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Here, we present a transformational approach to genome engineer-
ing of herpes simplex virus type 1 (HSV-1), which has a large DNA
genome, using synthetic genomics tools. We believe this method will
enable more rapid and complex modifications of HSV-1 and other
large DNA viruses than previous technologies, facilitating many
useful applications. Yeast transformation-associated recombination
was used to clone 11 fragments comprising the HSV-1 strain KOS 152 kb
genome. Using overlapping sequences between the adjacent pieces, we
assembled the fragments into a complete virus genome in yeast,
transferred it into an Escherichia coli host, and reconstituted infectious
virus following transfection into mammalian cells. The virus derived
from this yeast-assembled genome, KOSYA, replicated with kinetics sim-
ilar to wild-type virus. We demonstrated the utility of this modular
assembly technology by making numerous modifications to a single
gene, making changes to two genes at the same time and, finally,
generating individual and combinatorial deletions to a set of five con-
served genes that encode virion structural proteins. While the ability to
perform genome-wide editing through assembly methods in large DNA
virus genomes raises dual-use concerns, we believe the incremental risks
are outweighed by potential benefits. These include enhanced func-
tional studies, generation of oncolytic virus vectors, development of
delivery platforms of genes for vaccines or therapy, as well as more
rapid development of countermeasures against potential biothreats.
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Herpesviruses are major human pathogens that cause lifelong
persistent infections, with clinical manifestations that range

from a mild cold sore to cancer. Herpes simplex virus (HSV) is a
frequently encountered pathogen. Infection with HSV-1 results
in orolabial disease but can also cause ocular disease (keratitis)
that can lead to blindness and encephalitis (1). HSV-2 infections
are characterized by genital ulcerative disease and can result in
serious infections in newborns (2).
The use of bacterial artificial chromosome (BAC) cloning tech-

nology significantly advanced the capacity of herpesvirus researchers
to manipulate virus genomes, following the work of Messerle et al.
(3) to clone the mouse cytomegalovirus genome using this system.
Many herpesvirus genomes have now been cloned as BAC plasmids
(4) and, once in Escherichia coli, can be modified by recombineering
methods (5). This method enabled the introduction of reverse
genetics—the ability to engineer desired changes in the genome
and assess the phenotypic consequences—to many herpesviruses
that previously could not be easily manipulated (4, 6). However,
several issues, including genome instability, regarding herpesvirus-
BAC clones have been reported (7, 8). In addition, the allelic
exchange methods used to make changes in the herpesvirus BAC
expose the whole genome to very active recombinases, which
could potentially generate unwanted changes. Furthermore, each
single modification with the BAC-based system takes weeks to

complete. If multiple changes in the genome are desired, each
must be made sequentially, greatly increasing the timeframe of
making mutant viruses.
The synthetic genomics assembly method described herein has

many potential advantages over the BAC-based system (9). It is an
application of existing tools to engineer large virus genomes and
uses yeast genetics to separate the genome into multiple parts.
Like an automobile assembly line, these discrete parts can be
modified as independent modules with a variety of genetic tools in
vitro, in E. coli, and in yeast and then returned to the yeast-based
assembly line to produce the complete genome. This type of as-
sembly method significantly reduces the time needed to make
multiple changes in the genome because the parts can be ma-
nipulated in parallel and combined with other wild-type or mutant
parts to obtain a modified complete genome to rapidly generate
genome-wide alterations. It also provides a more stable system
for engineering these genomes by isolating potentially unstable

Significance

Viruses with large DNA genomes, such as herpesviruses, are
difficult to manipulate with existing genetic tools. We describe
an application of synthetic genomics assembly tools that en-
ables rapid and efficient generation of combinatorial muta-
tions in herpesvirus genomes. The method provides the
capacity to design, generate, and test numerous multiloci mu-
tants in parallel, which can help us understand basic virus bi-
ology, facilitate vaccine development, and aid development of
next-generation virus-based delivery systems. This class of
viruses is being used as vectors for therapeutics and vaccines,
with an oncolytic herpesvirus approved for the treatment of
melanoma. Although such improvements in genome assembly
and manipulation raise dual-use concerns, we believe the po-
tential benefits substantially outweigh the risks.

Author contributions: L.M.O., P.G., M.G.M., P.J.D., and S.V. designed research; L.M.O.,
P.G., A.A.V., N.A., D.M., C.D.N., D.S.C., S.P., V.N.N., P.J.D., and S.V. performed research;
L.M.O., P.G., A.A.V., P.J.D., and S.V. analyzed data; and L.M.O., P.G., A.A.V., R.M.F., P.J.D.,
and S.V. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Data deposition: The sequence reported in this paper has been deposited in the NCBI
BioProject database, https://www.ncbi.nlm.nih.gov/bioproject (accession no.
PRJNA386147).

