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We demonstrate that a mutation-prone virus engineered to express a foreign gene is an expedient means for
generating novel mutant nonviral proteins in mammalian cells. Using vesicular stomatitis virus to express a
gene coding for a fluorescent DsRed protein, a number of green mutant variants including a new variant not
previously described were rapidly isolated from infected cells, sequenced, and cloned. Similar methods may be
useful in the development of physiologically sensitive fluorescent reporter proteins and directed evolution or
mutagenesis of proteins in general.

Directed protein evolution often employs random mutagen-
esis to generate mutant sequences of genes of interest that can
be expressed and screened to identify new proteins with al-
tered characteristics. Early random mutagenesis strategies us-
ing radiation and chemical mutagens such as ethyl methane-
sulfonate have today been replaced by the use of error-prone
DNA polymerases (17). The development of new fluorescent
proteins (20) has made use of error-prone PCR (4) to generate
mutant variants that can be screened by examining plates of
Escherichia coli colonies under fluorescent illumination (3, 16)
or by fluorescence-activated cell sorting (2, 18). Whereas these
procedures have proven effective, they can also be labor-inten-
sive, with plate-based screening at times requiring the exami-
nation of hundreds of plates and over 100,000 E. coli colonies
for the identification of a single fluorescently novel variant (3).
An additional drawback is that bacterium-based screening of
mutants is of limited use in the development of fluorescent
reporter proteins that alter their fluorescence in response to
changing physiological conditions within a cell. For these, a
mammalian cell-based method to screen for fluorescent mu-
tants would be beneficial. Here we report the use of a recom-
binant vesicular stomatitis virus (VSV) to generate mutated
nonviral genes coding for new proteins. We focused on a gene
coding for wild-type DsRed that, due to spontaneous viral
mutations, generated mutant green fluorescent variants that
were easily visualized and isolated from infected cultures of
mammalian cells.

Unlike most eukaryotic and prokaryotic cells, which have
very low mutation rates, some viruses, particularly RNA vi-
ruses, have high mutation rates due to a lack of proofreading
activity of the RNA polymerase. One such virus is VSV, a
single-stranded, negative-sense RNA virus of the Rhabdoviri-
dae family with a wild-type genome approximately 11.2 kb in
length that can be engineered to accept an additional 4.5-kb

gene insert (21). Genomic replication of VSV is error prone,
with approximately 1 nucleotide mutation per viral genome per
replication cycle (7). Using recombinant versions of VSV with
a gene insert coding for a fluorescent protein, one can perform
a plaque assay to examine fluorescent plaques formed by VSV-
1�DsRed (21; also called VSV-p1-RFP [24]), a recombinant
VSV that expresses a codon-optimized DsRed gene (DsRed1)
inserted at the first position (1�) of the viral genome (Fig. 1A).

Fluorescent plaque analysis. To investigate the possibility
that viral mutagenesis might lead to functional mutations of
foreign nonviral genes, we examined over 80 BHK-21 cell
cultures infected with VSV-1�DsRed containing hundreds of
thousands of red fluorescent plaques and consistently found a
small number of green fluorescent plaques (Fig. 1B) 24 h
postinoculation, suggesting the presence of mutant DsRed
genes. Recombinant VSV-1�DsRed virus (21, 24) expressing
the DsRed1 gene (Clontech, Palo Alto, CA) in the first gene
position was used (from J. Rose and I. Simon, Yale Univer-
sity). Prior to screening for fluorescent variants, plaque-puri-
fied viral stocks were prepared using single viral plaques to
inoculate BHK-21 cells and virus was harvested 24 to 30 h
later. All cells were propagated using minimum essential me-
dium (MEM) growth medium (Gibco, Carlsbad, CA) supple-
mented with 10% fetal bovine serum (Gibco) and 1% penicil-
lin-streptomycin solution (Gibco) and maintained at 37°C with
5% CO2. Microscopic fluorescent screening and imaging of the
DsRed plaques, which normally fluoresced red, were per-
formed using an Olympus IX71 inverted microscope fitted with
DsRed and enhanced green fluorescent protein (EGFP) filter
sets. Quantification of the green variant plaques found in a
series of duplicate 35-mm culture wells infected with 3 � 103,
10 � 103, 30 � 103, and 100 � 103 PFU per well resulted in the
following numbers of green plaques: 3 � 103 PFU � 0 and 0,
10 � 103 PFU � 0 and 1, 30 � 103 PFU � 2 and 3, and 100 �
103 PFU � 10 and 12, respectively. Thus, we find a mean of 1
green variant plaque per 10,700 red ones. Individual green
fluorescent plaques were identifiable against a background of
red fluorescent plaques, even at high concentrations of virus,
up to 100,000 PFU/well (Fig. 1C).
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Isolation and sequencing of fluorescent mutants. As a
proof-of-principle test, we used a single 6-well culture dish
infected with 10,000 to 25,000 PFU/well VSV-1�DsRed, and
from the thousands of red plaques, we harvested six green
mutant plaques by using a pipette to punch through the overlay
of semisolid agarose. It took only about 5 min to identify the six
green plaques. Since an “agarose punch” may capture not only
the intended green infected cells but also some of the red,
replating the extract yielded a mixture of red and green
plaques (Fig. 1D) that were spatially isolated from one an-
other, allowing individual plaques to be extracted in pure form.
Six green and two red control single plaque extracts were then
grown on BHK-21 cells without an agarose overlay and har-
vested to yield genomic viral RNA template suitable for re-
verse transcription-PCR (RT-PCR).

