a protein containing an N-terminal signal sequence [89, 90], we did not observe
this problem. This result demonstrates that our P2A 3’ entry vectors can be effectively used
with proteins bearing an N-terminal signal sequence, such as transmembrane and secreted
proteins.

Because “cleavage” of the 2A peptide leaves the majority of the P2A sequence attached to
the C-terminus of the upstream protein, p3E-P2A constructs are not suitable for bicistronic
expression of proteins where addition of a C-terminal peptide would compromise protein
function. For example, many cell adhesion molecules, including the neuroligin family, present
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Fig 4. Efficient bicistronic expression from C-terminal P2A conjugation. (A) Schematic of LR recombination reaction used to create pEpic_Lite
mCMV:ErbB3-P2A-GFP. (B) Western blots of COS7 cell lysates 48 hours after co-transfection with ErbB3-P2A-GFP and ErbB2-myc, with or without
treatment with neuregulin. Immunoblotting was performed with antibodies against phosphorylated ErbB3 (pErbB3) or GFP.

doi:10.1371/journal.pone.0159277.9004

a PDZ-binding motif in their terminal 4 amino acids [91]; the addition of a protein tag to the
C-terminus would prevent their association with crucial PDZ domain-containing scaffolding
proteins. Also, it was important to investigate whether placement of a P2A peptide upstream of
an endoplasmic reticulum (ER) signal sequence would result in correct targeting of a trans-
membrane protein at the plasma membrane. We developed P2A middle-entry vectors for
N-terminal bicistronic expression of GFP, nlsGFP and a GFP that targets to the plasma mem-
brane (memGFP) by the addition of the Fyn myristoylation domain to its N-terminus [41].
To validate this approach, we generated an expression vector with memGFP-P2A conjugated
to HA-Neuroliginl (mCMV:memGFP-P2A-HA-Neuroliginl, Fig 5A). Dual-color western
blotting for GFP and the HA-tag again showed high-fidelity P2A-mediated “cleavage” of the
construct into discrete proteins when expressed in COS7 cells (Fig 5B). Further, HA immuno-
labeling of non-permeabilized cells showed that HA-Neuroliginl was correctly expressed on
the cell surface (Fig 5C). These results demonstrate that our P2A middle-entry vectors can be
effectively utilized for stoichiometric polyprotein expression, and that N-terminal P2A conju-
gation does not disrupt proper subcellular targeting of downstream proteins bearing a signal
sequence.

We additionally determined if this vector worked for bicistronic expression in cultured rat
hippocampal neurons. Again, surface labeling for HA in neurons transduced with lentivirus
carrying mCMV:memGFP-P2A-HA-Neuroliginl showed that Neuroliginl was correctly
inserted into the plasma membrane (Fig 5D). Further, co-labeling experiments demonstrated
that memGFP was robustly expressed in transduced neurons, and that postsynaptic
HA-Neuroliginl was highly co-localized with presynaptic puncta marked by the synaptic
vesicle-associated protein Synapsinl along dendrites in these cells (Fig 5D). We conclude
that HA-Neuroliginl expressed from this vector retained its proper synaptic targeting, demon-
strating the utility of our P2A constructs for bicistronic gene expression in primary neurons.
Collectively, these results show our P2A vectors are efficient, useful tools for bicistronic expres-
sion of proteins, including transmembrane proteins.

Efficient protein isolation using tandem affinity purification

Affinity purification has been instrumental in determining protein complex compositions;
however, pull-downs from fusion proteins with a single affinity tag, such as Protein A or
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Fig 5. Effective dual protein expression through N-terminal P2A conjugation to HA-Neuroligini. (A) Schematic of LR recombination reaction
used to create pEpic_Lite mCMV:memGFP-P2A-HA-Neuroligini. (B) Dual fluorescent western blot of COS7 cell lysate 24 hours after transfection with
mCMV:memGFP-P2A-HA-Neuroligin1. Immunoblotting was performed with antibodies against GFP and HA. (C) Immunocytochemistry for GFP and
HA in COS7 cells 24 hours after transfection with mCMV:memGFP-P2A-HA-Neuroligin1. Cells were fixed with paraformaldehyde and surface stained
for HA, then permeabilized and stained for GFP. (D) Immunocytochemistry for GFP, HA and the synaptic vesicle-associated protein Synapsini in
cultured rat hippocampal neurons. Cells were transduced with lentivirus carrying mCMV:memGFP-P2A-HA-Neuroliginiat 2DIV and fixed for
immunolabeling at 14DIV. Cells were surface stained for HA, then permeabilized and stained for GFP and Synapsin1. Inset is of an individual basal
dendrite segment; the GFP mask is a binarized image of the dendrite using intensity thresholding of the GFP signal. Arrowheads mark dendritic spines
containing HA and co-localized Synapsin1 puncta. Scale bar =10 pm.

doi:10.1371/journal.pone.0159277.9005
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Protein G, are often impure and may lead to false-positive identification of protein complex
members. Protein purification using sequential isolations from two different affinity tags consid-
erably reduces non-specific protein pulldowns, but is notorious for low overall yield. We devel-
oped a 3 entry vector, p3E-SGTAP (streptavidin binding protein/Protein G tandem affinity
purification), based on an optimized tandem affinity purification (TAP) method that is amenable
to much smaller amounts of starting material [44]. To validate the use of this vector for TAP, we
generated a construct with our 5 entry vector containing a human PGK promoter (p5E-hPGK)
driving expression of the chromatin remodeling-complex protein Baf57c/Smarcel [92] fused to
SGTAP fusion protein in our pEpic lentiviral destination vector (hPGK:Baf57c-SGTAP, Fig 6A).
Purification of SGT AP fusion proteins involves a first round of Protein G affinity purification by
IgG-bead pulldowns, on-bead cleavage of the fusion protein by TEV protease, a second round of
streptavidin binding protein (SBP) affinity purification by streptavidin-bead pulldowns, and elu-
tion of the SBP-protein from streptavidin by the addition of biotin (Fig 6B). To determine the
efficacy of this procedure for isolating Baf57c-SGTAP, we infected HEK293T cells with lentivirus
carrying the CMV:Baf57¢c-SGTAP construct and selected for transduced cells with puromycin.
TAP was performed on cell lysates, which showed that sufficient amounts of protein were iso-
lated to use for analyzing protein complex interactions (Fig 6C). These results suggest that
P3E-SGTAP can be effectively utilized for affinity purification.

Use of rapamycin-induced dimerization to force nuclear export

Manipulating protein activity using highly specific small molecules allows the rapid and revers-
ible control of gene/protein function. A parallel chemical genetics effort uses “bi-functional”
molecules that simultaneously bind to two specific protein domains. The two domains can be
fused to target proteins (or functional protein motifs) to enable their chemically-inducible
dimerization (CID). CID can be widely applied, for example, for inducible membrane recruit-
ment, nuclear import/export, and protein degradation [93]. One exemplary CID system uses
the macrolide rapamycin or its engineered derivatives called “rapalogs” [45, 47]. Rapamycin,
an anti-fungal antibiotic from Streptomyces hygroscopicus [94], forms a ternary complex with a
FK506 binding protein (FKBP)-tagged and FKBP-rapamycin binding (FRB) domain-tagged
protein [95, 96]. We developed a line of 3’ entry vectors for the generation of FRB or FKBP
fusion proteins for rapamycin-induced dimerization (p3E-FRB-HA no-pA, p3E-mCherry-
FRB-HA no-pA, and p3E-FKBP-HA no-pA). We also generated a vector containing an engi-
neered version of the FRB domain, p3E-FRB(KTF)-HA no-pA, that has selective affinity for
MaRap, a detoxified rapalog [45]. Further, we provide p3E-FRB(PLF)-HA no-pA, which
encodes an FRB domain mutant that highly destabilizes fusion proteins [46]. Protein degrada-
tion from FRB(PLF) fusion can be prevented by the addition of rapamycin or MaRap; there-
fore, this construct can be used for “inducible stabilization” [46].