See Commentary on page 11006.
1L.M.O. and P.G. contributed equally to this work.
2Present address: Application of Vital Knowledge, Frederick, MD 21702.
3To whom correspondence may be addressed. Email: pdesai@jhmi.edu or svashee@jcvi.
org.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1700534114/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1700534114 PNAS | Published online September 19, 2017 | E8885–E8894

M
IC
RO

BI
O
LO

G
Y

PN
A
S
PL

U
S

SE
E
CO

M
M
EN

TA
RY

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
23

, 2
02

1 

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1700534114&domain=pdf
https://www.ncbi.nlm.nih.gov/bioproject
http://www.ncbi.nlm.nih.gov/bioproject?term=PRJNA386147
mailto:pdesai@jhmi.edu
mailto:svashee@jcvi.org
mailto:svashee@jcvi.org
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700534114/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700534114/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1700534114


www.manaraa.com

sequences, such as the complex DNA repeat sequences as well as
origins of DNA replication, into separate cloned fragments, which
are only present together at the final step when the complete
genome is assembled in yeast.
This technique is based on technology developed to clone large

regions of the human genome using homologous recombination in
Saccharomyces cerevisiae (10) and was applied to complete the
synthesis of the Mycoplasma mycoides subspecies capri genome
(11). Yeast-based assembly is very robust; Gibson et al. (12, 13)
have demonstrated that this method can be used to assemble a
500-kb bacterial genome from a few large DNA fragments
(>140 kb) or from many (up to 25) smaller fragments. Small virus
genomes have been synthesized using various in vitro methods
(14–16); however, we do not believe these in vitro methods could
efficiently assemble the genomes of herpesviruses, due to their large
size, high GC content, and complex repeat regions. The boundaries
of synthetic genomics are also being pushed by ongoing projects to
synthesize the chromosomes of eukaryotes (17–25). Approaches to
assemble large DNA virus genomes, along with the methods used
to create the first synthetic bacterial cell (11) at the J. Craig Venter
Institute enable scientists to program or to produce organisms for a
wide variety of beneficial uses previously difficult or impossible to
achieve. We note that the J. Craig Venter Institute has also been at
the forefront of developing options for responsible governance of
this powerful technology (26).
Here, we demonstrate an application of this modular yeast-

based assembly approach, as a proof of concept, to make rapid
genome-wide modifications of virion structural genes in HSV-1.
This method has applicability in efficiently generating and testing
engineered candidates to improve large DNA virus-based thera-
peutics, such as oncolytic herpesviruses (27), and for the delivery
of genes expressing antigens for potential vaccines.

Results
Design of the Assembly of the HSV-1 Genome. The design for the
distinct HSV-1 fragments and the assembled complete genome was
based on the HSV-1 strain KOS sequence and KOS-37 BAC (KOS
genome cloned as a BAC plasmid) as models; strain KOS is a well-
characterized and widely used laboratory strain (28, 29). The HSV-1
genome (152 kb) consists of two covalently linked components, the
unique long (UL) and the unique short (US), that are each flanked
by inverted repeat sequences. Terminal repeat long (TRL) and
internal repeat long (IRL) border UL, and terminal repeat short
(TRS) and internal repeat short (IRS) border US. The genome was
divided into 11 fragments, which are 14 kb on average, cover the
entire HSV-1 KOS genome, and encompass each inverted repeat
region within a single fragment (Fig. 1A). Each fragment overlaps
the neighboring fragment by at least 80 unique base pairs on each
side. The BAC vector sequence in fragment 7 was modified to
contain both a BAC and yeast centromeric plasmid (YCp) se-
quence at the same site for growth in E. coli and S. cerevisiae. The
complete assembled HSV-1 genome was designated KOSYA (KOS
yeast assembled).