VSV genomic RNA was isolated using the QIAamp viral
RNA minikit (Qiagen, Valencia, CA). Reverse transcription of
VSV genomic RNA was performed using the Superscript III
RT kit (Invitrogen, Carlsbad, CA) at a reaction temperature of
53°C and an RT oligonucleotide with the sequence 5�-ACG
AAG ACA AAC AAA CCA TTA TTA TC-3�, designed to
anneal to the initial 26 bases of the 3� end of the VSV genome.
Genomic VSV cDNA was then used as template in a PCR

utilizing primers flanking the inserted fluorescent protein gene.
PCR was performed using the RT oligonucleotide above as the
forward primer and a reverse primer designed to anneal within
the N-terminal region of the N protein gene, the sequence of
which was 5�-GGA ACT ACG ACT GTG TTG TC-3�. Se-
quencing was performed in both the sense and antisense di-
rections for each product.

Sequencing of the DsRed gene from each of the six green
variants revealed a single nonsynonymous amino acid-altering
mutation at the positions N42H, K83E, F91L, Y120H, and
F124L. In contrast, no mutations were found in either of the
two red control isolates. The DsRed gene used here (DsRed1)
is a mammalian codon-optimized version of DsRed that pro-
duces a protein identical to the initially identified wild-type
protein except for a valine that has been inserted after the start
codon (3). Consistent with the literature, DsRed mutations are
numbered in accordance with the original (non-valine-in-
serted) wild-type protein sequence. Two of the green isolates
contained the same mutation (K83E), and one isolate
(N42H) also carried an additional silent mutation. Four of
these mutations (N42H [3], K83E [1], Y120H [1], and F124L
[5]) have been previously described. The F91L mutant ap-
pears to be a previously unreported mutant of wild-type

FIG. 1. VSV mutagenesis of DsRed1. (A) Diagram of the recombinant VSV-1�DsRed RNA genome showing position of the DsRed1 gene
(DR) and N, P, M, G, and L viral genes. (B) Example of mutant green fluorescent VSV-1�DsRed plaque amid a field of red fluorescent plaques
grown on BHK-21 cells. Bar, 200 �m. (C) A 35-mm culture well of BHK-21 cells inoculated with 100,000 PFU of VSV-1�DsRed. Arrows highlight
the green fluorescent plaques that were still identifiable despite the high number of PFU used to inoculate the culture. Inset is magnification of
plaque (white arrow). (D) A mixture of red and green fluorescent plaques that developed from an agarose punch extract of a single green plaque
that arose in a culture infected with 25,000 PFU. Bar, 500 �m (C and D). (E) A U-373 human glioblastoma cell transfected with green mutant
variant gene DsRed-F91L. Bar, 25 �m.
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FIG. 2. VSV-1�DsRed was used to infect a culture of BHK-21 cells with no agarose overlay. Twenty-four hours later, among a population of
infected red fluorescent cells (under green light excitation) (A), infected cells that also showed a green color (under blue light excitation) were
found (B). Many cells showed both red and green color (see one such cell at the arrow in all four panels) (C). A phase-contrast image of the same
field is shown in panel D. Bar, 30 �m.
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DsRed. Loss-of-function mutations were also detected, as
indicated by the presence of nonfluorescent plaques. These
loss-of-function variants could be due to a mutation in the
fluorescent protein gene or mutation in the upstream tran-
scription regulation sequences or a frameshift (14). Thus,
we successfully identified 5 different functional mutations in
a single dish. This demonstrates a remarkable saving of time
and effort in generating and detecting novel mutations com-
pared with other approaches.