The FRB-rapamycin-FKBP system has been widely applied including to force protein sub-
cellular localization and to modulate cellular signaling [93, 97]. To demonstrate the utility of
our vectors for CID, we created an expression vector for O-GlcNAc transferase (OGT1), an
enzyme implicated in Polycomb group chromatin regulation and other nuclear functions [98],
fused to FRB-mCherry-HA (CMV:OGT1-mCherry-FRB-HA, Fig 7A). To inhibit OGT1 func-
tion, we applied a method to force nuclear export of FRB-tagged OGT1 by rapamycin-induced
dimer formation with a nuclear export sequence fused to FKBP (FKBP-NES) (Fig 7B). Using
live imaging, we observed that the addition of rapamycin to HEK293T cells co-transfected with
OGT1-mCherry-FRB-HA and FKBP-NES caused rapid nuclear export of OGT1 (Fig 7C and
S1 Movie). This result highlights a primary application of CID using constructs derived from
our FRB and FKBP entry vectors.
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Fig 6. Tandem affinity purification of chromatin-remodeling complex protein Baf57¢c using SGTAP. (A) Schematic of LR recombination
reaction used to create pEpic CMV:Baf57c-SGTAP. (B) Schematic of steps for TAP of Baf57-SGTAP. Step 1: Baf57c¢ with a C-terminally
conjugated SBP, TEV protease cleavage site, and tandem copies of protein G is first isolated by affinity purification using IgG-sepharose
beads; Step 2: Baf57¢c-SBP is cleaved from protein G bound to IgG-sepharose beads by the addition of TEV protease; Step 3: Baf57¢c-SBP is
further isolated by affinity purification using streptavidin-sepharose beads; Step 4: Baf57¢c-SBP is finally eluted from streptavidin by the addition
of biotin. (C) Western blot for SBP at various stages of Baf57¢ purification from nuclear extracts of HEK293T cells expressing pEpic
CMV-Baf57¢c-SGTAP. 10% of each indicated fraction was used for immunoblotting. Lane 1: the crude nuclear extract; Lane 2: nuclear extract
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after incubation with IgG beads; Lane 3: post-TEV protease cleavage of proteins bound to IgG beads; Lane 4: SDS elution of proteins from
beads following Streptavidin purification. The asterisk indicates Baf57c-SGTAP fusion proteins; the arrow indicates the cleaved Baf57c-SBP
fusion; molecular weights in kilodaltons are shown at the right.

doi:10.1371/journal.pone.0159277.g006

Additional entry vectors

5’ entry vectors. We generated additional 5° entry vectors containing promoters for ubiq-
uitous, semi-ubiquitous, or cell/tissue-specific gene expression. These include two promoters
for ubiquitous or semi-ubiquitous expression: frog elongation factor 1o fused to rabbit B-globin
intron (p5E-EF10/p-globin) or EF1o/B-globin additionally enhanced with a zebrafish B-actin 2
promoter [36] (pSE-EF1o/B-Actin). We provide three promoters for pan-neuronal expression:
human synapsinl promoter alone (p5E-hSyn1) or enhanced CMVmin hybrid promoter [99]
(p5E-ESynl) and the zebrafish neuron-specific RNA-binding protein elavi3 [100] (p5E-elavi3).
We offer four additional zebrafish gene promoters for cell/tissue-specific expression in glia
[35] (p5E-gfap), primary motoneurons [37] (p5E-mnx1), epidermis [36] (p5E-krt5), and FGF-
responsive cells [38, 101, 102] (p5E-dusp6).

Middle entry vectors. For imaging, we created an additional middle entry vector with the
orange-red fluorophore tdTomato [40] with a stop codon (pME-tdTomato). For N-terminal
protein fusions, we made vectors with tdTomato and mKate2 without stop codons (pME-tdTo-
mato no stop and pME-mKate2 no stop).

We also created a vector containing an empty FIEx switch cassette (pME-FIEx switch),
which allows the insertion of a protein coding sequence between two pairs of heterotypic,
antiparallel loxP-type recombination sites [103, 104]. Cre-mediated recombination causes
the inversion of the coding sequence and excision of two recombination sites, which inhibits
further recombination. Therefore, if the coding sequence is inserted into pME-FIEx switch in
an antisense direction, Cre-mediated inversion results in persistent expression, as long as the
switch is placed downstream of an active promoter. Conversely, if the coding sequence is
inserted in the sense orientation, Cre-mediated recombination will result in permanently
extinguishing expression. Further, if two protein-coding sequences are inserted, one in the
sense and the other in the antisense orientation, Cre-mediated inversion will turn “on” the
antisense protein and turn “off” the sense protein, which allows monitoring of Cre activity in
vivo [104, 105].

Finally, we offer vectors for tamoxifen-inducible gene expression by linking the estrogen
receptor variant ERT2 onto both ends of Cre (pME-ERT2-Cre-ERT2) which can be used for
lox site recombination. pME-ERT2-Cre-ERT?2 differs from a previously described Cre-ERT2
middle entry vector [106] in that it contains a second copy of ERT2 on the N-terminus of Cre.
In zebrafish, this abolished high background recombination activity observed with Cre fused to
a single ERT?2 copy in the absence of tamoxifen and allowed tight regulation of transgene
expression [107]. ERT2 was also fused to GAL4 and the VP16 transcriptional activation
domain (pME-GAL4-ERT2-VP16) for expression of UAS-linked transgenes. Both of these vec-
tors have been successfully used to generate conditional transgenic zebrafish lines with tempo-
rally controlled gene expression [36, 38].

3’ entry vectors. We developed additional 3’ entry vectors for generating C-terminal
fusion proteins. This list includes a no-pA vector with GFP (p3E-GFP no-pA) and pA and no-
PA vectors with a GFP that targets to the plasma membrane (GFPmem) via the addition of an
hRas palmitoylation domain on its C-terminus (p3E-GFPmem pA and no-pA). We stress the
distinction of GFPmem in the 3’ entry vectors from memGFP in pME-memGFP-P2A because
they use distinct mechanisms to localize at the plasma membrane. We also provide no-pA vec-
tors containing mKate2 with myc or HA tags (p3E-mKate2-myc and p3E-mKate2-HA no-
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doi:10.1371/journal.pone.0159277.9007

pA). Additionally, we generated five no-pA vectors for generating C-terminal HA-tagged fluor-
ophore fusion proteins (p3E-GFP-HA no-pA, p3E-YFP-HA no-pA, p3E-CFP-HA no-pA and
p3E-mCherry-HA no-pA). We also cloned a myc-tagged E. coli DNA adenine methyltransfer-
ase (p3E-Dam-myc no-pA), which, when fused to a chromatin-associated protein of interest,
can be used to identify DNA binding sequences [43, 108]. Lastly, we provide a pA vector con-
taining a FRT-flanked kanamycin resistance cassette (p3E-FRT-Kan"-FRT pA) for FLP-
induced antibiotic resistance.