Transformation-Associated Recombination Cloning of HSV-1 Fragments.
The 11 overlapping HSV-1 fragments were isolated by transformation-
associated recombination (TAR) cloning, which uses the natural
propensity of S. cerevisiae to undergo homologous recombination
for the repair of double-strand DNA (dsDNA) breaks to clone
large regions of DNA (10). A TAR cloning vector with a BAC and
YCp sequences was generated by PCR amplification (SI Appendix,
Table S1). The 3′ and 5′ ends of each vector contain 40 bp of
homology to a targeted, unique HSV-1 region, as well as sites for
the PmeI restriction enzyme, which does not cleave in the HSV-1 ge-
nome, to allow for release of the clonedHSV-1 fragments. Each of the
11 fragments was cloned in independent reactions by cotransforming
the TAR cloning vector into yeast cells with sheared HSV-1 genome
template DNA, either from KOS-37 BAC DNA purified from E. coli

or DNA from KΔ25/26- (a mutant KOS virus that contains deletions
in both theUL25 andUL26 genes) infected cells (Fig. 1B). DNA from
positive TAR clones, identified by PCR with detection primers (SI
Appendix, Table S1) across the junction of the vector and HSV-
1 fragment, were transformed into E. coli and were further confirmed
by restriction enzyme digestion analysis (SI Appendix, Fig. S1). Positive
clones were designated with the strain and clone number (e.g., KOS
TAR-4 for fragment 4). The KOS TAR clones are stable through
several passages of growth inE. coli (SI Appendix, Fig. S2). KOS TAR-
1, which contains the terminal repeats TRS and TRL, was difficult to
isolate from KOS-37 BAC DNA but easily isolated from KΔ25/26-
infected cell DNA. Independent TAR-1 isolates contained variable
sequences, which are known to occur in the repeat regions of repli-
cating HSV-1 DNA (30). KOS TAR-7, which contained the BAC
sequence, was reengineered to include both BAC and YCp se-
quences at the same UL37/UL38 intergenic site used in KOS-37
BAC (29). At the junction of HSV-1 and vector sequences, loxP
sites were included in direct orientation to facilitate Cre-mediated
excision of the vector sequence (SI Appendix, Fig. S3).

Assembly of a Complete HSV-1 Genome in Yeast from 11 DNA Fragments.
All 11 HSV-1 fragments were released from the vector sequence by
PmeI digestion, cotransformed, and assembled by TAR in S. cerevisiae,
which, through homologous recombination, produces a scarless junc-
tion without any nonnative HSV-1 sequence or PmeI restriction sites
(Fig. 1C). The resulting transformants were screened by PCR for the
presence of each junction between adjacent fragments, indicating the
complete assembly of the HSV-1 genome (Fig. 1D and SI Appendix,
Table S1). Sanger sequencing of PCR products across the 11 as-
sembly junctions of four independent clones demonstrated that
assembly in yeast consistently produced genomes without extrane-
ous sequence at the junctions. We have assembled 24 independent
HSV-1 genomes using both yeast spheroplast and lithium acetate
transformation methods with an average, for both methods, of 7%
of transformants containing DNA that was positive for all 11 junc-
tions by PCR screening. When the concentrations of the fragment
DNAs were optimized (20 fmol of fragment 7, which contains the
BAC/YCp vector, and 50–250 fmol of the other 10 fragments), the
efficiency of assembly in yeast rose to 36%. DNA isolated from
yeast clones positive for all junctions was transformed into E. coli
and the resulting transformants were similarly screened for all 11
HSV-1 fragment junctions. Assembled HSV-1 genome DNA was
purified from positiveE. coli clones. Genomes were verified by several
different restriction enzyme digestion analyses and there were no
discernable rearrangements of the genome (SI Appendix, Figs. S4–
S6). However, we observed a variation in the EcoRI L fragment,
which resides in TAR-6 (SI Appendix, Fig. S4B). This difference
was likely due to variations in the PQ repeat region of the UL36
gene product (VP1-2) in this fragment, which has been observed
in the laboratory and also documented by recent high-throughput
sequencing of HSV-1 genomes (31, 32). While a larger variant is
predominant in KΔ25/26 genomic DNA, we may have isolated a
smaller variant during TAR-6 cloning, which was maintained
during assembly (SI Appendix, Fig. S4B). Sequence analysis (see
below) of this region of KOSYA showed a 467-bp deletion in the PQ
repeat region of VP1-2. While this deletion suggests a frameshift at
the C-terminal end of the UL36 gene, a functional VP1-2 is es-
sential and must be produced in KOSYA (33, 34).