Even in the absence of an agarose overlay of the culture, one
can identify and harvest VSVs that generate mutant fluores-
cent proteins. For instance, in Fig. 2A to D, cultures of BHK
cells were infected with VSV-1�DsRed, and the following day
cells or groups of cells could be found showing a green fluo-
rescence in a background of red fluorescent cells. This ap-
proach would enable a potentially greater number of mutants
to be detected per culture, as even a single cell showing a
variant fluorescence could be detected and harvested. Inter-
estingly, in some cases we find that single cells show both red
and green color. This could be due to expression of fluorescent
proteins encoded by two viruses, the parent virus expressing
DsRed and a progeny mutant virus expressing a green-shifted
reporter. Alternately, it could be due to a shift in color with
protein maturation (1, 3) or to a reporter gene mutation that
fluoresces red and green. Another permutation of expression is
shown in Fig. 3A to C, where some infected cells show selec-
tively either the parental red fluorescence (Fig. 3A) with little
green (Fig. 3C) or a mutant green fluorescence (Fig. 3B) with
little red and little overlap in the two colors in many cells (Fig.
3C). That some cells do show both green and red colors (Fig.
3A to C) is consistent with infection of primarily one virus type
in single-color cells and multiple virus types in multiple-color
cells.

Using a TCS SP5 X Leica white-light laser confocal micro-
scope, we collected excitation and emission spectral scans of
plaques from each of the green DsRed variants and a DsRed
control (Fig. 4A and B). For these measurements, BHK-21
cells were grown on glass-bottomed 35-mm culture dishes
(MatTek Corp, Ashland, MA) and inoculated with virus. Ex-
citation scan values were collected at 1-nm increments, and
emission values were collected at 5-nm increments using the
respective excitation peak wavelengths. Intensity values were
normalized across the spectral range scanned. Overall, the
fluorescent characteristics of each of the previously identified
variants were consistent with reported values (Fig. 3B), dem-
onstrating that informative measurements of fluorescence can
be made from viral plaques in vitro.

Cloning and transfecting the novel F91L DsRed variant into
U-373 glioma cells. To demonstrate that the previously unre-
ported F91L DsRed variant could be recapitulated in the ab-
sence of virus, we isolated and cloned the F91L DsRed gene
into a plasmid expression vector and used this to transfect
human U-373 glioma cells (Fig. 1E). Genomic VSV cDNA
prepared from the F91L variant of VSV-1�DsRed was used as
template in a PCR using the Phusion high-fidelity PCR kit
(New England Biolabs, Ipswich, MA). Purified product was
inserted into the plasmid pCR-Blunt II-TOPO (Invitrogen),
and six insert-positive plasmids were then sequenced to con-
firm that no mutations had been introduced during the PCR
amplification. All plasmids matched the consensus DsRed-

F91L sequence, and one was selected for double digestion
using AgeI and EcoRI and gel extracted to yield a DsRed-
F91L insert. The pDsRed-Monomer-C1 plasmid (Clontech)
driven by a cytomegalovirus promoter was digested using the

FIG. 3. Selective expression of green or red fluorescence. (A) With
535-nm excitation, infected cells show a red fluorescence. Bar, 30 �m.
(B) In the same field, other cells show little red fluorescence but show
selective green fluorescence with 488-nm excitation. (C) The merged
image combining panels A and B above shows red or green cells.
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same enzymes (thus removing the DsRed-monomer se-
quence), and the remaining plasmid backbone was gel ex-
tracted and ligated with the DsRed-F91L insert. The resulting
plasmid (pDsRed-F91L) was sequenced to confirm the proper
incorporation of insert using primers flanking the insertion
site. After sequencing, pDsRed-F91L was used to transiently
transfect U-373 glioblastoma cells using Lipofectamine 2000
(Invitrogen). After 48 h of incubation to allow time for fluo-
rescent protein expression, spectral scans of individual trans-
fected glioblastoma cells returned maximum excitation and
emission wavelength values (green species: excitation, 475 nm,
and emission, 491 nm; red species: excitation, 560 nm, and
emission, 590 nm) comparable to those obtained from F91L
DsRed viral plaques.

Conclusions. The use of VSV to produce multiple variants
of DsRed demonstrates that a mutation-prone virus can be
used to generate randomly mutated fluorescent proteins ame-
nable to fluorescent screening in mammalian cells. This is of
particular interest given that similar methods may be useful to
the further development of physiologically sensitive fluores-
cent reporter proteins (20) such as those designed to detect
Ca2� (25), glutamate (8), or cellular kinase activity (19). Mul-
tiple mutations in the gene of interest can easily be obtained
simply by allowing further generations of progeny virus to
infect additional cells at a rate of 4 successive rounds of rep-

lication/day. The utility of this approach is further enhanced by
the fact that different viral genomes in a single cell, leading to
different colors, can be detected, and the mutations can be
harvested. Similar to VSV, other RNA viruses with high mu-
tation rates such as Sindbis virus (10, 22), measles virus (12,
13), or other viruses could be used in place of VSV. For us,
VSV makes an attractive choice for random mutagenesis,
given its relative safety in the lab, high rate of mutation (7),
routine recombinant engineering (6, 9, 15), the wide spectrum
of animal cells that it can infect (11, 21, 23), and the rapid (1
to 3 h) and robust expression of reporter genes (21).
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