We also developed 3’ entry vectors for two-gene expression constructs from independent
promoters. Using a dedicated CMVmin promoter, we made both pA and no-pA vectors for
independent expression of GFP, nlsGFP or GFPmem (p3E-CMVmin:GFP pA and no-pA,
p3E-CMVmin:nlsGFP pA and no-pA, and p3E-GFPmem pA and no-pA). However, we warn
against using these vectors to generate bicistronic constructs if robust expression of an
upstream transgene is required because, as with other reports [76, 77, 109], we have observed
that expression of transgenes placed 5" of CMVmin:GFP inserts were severely reduced (data
not shown).
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Concluding Remarks

Multisite Gateway cloning is a powerful method for generating multi-component vectors. Col-
lectively, we have developed more than 50 novel entry vectors and two lentiviral destination
vectors for vertebrate expression constructs. These vectors are available, either individually or
as an entire kit, via Addgene. Our constructs complement existing vertebrate-compatible Gate-
way toolkits, including the widely-used Tol2kit [6]. Further, our vectors may be utilized for
genome-wide applications, such as high-throughput screens, when coupled to large Gateway-
based ORFeome collections, including the near-complete human ORFeome V8.1[22] that is
now available from the DNASU repository [110] (www.dnasu.org). Therefore, this toolkit
should prove useful for rapidly generating constructs that will facilitate molecular and cellular
research.

Supporting Information

$1 Movie. Time-lapse video of rapamycin-induced nuclear export.
(AVI)

Acknowledgments

Special thanks to Carly Williams and Megan Call for help in generating entry vectors and to
Matthew Garish and Vidusha Devasthali for providing technical assistance. Thanks to Chi-Bin
Chien, Kristen Kwan, David Turner, Joe Fetcho, Pam Raymond, William Hahn, David Root
and Matthew Nolan for generously providing plasmids.

Author Contributions

Conceived and designed the experiments: DKF S. Stewart S. Seredick KS PW.
Performed the experiments: DKF S. Stewart S. Seredick KS.

Analyzed the data: DKF S. Stewart S. Seredick KS.

Contributed reagents/materials/analysis tools: DKF S. Stewart S. Seredick JSE KS.
Wrote the paper: DKF PW.

References

1. Merril CR, Geier MR, Petricciani JC. Bacterial virus gene expression in human cells. Nature. 1971;
233(5319):398-400. PMID: 4940436

2. Hartley JL, Temple GF, Brasch MA. DNA cloning using in vitro site-specific recombination. Genome
Res. 2000; 10(11):1788-95. PMID: 11076863

3. Cheo DL, Titus SA, Byrd DR, Hartley JL, Temple GF, Brasch MA. Concerted assembly and cloning of
multiple DNA segments using in vitro site-specific recombination: functional analysis of multi-segment
expression clones. Genome Res. 2004; 14(10B):2111-20. PMID: 15489333

4. Campeau E, Ruhl VE, Rodier F, Smith CL, Rahmberg BL, Fuss JO, et al. A versatile viral system for
expression and depletion of proteins in mammalian cells. PLoS One. 2009; 4(8):€6529. doi: 10.1371/
journal.pone.0006529 PMID: 19657394

5. Estornell LH, Orzaez D, Lopez-Pena L, Pineda B, Anton MT, Moreno V, et al. A multisite gateway-
based toolkit for targeted gene expression and hairpin RNA silencing in tomato fruits. Plant Biotechnol
J. 2009; 7(3):298-309. doi: 10.1111/].1467-7652.2009.00402.x PMID: 19228332

6. Kwan KM, Fujimoto E, Grabher C, Mangum BD, Hardy ME, Campbell DS, et al. The Tol2kit: a multisite
gateway-based construction kit for Tol2 transposon transgenesis constructs. Dev Dyn. 2007; 236
(11):3088-99. PMID: 17937395

PLOS ONE | DOI:10.1371/journal.pone.0159277 August 8, 2016 23/28


http://www.dnasu.org/
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0159277.s001
http://www.ncbi.nlm.nih.gov/pubmed/4940436
http://www.ncbi.nlm.nih.gov/pubmed/11076863
http://www.ncbi.nlm.nih.gov/pubmed/15489333
http://dx.doi.org/10.1371/journal.pone.0006529
http://dx.doi.org/10.1371/journal.pone.0006529
http://www.ncbi.nlm.nih.gov/pubmed/19657394
http://dx.doi.org/10.1111/j.1467-7652.2009.00402.x
http://www.ncbi.nlm.nih.gov/pubmed/19228332
http://www.ncbi.nlm.nih.gov/pubmed/17937395

@’PLOS ‘ ONE

A Vertebrate MultiSite Gateway Toolkit

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Petersen LK, Stowers RS. A Gateway MultiSite recombination cloning toolkit. PLoS One. 2011; 6(9):
€24531. doi: 10.1371/journal.pone.0024531 PMID: 21931740

Roure A, Rothbacher U, Robin F, Kalmar E, Ferone G, Lamy C, et al. A multicassette Gateway vector
set for high throughput and comparative analyses in ciona and vertebrate embryos. PLoS One. 2007;
2(9):€916. PMID: 17878951

Shearin HK, Dvarishkis AR, Kozeluh CD, Stowers RS. Expansion of the gateway multisite recombina-
tion cloning toolkit. PLoS One. 2013; 8(10):e77724. doi: 10.1371/journal.pone.0077724 PMID:
24204935

Sigl R, Ploner C, Shivalingaiah G, Kofler R, Geley S. Development of a multipurpose GATEWAY-
based lentiviral tetracycline-regulated conditional RNAi system (GLTR). PLoS One. 2014; 9(5):
€97764. doi: 10.1371/journal.pone.0097764 PMID: 24841113

Villefranc JA, Amigo J, Lawson ND. Gateway compatible vectors for analysis of gene function in the
zebrafish. Dev Dyn. 2007; 236(11):3077—-87. PMID: 17948311

White MD, Milne RV, Nolan MF. A Molecular Toolbox for Rapid Generation of Viral Vectors to Up- or
Down-Regulate Neuronal Gene Expression in vivo. Front Mol Neurosci. 2011; 4:8. doi: 10.3389/
fnmol.2011.00008 PMID: 21772812

Zeiser E, Frokjaer-Jensen C, Jorgensen E, Ahringer J. MosSCI and gateway compatible plasmid
toolkit for constitutive and inducible expression of transgenes in the C. elegans germline. PLoS One.
2011; 6(5):20082. doi: 10.1371/journal.pone.0020082 PMID: 21637852

Love NR, Thuret R, Chen Y, Ishibashi S, Sabherwal N, Paredes R, et al. pTransgenesis: a cross-spe-
cies, modular transgenesis resource. Development. 2011; 138(24):5451-8. doi: 10.1242/dev.066498
PMID: 22110059