Reconstitution of Infectious Virus and Growth Properties of KOSYA.The
complete assembled HSV-1 genome, KOSYA, was transferred into
mammalian cells to verify virus infectivity. Purified DNA was
transfected into Vero cells and, after incubation, plaque formation
was observed (Fig. 2A). KOSYA produced viable HSV-1 virus,
which was amplified.
We observed that KOSYA had a reduced growth rate compared

with wild-type KOS and KOS-37 BAC (Fig. 2B). We hypothesized
that the presence of the YCp/BAC sequence was causing the

E8886 | www.pnas.org/cgi/doi/10.1073/pnas.1700534114 Oldfield et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
23

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700534114/-/DCSupplemental/pnas.1700534114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700534114/-/DCSupplemental/pnas.1700534114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700534114/-/DCSupplemental/pnas.1700534114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700534114/-/DCSupplemental/pnas.1700534114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700534114/-/DCSupplemental/pnas.1700534114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700534114/-/DCSupplemental/pnas.1700534114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700534114/-/DCSupplemental/pnas.1700534114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700534114/-/DCSupplemental/pnas.1700534114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700534114/-/DCSupplemental/pnas.1700534114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700534114/-/DCSupplemental/pnas.1700534114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700534114/-/DCSupplemental/pnas.1700534114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700534114/-/DCSupplemental/pnas.1700534114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700534114/-/DCSupplemental/pnas.1700534114.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1700534114


www.manaraa.com

Fig. 1. Cloning of overlapping fragments of HSV-1 strain KOS and assembly of the complete virus genome using TAR in yeast. (A) Schematic of HSV-1 KOS-37
BAC showing the 11 overlapping fragments of the genome. J1 through J11 denote the junctions between fragments. The locations of the long repeat (RL,
green) and short repeat (RS, purple) are shown. The YCp/BAC, which allows for growth in E. coli and yeast is located in fragment 7 (orange). (B) Diagram of
TAR cloning of HSV-1 fragments from KOS-37 BAC or KΔ25/26 virus DNA. A linear TAR cloning vector containing BAC and YCp sequences with 40 bp of
homology to the desired fragment of HSV-1 and PmeI restriction sites was cotransformed with HSV-1 template genomic DNA into yeast cells. Yeast trans-
formants were screened by PCR and positive candidate DNA was transferred into E. coli. E. coli transformants were also screened by PCR and restriction
enzyme digestion analysis of the cloned DNA. (C) Assembly of a complete HSV-1 genome from the 11 overlapping fragments starts with PmeI digestion of the
TAR clones to release the HSV-1 sequences followed by cotransformation of all fragments into yeast. Transformants were screened by PCR for the junctions
between fragments. DNA was isolated from positive yeast clones and transformed into E. coli, which were similarly screened by PCR. The presence of
complete HSV-1 genomic DNA in E. coli was further confirmed by sequencing or restriction enzyme digestion analysis. Yeast assembled genomes were
transfected into Vero cells to reconstitute infectious HSV-1 virus. (D) A representative agarose gel following PCR amplification showing the presence of all
junctions (J1–J11), indicative of a complete circular genome. The J7 PCR product corresponds to the lower band.
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decreased growth rate (29, 35). To confirm this, we excised the
YCp/BAC sequence from KOSYA DNA by in vitro loxP Cre-
mediated excision. Reactions were directly transfected into Vero
cells and virus was purified by limiting dilution. We obtained a
55% efficiency of YCp/BAC excision, as judged by PCR screening
of infected cell DNA (SI Appendix, Table S1). Sequencing of the
PCR product showed that the YCp/BAC excision was scarless
other than the presence of a single loxP site. A positive purified virus
was designated KOSYA ex. Restriction enzyme digestion analyses of
viral DNA from cells infected with KOSYA ex showed that the HSV-
1 sequence was unaffected by excision (SI Appendix, Fig. S4). All of
the viruses—KOS, KOS-37 BAC, KOSYA, and KOSYA ex—were
examined using a single-step growth assay. In contrast to KOSYA,
KOSYA ex had titers greater than that of KOS-37 BAC and similar
to those of wild-type KOS (Fig. 2B). This demonstrated that our
engineered virus has the same growth properties as KOS in
cell culture.

Sequence Analysis of KOSYA. Following confirmation that we had
generated an infectious clone of KOSYA, the template genomes
used for TAR cloning (KOS-37 BAC and KΔ25/26) and the as-

sembled KOSYA genomes isolated from E. coli and the reconstituted
virus were sequenced on the PacBio platform. The template and
assembled sequences are each >92% identical to the reported HSV-
1 strain KOS reference sequence (28) (GenBank accession no.
JQ673480) (SI Appendix, Table S2). Some of this variation is
probably due to passaging of the virus or BAC plasmid. However,
there are also engineered differences (BAC insertion, UL25/
UL26 deletion) that contribute to this variation. The junctions
between fragments of the KOSYA genomes did not contain any
intervening sequence, including the PmeI restriction sites.
When we compare the KOSYA sequence of each region cor-

responding to a particular TAR cloned fragment to the template
(either KOS-37 BAC or KΔ25/26) from which it was cloned, the
identity is 100% (0 or 1 nucleotide differences) for 7 of the 11
TAR regions (SI Appendix, Table S3). Four of the TAR regions—
corresponding to TAR fragments 1, 6, 10, and 11—contain changes
between sequence of the assembled genome and the appropriate
template in variable number tandem repeats (VNTRs), which are
concentrated in the inverted repeat regions, are known regions of
variability, and are very difficult to accurately sequence (31, 32, 36–
38) (Fig. 2C and SI Appendix, Table S3). TAR-1 contains four

Fig. 2. Reconstitution and replication properties of an infectious clone of KOSYA. (A) The KOSYA genome was transfected into Vero cells and gave rise to
typical cytopathic effects of productive HSV-1 infection in cell culture (Upper, brightfield image). KOSYA was used to infect Vero cell monolayers, stained with
Crystal violet, and a single plaque is imaged in grayscale (Lower image). (Scale bars, 100 μm.) (B) KOS, KOSYA, KOS-37 BAC, and KOSYA ex were analyzed by
single step growth curves in Vero cells. Virus yields that were produced from 5 × 105 Vero cells infected at a multiplicity of infection (MOI) of 10 plaque
forming units (PFU) per cell were enumerated by plaque assays and data plotted on the graph. Infected cells were harvested at 2, 6, 12, and 24 hpi. Data are
an average of three independent infections. (C) PacBio sequencing methods were used to determine the sequence of template and final, assembled genomes.
For KOS-37 BAC, KΔ25/26, and KOSYA DNA isolated from E. coli, de novo assemblies were generated. Long sequencing reads of infected cell DNA from KOSYA

virus were mapped to the KOSYA from E. coli sequence. The presence of insertions and deletions are indicated by the black and gray bars. The green arrows
indicate the HSV-1 ORFs from the GenBank annotation of KOS (accession no. JQ673480). The identity across the coordinates of the alignment between the
sequences is displayed at the Top (green is 100% identity, yellow is less than complete identity, and red is very low identity). Regions of lower identity can be
attributed to variations in variable number tandem repeat regions (such as the PQ repeat variations in the UL36 gene), an engineered deletion of the UL25/
UL26 locus in KΔ25/26, and engineered changes to the YCp/BAC sequences (blue and pink blocks) in different viral genomes. KOS TAR clone regions are
displayed with the corresponding DNA cloning template (purple blocks for KΔ25/26, orange blocks for KOS-37 BAC). The following features are labeled: IRL,
internal repeat long; IRS, internal repeat short; TRL, terminal repeat long; TRS, the terminal repeat short; UL, unique long; US, unique short. Small red squares
indicate the a and a′ sequences.
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VNTR regions that diverge in sequence from KΔ25/26 in the TRL
and TRS. Similarly, TAR-10 contains four VNTR regions within
the internal repeat long (IRL) and internal repeat short (IRS) that
change between the template, KOS-37 BAC, and KOSYA ge-
nomes. According to the sequencing analysis, the TAR-10 region
also has a 297-bp deletion in the a′ sequence between IRL and
IRS. However, this disagrees with restriction enzyme digestion
analysis, which indicates that the a′ sequence in the internal
inverted repeats is not shorter than expected from the reference
sequence (SI Appendix, Fig. S5A). It is important to note that this
region is also difficult to sequence (32). There is also a 6-bp
deletion in the intron of the RL2 gene in the TAR-10 region.
TAR-6 and TAR-11 each have a deletion in a single VNTR re-
gion, in the PQ repeat of VP1-2, and in the intergenic region
between US9 and US10, respectively.
The template DNA (KOS-37 BAC or KΔ25/26) and KOSYA

genome isolated from E. coli only differ by seven SNPs that cannot
be attributed to potential changes in copy number or pattern of
VNTRs or sequencing artifacts in homopolymer stretches. All of
the changes we identified, except for the deletion in UL36, be-
tween the template and KOSYA genomes are in noncoding re-
gions. The KOSYA genomes that were isolated from E. coli or
reconstituted virus were sequenced independently and contain 12
noncoding nucleotide differences across the whole genome,
demonstrating that the genome is stable through low passage in
cell culture (SI Appendix, Table S2). Overall, this confirms that,
although there is variation in some noncoding regions, the KOSYA

genome was assembled correctly.