Giuraniuc CV, MacPherson M, Saka Y. Gateway vectors for efficient artificial gene assembly in vitro
and expression in yeast Saccharomyces cerevisiae. PLoS One. 2013; 8(5):e64419. doi: 10.1371/
journal.pone.0064419 PMID: 23675537

Wille T, Barlag B, Jakovljevic V, Hensel M, Sourjik V, Gerlach RG. A gateway-based system for fast
evaluation of protein-protein interactions in bacteria. PLoS One. 2015; 10(4):e0123646. doi: 10.1371/
journal.pone.0123646 PMID: 25856398

Campbell LJ, Willoughby JJ, Jensen AM. Two types of Tet-On transgenic lines for doxycycline-induc-
ible gene expression in zebrafish rod photoreceptors and a gateway-based tet-on toolkit. PLoS One.
2012; 7(12):e51270. doi: 10.1371/journal.pone.0051270 PMID: 23251476

Dolt KS, Lawrence ML, Miller-Hodges E, Slight J, Thornburn A, Devenney PS, et al. A universal vector
for high-efficiency multi-fragment recombineering of BACs and knock-in constructs. PLoS One. 2013;
8(4):62054. doi: 10.1371/journal.pone.0062054 PMID: 23637962

Lamesch P, Li N, Milstein S, Fan C, Hao T, Szabo G, et al. hORFeome v3.1: a resource of human
open reading frames representing over 10,000 human genes. Genomics. 2007; 89(3):307—15. PMID:
17207965

Rual JF, Hirozane-Kishikawa T, Hao T, Bertin N, Li S, Dricot A, et al. Human ORFeome version 1.1: a
platform for reverse proteomics. Genome Res. 2004; 14(10B):2128-35. PMID: 15489335

Bechtel S, Rosenfelder H, Duda A, Schmidt CP, Ernst U, Wellenreuther R, et al. The full-ORF clone
resource of the German cDNA Consortium. BMC Genomics. 2007; 8:399. PMID: 17974005

Yang X, Boehm JS, Yang X, Salehi-Ashtiani K, Hao T, Shen Y, et al. A public genome-scale lentiviral
expression library of human ORFs. Nat Methods. 2011; 8(8):659-61. doi: 10.1038/nmeth.1638 PMID:
21706014

Lamesch P, Milstein S, Hao T, Rosenberg J, Li N, Sequerra R, et al. C. elegans ORFeome version
3.1: increasing the coverage of ORFeome resources with improved gene predictions. Genome Res.
2004; 14(10B):2064—9. PMID: 15489327

Reboul J, Vaglio P, Rual JF, Lamesch P, Martinez M, Armstrong CM, et al. C. elegans ORFeome ver-
sion 1.1: experimental verification of the genome annotation and resource for proteome-scale protein
expression. Nat Genet. 2003; 34(1):35—41. PMID: 12679813

Grant IM, Balcha D, Hao T, Shen Y, Trivedi P, Patrushev |, et al. The Xenopus ORFeome: A resource
that enables functional genomics. Dev Biol. 2015; 408(2):345-57. doi: 10.1016/j.ydbio.2015.09.004
PMID: 26391338

Brandner CJ, Maier RH, Henderson DS, Hintner H, Bauer JW, Onder K. The ORFeome of Staphylo-
coccus aureus v 1.1. BMC Genomics. 2008; 9:321. doi: 10.1186/1471-2164-9-321 PMID: 18605992

Dricot A, Rual JF, Lamesch P, Bertin N, Dupuy D, Hao T, et al. Generation of the Brucella melitensis
ORFeome version 1.1. Genome Res. 2004; 14(10B):2201-6. PMID: 15489343

PLOS ONE | DOI:10.1371/journal.pone.0159277 August 8, 2016 24 /28


http://dx.doi.org/10.1371/journal.pone.0024531
http://www.ncbi.nlm.nih.gov/pubmed/21931740
http://www.ncbi.nlm.nih.gov/pubmed/17878951
http://dx.doi.org/10.1371/journal.pone.0077724
http://www.ncbi.nlm.nih.gov/pubmed/24204935
http://dx.doi.org/10.1371/journal.pone.0097764
http://www.ncbi.nlm.nih.gov/pubmed/24841113
http://www.ncbi.nlm.nih.gov/pubmed/17948311
http://dx.doi.org/10.3389/fnmol.2011.00008
http://dx.doi.org/10.3389/fnmol.2011.00008
http://www.ncbi.nlm.nih.gov/pubmed/21772812
http://dx.doi.org/10.1371/journal.pone.0020082
http://www.ncbi.nlm.nih.gov/pubmed/21637852
http://dx.doi.org/10.1242/dev.066498
http://www.ncbi.nlm.nih.gov/pubmed/22110059
http://dx.doi.org/10.1371/journal.pone.0064419
http://dx.doi.org/10.1371/journal.pone.0064419
http://www.ncbi.nlm.nih.gov/pubmed/23675537
http://dx.doi.org/10.1371/journal.pone.0123646
http://dx.doi.org/10.1371/journal.pone.0123646
http://www.ncbi.nlm.nih.gov/pubmed/25856398
http://dx.doi.org/10.1371/journal.pone.0051270
http://www.ncbi.nlm.nih.gov/pubmed/23251476
http://dx.doi.org/10.1371/journal.pone.0062054
http://www.ncbi.nlm.nih.gov/pubmed/23637962
http://www.ncbi.nlm.nih.gov/pubmed/17207965
http://www.ncbi.nlm.nih.gov/pubmed/15489335
http://www.ncbi.nlm.nih.gov/pubmed/17974005
http://dx.doi.org/10.1038/nmeth.1638
http://www.ncbi.nlm.nih.gov/pubmed/21706014
http://www.ncbi.nlm.nih.gov/pubmed/15489327
http://www.ncbi.nlm.nih.gov/pubmed/12679813
http://dx.doi.org/10.1016/j.ydbio.2015.09.004
http://www.ncbi.nlm.nih.gov/pubmed/26391338
http://dx.doi.org/10.1186/1471-2164-9-321
http://www.ncbi.nlm.nih.gov/pubmed/18605992
http://www.ncbi.nlm.nih.gov/pubmed/15489343

@’PLOS ‘ ONE

A Vertebrate MultiSite Gateway Toolkit

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

Maier CJ, Maier RH, Virok DP, Maass M, Hintner H, Bauer JW, et al. Construction of a highly flexible
and comprehensive gene collection representing the ORFeome of the human pathogen Chlamydia
pneumoniae. BMC Genomics. 2012; 13:632. doi: 10.1186/1471-2164-13-632 PMID: 23157390

Rajagopala SV, Yamamoto N, Zweifel AE, Nakamichi T, Huang HK, Mendez-Rios JD, et al. The
Escherichia coli K-12 ORFeome: a resource for comparative molecular microbiology. BMC Geno-
mics. 2010; 11:470. doi: 10.1186/1471-2164-11-470 PMID: 20701780

Fowler DK, Williams C, Gerritsen AT, Washbourne P. Improved knockdown from artificial microRNAs
in an enhanced miR-155 backbone: a designer's guide to potent multi-target RNAi. Nucleic Acids
Res. 2016; 44(5):e48. doi: 10.1093/nar/gkv1246 PMID: 26582923

Donnelly ML, Hughes LE, Luke G, Mendoza H, ten Dam E, Gani D, et al. The 'cleavage' activities of
foot-and-mouth disease virus 2A site-directed mutants and naturally occurring '2A-like' sequences. J
Gen Virol. 2001; 82(Pt 5):1027—41. PMID: 11297677

Westerfield M. The zebrafish book: a guide for the laboratory use of zebrafish ( Danio rerio): Univer-
sity of Oregon press; 2000.

Chung KH, Hart CC, Al-Bassam S, Avery A, Taylor J, Patel PD, et al. Polycistronic RNA polymerase Il
expression vectors for RNA interference based on BIC/miR-155. Nucleic Acids Res. 2006; 34(7):e53.
PMID: 16614444

Higashijima S-i, Masino MA, Mandel G, Fetcho JR. Imaging neuronal activity during zebrafish behav-
ior with a genetically encoded calcium indicator. Journal of neurophysiology. 2003; 90(6):3986—-97.
PMID: 12930818

Bernardos RL, Raymond PA. GFAP transgenic zebrafish. Gene Expression Patterns. 2006; 6
(8):1007-13. PMID: 16765104

Akerberg AA, Stewart S, Stankunas K. Spatial and temporal control of transgene expression in zebra-
fish. PLoS One. 2014; 9(3):€92217. doi: 10.1371/journal.pone.0092217 PMID: 24643048

Seredick SD, Van Ryswyk L, Hutchinson SA, Eisen JS. Zebrafish Mnx proteins specify one motoneu-
ron subtype and suppress acquisition of interneuron characteristics. Neural Dev. 2012; 7:35. doi: 10.
1186/1749-8104-7-35 PMID: 23122226

Stewart S, Stankunas K. Limited dedifferentiation provides replacement tissue during zebrafish fin
regeneration. Dev Biol. 2012; 365(2):339-49. doi: 10.1016/j.ydbio.2012.02.031 PMID: 22426105

Shcherbo D, Murphy CS, Ermakova GV, Solovieva EA, Chepurnykh TV, Shcheglov AS, et al. Far-red
fluorescent tags for protein imaging in living tissues. Biochem J. 2009; 418(3):567—-74. doi: 10.1042/
BJ20081949 PMID: 19143658

Shaner NC, Campbell RE, Steinbach PA, Giepmans BN, Palmer AE, Tsien RY. Improved monomeric
red, orange and yellow fluorescent proteins derived from Discosoma sp. red fluorescent protein. Nat
Biotechnol. 2004; 22(12):1567-72. PMID: 15558047

Kameda H, Furuta T, Matsuda W, Ohira K, Nakamura K, Hioki H, et al. Targeting green fluorescent
protein to dendritic membrane in central neurons. Neurosci Res. 2008; 61(1):79-91. doi: 10.1016/j.
neures.2008.01.014 PMID: 18342383

Kim JH, Lee SR, Li LH, Park HJ, Park JH, Lee KY, et al. High cleavage efficiency of a 2A peptide
derived from porcine teschovirus-1 in human cell lines, zebrafish and mice. PLoS One. 2011; 6(4):
€18556. doi: 10.1371/journal.pone.0018556 PMID: 21602908

van Steensel B, Delrow J, Henikoff S. Chromatin profiling using targeted DNA adenine methyltransfer-
ase. Nat Genet. 2001; 27(3):304—8. PMID: 11242113

Burckstummer T, Bennett KL, Preradovic A, Schutze G, Hantschel O, Superti-Furga G, et al. An effi-
cient tandem affinity purification procedure for interaction proteomics in mammalian cells. Nat Meth-
ods. 2006; 3(12):1013-9. PMID: 17060908

Stankunas K, Bayle JH, Gestwicki JE, Lin YM, Wandless TJ, Crabtree GR. Conditional protein alleles
using knockin mice and a chemical inducer of dimerization. Mol Cell. 2003; 12(6):1615-24. PMID:
14690613

Stankunas K, Bayle JH, Havranek JJ, Wandless TJ, Baker D, Crabtree GR, et al. Rescue of degrada-
tion-prone mutants of the FK506-rapamycin binding (FRB) protein with chemical ligands. Chembio-
chem. 2007; 8(10):1162-9. PMID: 17525916

Bayle JH, Grimley JS, Stankunas K, Gestwicki JE, Wandless TJ, Crabtree GR. Rapamycin analogs
with differential binding specificity permit orthogonal control of protein activity. Chem Biol. 2006; 13
(1):99-107. PMID: 16426976

Johannessen CM, Boehm JS, Kim SY, Thomas SR, Wardwell L, Johnson LA, et al. COT drives resis-
tance to RAF inhibition through MAP kinase pathway reactivation. Nature. 2010; 468(7326):968—
U370. doi: 10.1038/nature09627 PMID: 21107320

PLOS ONE | DOI:10.1371/journal.pone.0159277 August 8, 2016 25/28


http://dx.doi.org/10.1186/1471-2164-13-632
http://www.ncbi.nlm.nih.gov/pubmed/23157390
http://dx.doi.org/10.1186/1471-2164-11-470
http://www.ncbi.nlm.nih.gov/pubmed/20701780
http://dx.doi.org/10.1093/nar/gkv1246
http://www.ncbi.nlm.nih.gov/pubmed/26582923
http://www.ncbi.nlm.nih.gov/pubmed/11297677
http://www.ncbi.nlm.nih.gov/pubmed/16614444
http://www.ncbi.nlm.nih.gov/pubmed/12930818
http://www.ncbi.nlm.nih.gov/pubmed/16765104
http://dx.doi.org/10.1371/journal.pone.0092217
http://www.ncbi.nlm.nih.gov/pubmed/24643048
http://dx.doi.org/10.1186/1749-8104-7-35
http://dx.doi.org/10.1186/1749-8104-7-35
http://www.ncbi.nlm.nih.gov/pubmed/23122226
http://dx.doi.org/10.1016/j.ydbio.2012.02.031
http://www.ncbi.nlm.nih.gov/pubmed/22426105
http://dx.doi.org/10.1042/BJ20081949
http://dx.doi.org/10.1042/BJ20081949
http://www.ncbi.nlm.nih.gov/pubmed/19143658
http://www.ncbi.nlm.nih.gov/pubmed/15558047
http://dx.doi.org/10.1016/j.neures.2008.01.014
http://dx.doi.org/10.1016/j.neures.2008.01.014
http://www.ncbi.nlm.nih.gov/pubmed/18342383
http://dx.doi.org/10.1371/journal.pone.0018556
http://www.ncbi.nlm.nih.gov/pubmed/21602908
http://www.ncbi.nlm.nih.gov/pubmed/11242113
http://www.ncbi.nlm.nih.gov/pubmed/17060908
http://www.ncbi.nlm.nih.gov/pubmed/14690613
http://www.ncbi.nlm.nih.gov/pubmed/17525916
http://www.ncbi.nlm.nih.gov/pubmed/16426976
http://dx.doi.org/10.1038/nature09627
http://www.ncbi.nlm.nih.gov/pubmed/21107320

@’PLOS ‘ ONE

A Vertebrate MultiSite Gateway Toolkit

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Kawakami K, Takeda H, Kawakami N, Kobayashi M, Matsuda N, Mishina M. A transposon-mediated
gene trap approach identifies developmentally regulated genes in zebrafish. Developmental cell.
2004; 7(1):133—44. PMID: 15239961