Fusion of a Spectrum of Fluorescent Proteins to Three Structural Proteins
of HSV-1. We chose to engineer fluorescent protein (FP) fusions to
three HSV-1 virion proteins, as these types of viruses are useful for
live cell imaging (39–41) and to demonstrate the utility and effi-
ciency of our genomic assembly method. We generated five in-
dependent fusions of genes encoding FPs (eBFP2, Cerulean,
Venus, mCherry, and mNeptune2) to the C terminus of VP16,
which is encoded by the UL48 gene (Fig. 3A). Previous studies
demonstrated that VP16GFP fusions could be made at either the N
or C terminus without affecting virus replication (42). The fusions
were generated in the HSV-1 KOS TAR-9 fragment using a variety
of TAR assembly methods in yeast (SI Appendix, Fig. S7). An in
vitro CRISPR-Cas9 method was the most efficient (up to 75% of
transformants were positive by PCR screening) and used a single
site-specific DNA cleavage of TAR-9 and TAR assembly in yeast to
insert FP ORF sequences. Complete HSV-1 genomes containing
each of the VP16FP fusions were assembled using the modified
TAR-9 fragments along with the remaining wild-type parts.
After confirmation by PCR and restriction enzyme digestion

analyses (SI Appendix, Figs. S5 and S6), all of the VP16-tagged
KOSYA DNAs were transfected into Vero cells to reconstitute the
virus. All five genomes generated plaques with the correct fluo-
rescent signal and were amplified. Using single-step growth curve
analysis in Vero cells, all of the FP recombinant viruses replicated
to titers comparable to KOSYA (Fig. 3B). Immunoblot analysis,
using an anti-VP16 antibody, of infected cell proteins harvested at
8 and 24 h postinfection (hpi) showed stable accumulation of all of
the VP16FP polypeptides, except for the VP16mCherry protein,
which showed impaired expression/accumulation at both time
points (Fig. 3C). Confocal microscopy images of virus plaques on
Vero cells confirmed the cellular localization previously reported
for a VP16GFP recombinant virus (42). Nuclear foci and juxta-
nuclear localization patterns were observed for each virus, in-
dicative of the role of VP16 as a nuclear transactivator (43) and
incorporation into the virion at a cytoplasmic site (42) (Fig. 3D).
We generated additional FP fusions to the small capsid protein

(VP26) and large tegument protein (VP1-2), which are both con-
tained in KOS TAR-6 (Fig. 4A). VP26 (encoded by UL35) deco-
rates capsid structures (44, 45) and is commonly used as a marker

for capsid trafficking (39). VP1-2, which is encoded by the UL36
gene, is an essential multifunctional component of the virion teg-
ument and is important in capsid trafficking and virus maturation
(33, 46, 47). Based on previous studies (39, 48), we inserted the
mCherry ORF between the fourth and fifth amino acid residues of
VP26 and the Venus ORF at the C terminus of VP1-2. Using in
vitro CRISPR-Cas9 editing, the modifications were generated
within TAR-6. These modified TAR clones were used indepen-
dently with the remaining complement of TAR fragments to
assemble the KOSYA genomes, KYAVP26mCherry and KYA

VP1-2Venus. To demonstrate the ability to mix and match TAR
clones containing HSV-1 gene modifications, we used the
VP16Cerulean fusion (contained in TAR-9) and VP26mCherry
(contained in TAR-6) to create KYAVP26mCherry/VP16Cer-
ulean (Fig. 4A). Following reconstitution and amplification of
these viruses, plaques were analyzed by confocal microscopy in
Vero cells (Fig. 4B). VP26mCherry was observed to localize to
nuclear puncta in cells infected with both the single- and dual-
tagged viruses, similar to previous studies (49). Localization of

Fig. 3. Analysis of recombinant KOSYA genomes expressing five different
VP16 FP fusions. (A) A linear map of the KOS genome shows TAR-9, which was
modified to contain five different FP fusions (shaded gray) to the C terminus of
VP16, which is encoded by UL48. (B) Single-step growth curve analysis was
performed for each VP16FP fusion virus and compared with KOSYA (WT). Vero
cells were infected at a MOI of 10 PFU per cell and harvested 24 hpi. The titer
of virus produced from infected cells after a single cycle of growth was enu-
merated by plaque assay and the results plotted on the graph. Data are an
average of two independent infections. Error bars represent 1 SD. (C) Western
blot analysis of proteins from infected cell lysates. Cells were harvested at 8 hpi
(Upper) and 24 hpi (Lower) and the infected cell proteins were probed with
anti-VP16 antibodies (LP1) following transfer to membranes. Protein standards
are in lane M and are labeled in kilodaltons. (D) Confocal analysis was used to
analyze KOSYA viruses expressing a range of FP fusions to VP16. Vero cell
monolayers were infected at a low MOI and at 72-hpi images were taken with
20× and 63× objective lenses. [Scale bars, 100 μm (Left) and 25 μm (Right).]
Insets show a single infected cell. Inset images were cropped from the 63×
images to highlight a single infected cell and were each equally digitally en-
larged for visibility.
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VP16Cerulean was also similar to that seen in Fig. 3D. Cells in-
fected with KYAVP1-2Venus were observed with predominantly
cytoplasmic localization of VP1-2Venus with aggregates at juxta-
nuclear and plasma membrane sites (50).