Hans S, Christison J, Liu D, Westerfield M. Fgf-dependent otic induction requires competence pro-
vided by Foxi1 and DIx3b. BMC Dev Biol. 2007; 7:5. PMID: 17239227

Dignam JD, Lebovitz RM, Roeder RG. Accurate transcription initiation by RNA polymerase Il in a solu-
ble extract from isolated mammalian nuclei. Nucleic Acids Res. 1983; 11(5):1475-89. PMID: 6828386

Zufferey R, Dull T, Mandel RJ, Bukovsky A, Quiroz D, Naldini L, et al. Self-inactivating lentivirus vector
for safe and efficient in vivo gene delivery. J Virol. 1998; 72(12):9873-80. PMID: 9811723

Dull T, Zufferey R, Kelly M, Mandel RJ, Nguyen M, Trono D, et al. A third-generation lentivirus vector
with a conditional packaging system. J Virol. 1998; 72(11):8463-71. PMID: 9765382

Zufferey R, Donello JE, Trono D, Hope TJ. Woodchuck hepatitis virus posttranscriptional regulatory
element enhances expression of transgenes delivered by retroviral vectors. J Virol. 1999; 73
(4):2886—-92. PMID: 10074136

Zennou V, Petit C, Guetard D, Nerhbass U, Montagnier L, Charneau P. HIV-1 genome nuclear import
is mediated by a central DNA flap. Cell. 2000; 101(2):173-85. PMID: 10786833

Barry SC, Harder B, Brzezinski M, Flint LY, Seppen J, Osborne WR. Lentivirus vectors encoding both
central polypurine tract and posttranscriptional regulatory element provide enhanced transduction
and transgene expression. Hum Gene Ther. 2001; 12(9):1103-8. PMID: 11399231

al Yacoub N, Romanowska M, Haritonova N, Foerster J. Optimized production and concentration of
lentiviral vectors containing large inserts. J Gene Med. 2007; 9(7):579-84. PMID: 17533614

Kumar M, Keller B, Makalou N, Sutton RE. Systematic determination of the packaging limit of lentiviral
vectors. Hum Gene Ther. 2001; 12(15):1893-905. PMID: 11589831

Hager S, Frame FM, Collins AT, Burns JE, Maitland NJ. An internal polyadenylation signal substan-
tially increases expression levels of lentivirus-delivered transgenes but has the potential to reduce
viral titer in a promoter-dependent manner. Hum Gene Ther. 2008; 19(8):840-50. doi: 10.1089/hum.
2007.165 PMID: 18627247

Livet J, Weissman TA, Kang H, Draft RW, Lu J, Bennis RA, et al. Transgenic strategies for combinato-
rial expression of fluorescent proteins in the nervous system. Nature. 2007; 450(7166):56—62. PMID:
17972876

Strack RL, Hein B, Bhattacharyya D, Hell SW, Keenan RJ, Glick BS. A rapidly maturing far-red deriva-
tive of DsRed-Express2 for whole-cell labeling. Biochemistry. 2009; 48(35):8279—-81. doi: 10.1021/
bi900870u PMID: 19658435

Weissman TA, Pan YA. Brainbow: new resources and emerging biological applications for multicolor
genetic labeling and analysis. Genetics. 2015; 199(2):293-306. doi: 10.1534/genetics.114.172510
PMID: 25657347

Cai D, Cohen KB, Luo T, Lichtman JW, Sanes JR. Improved tools for the Brainbow toolbox. Nature
methods. 2013; 10(6):540-7.

Fellmann C, Lowe SW. Stable RNA interference rules for silencing. Nat Cell Biol. 2014; 16(1):10-8.
doi: 10.1038/ncb2895 PMID: 24366030

Zeng 'Y, Wagner EJ, Cullen BR. Both natural and designed micro RNAs can inhibit the expression of
cognate mRNAs when expressed in human cells. Mol Cell. 2002; 9(6):1327-33. PMID: 12086629

Liu YP, Vink MA, Westerink JT, Ramirez de Arellano E, Konstantinova P, Ter Brake O, et al. Titers of
lentiviral vectors encoding shRNAs and miRNAs are reduced by different mechanisms that require
distinct repair strategies. RNA. 2010; 16(7):1328-39. doi: 10.1261/rna.1887910 PMID: 20498457

Geiling B, Vandal G, Posner AR, de Bruyns A, Dutchak KL, Garnett S, et al. A modular lentiviral and
retroviral construction system to rapidly generate vectors for gene expression and gene knockdown in
vitro and in vivo. PLoS One. 2013; 8(10):e76279. doi: 10.1371/journal.pone.0076279 PMID:
24146852

Giacomotto J, Rinkwitz S, Becker TS. Effective heritable gene knockdown in zebrafish using synthetic
microRNAs. Nat Commun. 2015; 6:7378. doi: 10.1038/ncomms8378 PMID: 26051838

Yu X, Zhan X, D'Costa J, Tanavde VM, Ye Z, Peng T, et al. Lentiviral vectors with two independent
internal promoters transfer high-level expression of multiple transgenes to human hematopoietic
stem-progenitor cells. Mol Ther. 2003; 7(6):827-38. PMID: 12788657

Mizuguchi H, Xu Z, Ishii-Watabe A, Uchida E, Hayakawa T. IRES-dependent second gene expression
is significantly lower than cap-dependent first gene expression in a bicistronic vector. Mol Ther. 2000;
1(4):376-82. PMID: 10933956

PLOS ONE | DOI:10.1371/journal.pone.0159277 August 8, 2016 26/28


http://www.ncbi.nlm.nih.gov/pubmed/15239961
http://www.ncbi.nlm.nih.gov/pubmed/17239227
http://www.ncbi.nlm.nih.gov/pubmed/6828386
http://www.ncbi.nlm.nih.gov/pubmed/9811723
http://www.ncbi.nlm.nih.gov/pubmed/9765382
http://www.ncbi.nlm.nih.gov/pubmed/10074136
http://www.ncbi.nlm.nih.gov/pubmed/10786833
http://www.ncbi.nlm.nih.gov/pubmed/11399231
http://www.ncbi.nlm.nih.gov/pubmed/17533614
http://www.ncbi.nlm.nih.gov/pubmed/11589831
http://dx.doi.org/10.1089/hum.2007.165
http://dx.doi.org/10.1089/hum.2007.165
http://www.ncbi.nlm.nih.gov/pubmed/18627247
http://www.ncbi.nlm.nih.gov/pubmed/17972876
http://dx.doi.org/10.1021/bi900870u
http://dx.doi.org/10.1021/bi900870u
http://www.ncbi.nlm.nih.gov/pubmed/19658435
http://dx.doi.org/10.1534/genetics.114.172510
http://www.ncbi.nlm.nih.gov/pubmed/25657347
http://dx.doi.org/10.1038/ncb2895
http://www.ncbi.nlm.nih.gov/pubmed/24366030
http://www.ncbi.nlm.nih.gov/pubmed/12086629
http://dx.doi.org/10.1261/rna.1887910
http://www.ncbi.nlm.nih.gov/pubmed/20498457
http://dx.doi.org/10.1371/journal.pone.0076279
http://www.ncbi.nlm.nih.gov/pubmed/24146852
http://dx.doi.org/10.1038/ncomms8378
http://www.ncbi.nlm.nih.gov/pubmed/26051838
http://www.ncbi.nlm.nih.gov/pubmed/12788657
http://www.ncbi.nlm.nih.gov/pubmed/10933956

@’PLOS ‘ ONE

A Vertebrate MultiSite Gateway Toolkit

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Gascon S, Paez-Gomez JA, Diaz-Guerra M, Scheiffele P, Scholl FG. Dual-promoter lentiviral vectors
for constitutive and regulated gene expression in neurons. J Neurosci Methods. 2008; 168(1):104—12.
PMID: 17983662

Low K, Blesch A, Herrmann J, Tuszynski MH. A dual promoter lentiviral vector for the in vivo evalua-
tion of gene therapeutic approaches to axon regeneration after spinal cord injury. Gene Ther. 2010;
17(5):577-91. doi: 10.1038/gt.2010.14 PMID: 20200564

Kim KJ, Kim HE, Lee KH, Han W, Yi MJ, Jeong J, et al. Two-promoter vector is highly efficient for over-
production of protein complexes. Protein Sci. 2004; 13(6):1698-703. PMID: 15133160

Emerman M, Temin HM. Genes with promoters in retrovirus vectors can be independently sup-
pressed by an epigenetic mechanism. Cell. 1984; 39(3 Pt 2):449-67. PMID: 6096005

Curtin JA, Dane AP, Swanson A, Alexander IE, Ginn SL. Bidirectional promoter interference between
two widely used internal heterologous promoters in a late-generation lentiviral construct. Gene Ther.
2008; 15(5):384-90. doi: 10.1038/sj.gt.3303105 PMID: 18283290

Osti D, Marras E, Ceriani |, Grassini G, Rubino T, Vigano D, et al. Comparative analysis of molecular
strategies attenuating positional effects in lentiviral vectors carrying multiple genes. J Virol Methods.
2006; 136(1-2):93—-101. PMID: 16690138

Villemure JF, Savard N, Belmaaza A. Promoter suppression in cultured mammalian cells can be
blocked by the chicken beta-globin chromatin insulator 5'HS4 and matrix/scaffold attachment regions.
J Mol Biol. 2001; 312(5):963-74. PMID: 11580242

Provost E, Rhee J, Leach SD. Viral 2A peptides allow expression of multiple proteins from a single
ORF in Transgenic zebrafish embryos. Genesis. 2007; 45(10):625-9. PMID: 17941043

Szymczak AL, Workman CJ, Wang Y, Vignali KM, Dilioglou S, Vanin EF, et al. Correction of multi-
gene deficiency in vivo using a single 'self-cleaving' 2A peptide-based retroviral vector (vol 22, pg
589, 2004). Nature Biotechnology. 2004; 22(12):1590—.

Tang W, Ehrlich |, Wolff SBE, Michalski AM, Wolfl S, Hasan MT, et al. Faithful Expression of Multiple
Proteins via 2A-Peptide Self-Processing: A Versatile and Reliable Method for Manipulating Brain Cir-
cuits. Journal of Neuroscience. 2009; 29(27):8621-9. doi: 10.1523/JNEUROSCI.0359-09.2009
PMID: 19587267

Trichas G, Begbie J, Srinivas S. Use of the viral 2A peptide for bicistronic expression in transgenic
mice. Bmc Biol. 2008; 6.

Ibrahimi A, Vande Velde G, Reumers V, Toelen J, Thiry |, Vandeputte C, et al. Highly efficient multicis-
tronic lentiviral vectors with peptide 2A sequences. Hum Gene Ther. 2009; 20(8):845-60. doi: 10.
1089/hum.2008.188 PMID: 19419274

Ryan MD, Drew J. Foot-and-mouth disease virus 2A oligopeptide mediated cleavage of an artificial
polyprotein. EMBO J. 1994; 13(4):928-33. PMID: 8112307

Donnelly ML, Luke G, Mehrotra A, Li X, Hughes LE, Gani D, et al. Analysis of the aphthovirus 2A/2B
polyprotein 'cleavage' mechanism indicates not a proteolytic reaction, but a novel translational effect:
a putative ribosomal 'skip'. J Gen Virol. 2001; 82(Pt 5):1013-25. PMID: 11297676

Carraway KL lII, Sliwkowski MX, Akita R, Platko JV, Guy PM, Nuijens A, et al. The erbB3 gene product
is a receptor for heregulin. J Biol Chem. 1994; 269(19):14303-6. PMID: 8188716

Guy PM, Platko JV, Cantley LC, Cerione RA, Carraway KL lll. Insect cell-expressed p180erbB3 pos-
sesses an impaired tyrosine kinase activity. Proc Natl Acad Sci U S A. 1994; 91(17):8132—6. PMID:
8058768

Sliwkowski MX, Schaefer G, Akita RW, Lofgren JA, Fitzpatrick VD, Nuijens A, et al. Coexpression of
erbB2 and erbB3 proteins reconstitutes a high affinity receptor for heregulin. J Biol Chem. 1994; 269
(20):14661-5. PMID: 7514177

Kim HH, Vijapurkar U, Hellyer NJ, Bravo D, Koland JG. Signal transduction by epidermal growth factor
and heregulin via the kinase-deficient ErbB3 protein. Biochem J. 1998; 334 (Pt 1):189-95. PMID:
9693119

de Felipe P, Ryan MD. Targeting of proteins derived from self-processing polyproteins containing mul-
tiple signal sequences. Traffic. 2004; 5(8):616—26. PMID: 15260831

de Felipe P, Luke GA, Brown JD, Ryan MD. Inhibition of 2A-mediated 'cleavage’ of certain artificial
polyproteins bearing N-terminal signal sequences. Biotechnol J. 2010; 5(2):213-23. doi: 10.1002/biot.
200900134 PMID: 19946875

Tallafuss A, Constable JR, Washbourne P. Organization of central synapses by adhesion molecules.
Eur J Neurosci. 2010; 32(2):198-206. doi: 10.1111/j.1460-9568.2010.07340.x PMID: 20646051

Wang W, Chi T, Xue Y, Zhou S, Kuo A, Crabtree GR. Architectural DNA binding by a high-mobility-
group/kinesin-like subunit in mammalian SWI/SNF-related complexes. Proc Natl Acad SciU S A.
1998; 95(2):492-8. PMID: 9435219