Combinatorial Deletion of Tegument Genes. The herpesvirus virion is
comprised of three structural components: an icosahedral capsid;
the tegument, which immediately surrounds the capsid; and an
outer envelope (51, 52). Most virion proteins reside in the tegu-
ment layer and this structure, because of the different constituents,
plays an important role in all stages of the virus life cycle (53, 54).
To further demonstrate our ability to quickly generate mutants

across the HSV-1 genome with this method, we constructed a se-
ries of single, double, triple, and quadruple deletions in five genes,
conserved in all herpesviruses, encoding virion structural proteins:
UL7, UL11, UL16, UL21, and UL51 (Fig. 5A and SI Appendix, Fig.
S8). The proteins of UL7–UL51 and UL11–UL16–UL21, re-
spectively, are known to physically interact (55–57) and are resident
or associated with the tegument structure of the mature virion (58).
All five of these genes had been individually deleted previously and
shown to be nonessential for growth in cell culture (59–64).
However, combinatorial deletions of these genes have not been
reported in the literature except recently for UL7 and UL51 (65).
We produced a total of 13 HSV-1 genomes with single or combi-
natorial deletions of these five tegument genes. The KOS TAR
clones were edited by a variety of TAR assembly methods (SI
Appendix, Fig. S8). Complete ORFs of UL16 and UL21 were de-
leted using the in vitro CRISPR-Cas9 protocol. The other genes
were truncated to avoid disrupting overlapping genes or adjacent
promoter sequences. Genes UL16 and UL11 are located in the
same KOS TAR clone; therefore, single and double deletions
were generated in TAR-3. The UL51 deletion was generated in a
TAR-9 clone with the VP16Venus fusion. All KOSYA genomes
with deletions were generated with a VP16Venus tag, which served
as a marker for delivery of the DNA to cells and virus gene ex-
pression. Each of these modified TAR clones were mixed and
matched to assemble complete KOSYA genomes with the desired
combination of mutations.
The HSV-1 genomes with tegument gene deletions, which were

confirmed by PCR and restriction digestion analysis (SI Appendix,
Figs. S5 and S6), were transfected into Vero cells. However, only
some viruses were amplified due to replication deficiencies of the
mutants. Genomes with UL16 and UL21 deletions were also
transfected into the transformed Vero cell line G5, which com-
plements UL16 and UL21 in trans (66, 67). Viruses that had evi-
dent cell-to-cell spread on either Vero or G5 cells were amplified.
Finally, viruses were used to infect Vero cells, or transfected, and
plaque formation was observed using the VP16Venus marker and
wide-field microscopy (Fig. 5 B and C). As was expected, all
viruses carrying a single deletion were replication competent, al-
beit cell-to-cell spread was limited compared with the wild-type
(KYA-VP16Venus), as well as two viruses carrying double dele-
tions: KYAΔUL7/UL51 and KYAΔUL11/UL51. All other viruses
generated in this study were not observed to replicate in Vero
cells, aside from KYAΔUL11/UL16, which had a severe deficiency
in cell-to-cell spread. We showed that KYAΔUL16, KYAΔUL21,
and KYAΔUL16/UL21 replication can be recovered by plaque
assay on G5 cells, indicating that reduced titers are due to the
designated deletion and not from any unintended mutation in the
genome (Fig. 5D). Our data are summarized in a genetic inter-
action map, which depicts essential genetic interaction pairs that
were discovered (Fig. 5E).