PLOS ONE | DOI:10.1371/journal.pone.0159277 August 8, 2016 27/28


http://www.ncbi.nlm.nih.gov/pubmed/17983662
http://dx.doi.org/10.1038/gt.2010.14
http://www.ncbi.nlm.nih.gov/pubmed/20200564
http://www.ncbi.nlm.nih.gov/pubmed/15133160
http://www.ncbi.nlm.nih.gov/pubmed/6096005
http://dx.doi.org/10.1038/sj.gt.3303105
http://www.ncbi.nlm.nih.gov/pubmed/18283290
http://www.ncbi.nlm.nih.gov/pubmed/16690138
http://www.ncbi.nlm.nih.gov/pubmed/11580242
http://www.ncbi.nlm.nih.gov/pubmed/17941043
http://dx.doi.org/10.1523/JNEUROSCI.0359-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19587267
http://dx.doi.org/10.1089/hum.2008.188
http://dx.doi.org/10.1089/hum.2008.188
http://www.ncbi.nlm.nih.gov/pubmed/19419274
http://www.ncbi.nlm.nih.gov/pubmed/8112307
http://www.ncbi.nlm.nih.gov/pubmed/11297676
http://www.ncbi.nlm.nih.gov/pubmed/8188716
http://www.ncbi.nlm.nih.gov/pubmed/8058768
http://www.ncbi.nlm.nih.gov/pubmed/7514177
http://www.ncbi.nlm.nih.gov/pubmed/9693119
http://www.ncbi.nlm.nih.gov/pubmed/15260831
http://dx.doi.org/10.1002/biot.200900134
http://dx.doi.org/10.1002/biot.200900134
http://www.ncbi.nlm.nih.gov/pubmed/19946875
http://dx.doi.org/10.1111/j.1460-9568.2010.07340.x
http://www.ncbi.nlm.nih.gov/pubmed/20646051
http://www.ncbi.nlm.nih.gov/pubmed/9435219

@’PLOS ‘ ONE

A Vertebrate MultiSite Gateway Toolkit

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Gestwicki JE, Marinec PS. Chemical control over protein-protein interactions: beyond inhibitors.
Comb Chem High Throughput Screen. 2007; 10(8):667—75. PMID: 18045079

Vezina C, Kudelski A, Sehgal S. Rapamycin (AY-22,989), a new antifungal antibiotic. I. Taxonomy of
the producing streptomycete and isolation of the active principle. The Journal of antibiotics. 1975; 28
(10):721-6. PMID: 1102508

Choi J, Chen J, Schreiber SL, Clardy J. Structure of the FKBP12-rapamycin complex interacting with
binding domain of human FRAP. Science. 1996; 273(5272):239-42. PMID: 8662507

Banaszynski LA, Liu CW, Wandless TJ. Characterization of the FKBP® Rapamycin® FRB Ternary
Complex. Journal of the American Chemical Society. 2005; 127(13):4715-21. PMID: 15796538

Putyrski M, Schultz C. Protein translocation as a tool: The current rapamycin story. FEBS letters.
2012; 586(15):2097—-105. doi: 10.1016/j.febslet.2012.04.061 PMID: 22584056

Dehennaut V, Leprince D, Lefebvre T. O-GlcNAcylation, an epigenetic mark. Focus on the histone
code, TET family proteins, and polycomb group proteins. 30 years old: O-GlcNAc reaches age of rea-
son-Regulation of cell signaling and metabolism by O-GlcNAcylation. 2015: 85.

Hioki H, Kameda H, Nakamura H, Okunomiya T, Ohira K, Nakamura K, et al. Efficient gene transduc-
tion of neurons by lentivirus with enhanced neuron-specific promoters. Gene Ther. 2007; 14(11):872—
82. PMID: 17361216

Park HC, Kim CH, Bae YK, Yeo SY, Kim SH, Hong SK, et al. Analysis of upstream elements in the
HuC promoter leads to the establishment of transgenic zebrafish with fluorescent neurons. Dev Biol.
2000; 227(2):279-93. PMID: 11071755

Tsang M, Maegawa S, Kiang A, Habas R, Weinberg E, Dawid IB. A role for MKP3 in axial patterning
of the zebrafish embryo. Development. 2004; 131(12):2769-79. PMID: 15142973

Molina GA, Watkins SC, Tsang M. Generation of FGF reporter transgenic zebrafish and their utility in
chemical screens. BMC Dev Biol. 2007; 7:62. PMID: 17553162

Atasoy D, Aponte Y, Su HH, Sternson SM. A FLEX switch targets Channelrhodopsin-2 to multiple cell
types for imaging and long-range circuit mapping. J Neurosci. 2008; 28(28):7025-30. doi: 10.1523/
JNEUROSCI.1954-08.2008 PMID: 18614669

Schnutgen F, Doerflinger N, Calleja C, Wendling O, Chambon P, Ghyselinck NB. A directional strat-
egy for monitoring Cre-mediated recombination at the cellular level in the mouse. Nat Biotechnol.
20083; 21(5):562-5. PMID: 12665802

Boniface EJ, Lu J, Victoroff T, Zhu M, Chen W. FIEx-based transgenic reporter lines for visualization
of Cre and Flp activity in live zebrafish. Genesis. 2009; 47(7):484-91. doi: 10.1002/dvg.20526 PMID:
19415631

Mosimann C, Kaufman CK, Li P, Pugach EK, Tamplin OJ, Zon LI. Ubiquitous transgene expression
and Cre-based recombination driven by the ubiquitin promoter in zebrafish. Development. 2011; 138
(1):169-77. doi: 10.1242/dev.059345 PMID: 21138979

Matsuda T, Cepko CL. Controlled expression of transgenes introduced by in vivo electroporation.
Proc Natl Acad Sci U S A. 2007; 104(3):1027-32. PMID: 17209010

van Steensel B, Henikoff S. Identification of in vivo DNA targets of chromatin proteins using tethered
dam methyltransferase. Nat Biotechnol. 2000; 18(4):424—8. PMID: 10748524

Tian J, Andreadis ST. Independent and high-level dual-gene expression in adult stem-progenitor cells
from a single lentiviral vector. Gene Ther. 2009; 16(7):874—84. doi: 10.1038/gt.2009.46 PMID:
19440229

Seiler CY, Park JG, Sharma A, Hunter P, Surapaneni P, Sedillo C, et al. DNASU plasmid and PSI:
Biology-Materials repositories: resources to accelerate biological research. Nucleic Acids Res. 2014;
42(Database issue):D1253-60. doi: 10.1093/nar/gkt1060 PMID: 24225319

PLOS ONE | DOI:10.1371/journal.pone.0159277 August 8, 2016 28/28


http://www.ncbi.nlm.nih.gov/pubmed/18045079
http://www.ncbi.nlm.nih.gov/pubmed/1102508
http://www.ncbi.nlm.nih.gov/pubmed/8662507
http://www.ncbi.nlm.nih.gov/pubmed/15796538
http://dx.doi.org/10.1016/j.febslet.2012.04.061
http://www.ncbi.nlm.nih.gov/pubmed/22584056
http://www.ncbi.nlm.nih.gov/pubmed/17361216
http://www.ncbi.nlm.nih.gov/pubmed/11071755
http://www.ncbi.nlm.nih.gov/pubmed/15142973
http://www.ncbi.nlm.nih.gov/pubmed/17553162
http://dx.doi.org/10.1523/JNEUROSCI.1954-08.2008
http://dx.doi.org/10.1523/JNEUROSCI.1954-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18614669
http://www.ncbi.nlm.nih.gov/pubmed/12665802
http://dx.doi.org/10.1002/dvg.20526
http://www.ncbi.nlm.nih.gov/pubmed/19415631
http://dx.doi.org/10.1242/dev.059345
http://www.ncbi.nlm.nih.gov/pubmed/21138979
http://www.ncbi.nlm.nih.gov/pubmed/17209010
http://www.ncbi.nlm.nih.gov/pubmed/10748524
http://dx.doi.org/10.1038/gt.2009.46
http://www.ncbi.nlm.nih.gov/pubmed/19440229
http://dx.doi.org/10.1093/nar/gkt1060
http://www.ncbi.nlm.nih.gov/pubmed/24225319