Discussion
Advantages of Our Method. We have described an application of a
yeast-based modular assembly technique to make rapid and effi-
cient genome-wide changes in HSV-1. The genome was separated
into 11 overlapping fragments that were cloned as plasmids in
yeast by TAR cloning. Discrete regions of the genome were iso-
lated from each other so that mutagenesis could be carried out on
individual fragments using synthetic biology methods in yeast,
E. coli, or in vitro. By developing a library of overlapping HSV-1
fragments that can be stored as sequence-validated parts, many
HSV-1 mutants can be rapidly generated through combinatorial
and parallel assembly. This method also isolates potentially
problematic or “difficult sequences,” such as the inverted repeat
sequences, from the other fragments so that during the engi-
neering of a gene, these sequences are not involved. As proof of
principle, wild-type and mutant HSV-1 genomes were assembled
from the overlapping fragments in yeast and reconstituted in

Fig. 4. FP fusions to the largest viral structural protein and the small capsid
protein. (A) A map of the KOS genome depicts the gene locations of VP26
(encoded by UL35), VP1-2 (encoded by UL36), VP16 (encoded by UL48), and
the corresponding KOS TAR clone. Viruses assembled are listed and FP fu-
sions to each gene are shown by shaded blocks. (B) Vero cell monolayers
were infected with KOSYA recombinant viruses at low MOI and incubated for
72 h before imaging on a confocal microscope using a 63× objective lens.
(Scale bars, 25 μm.) Hoechst dye was used as a nuclear marker for some in-
fections.
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mammalian cells. The assembled HSV-1 viruses recapitulated the
expected growth phenotypes for wild-type KOS, which indicates
identical biological function between the parental KOS and
KOSYA in a cell culture system. We used a total of 23 unique wild-
type and mutant parts for this study, which include fluorescent
protein fusions, deletions, and modifications to the plasmid back-
bone to facilitate replication in yeast and E. coli. The ability to mix
and match HSV-1 fragments is one of the biggest advances of this
method; once recombinant or genomic fragments of interest have
been generated by mutagenesis or TAR cloning, new HSV-1 ge-
nomes can be assembled quickly (within about 2 wk) by combining
previously generated fragments with modified fragments. If desired,
mutagenesis of the complete genome with the YCp sequence could
also be carried out in yeast using in vivo CRISPR-Cas9 tools.
However, this negates the benefits of maintaining the repeat re-
gions separately and the flexibility of manipulating fragments in
parallel for combinatorial use in “mix and match” assemblies. Our
approach is complementary to current BAC technologies and
the synthetic genomics methods can be easily translated by other
laboratories without significant investment in equipment or re-
agents since the genome assembly method uses a yeast genetics
system. We have a commitment to share and distribute our re-
agents to the community as evident from our past gifts of viruses
and cell lines.

Remaining Challenges. There were some issues with our protocol
that we are working to resolve and understand in more detail.
KOS TAR-1 and TAR-10, which contain the terminal and internal
inverted repeats and extensive VNTRs, were the most difficult to
clone. We isolated several clones of TAR-1, which show sequence
variation when examined by restriction enzyme digestion analyses.

Variations in the inverted repeat sequence have been observed
previously (30). We were only able to isolate a single clone of the
TAR-10 fragment; the reason for the difficulty is unknown. Pac-
Bio sequencing analysis of the TAR-1 and TAR-10 regions from
the assembled KOSYA and the template genomes show variation
in the copy number of the VNTRs, which are abundant in the
inverted repeat regions. However, the variation described by the
sequencing analyses in the TRs and IRs is not consistently sup-
ported by the restriction enzyme digestion analyses of the same
regions. For example, restriction enzyme fragments observed in-
dicate the junction of the long and short inverted repeats and the a
sequence in TAR-1 is shorter than same region in TAR-10 (SI
Appendix, Fig. S5A); however, the sequencing shows a deletion in
the a′ sequence of TAR-10 and not in the a sequence of TAR-1.
Obtaining high-quality sequencing of the inverted repeats and
VNTRs in HSV-1 genomes has been fraught with difficulties.
Genomes sequenced with the Illumina or Roche 454 platforms,
were not able to resolve the TRs and IRs independently (68) or
the copy number of some of the VNTRs (32, 37, 69) or both (28,
31, 38, 70). However, often the sequences of these regions are still
reported. For the inverted repeats, the sequence reads are often
all aligned to a single copy of the inverted repeats and then du-
plicated. For VNTR regions, the reads are mapped to a reference
genome, HSV-1 strain 17 (GenBank accession no. NC_001806),
to check for consensus and the copy number is adjusted to reflect
the copy number of the VNTRs in the strain 17 reference or to
reflect the depth of the sequencing coverage. TAR-6 and TAR-
11 also contain VNTRs that differ between the template and the
final assembled KOSYA genomes. There is some doubt about the
length of the deletion in TAR-6; as reported, it would cause a
frameshift in the PQ region of VP1-2. However, this gene is essential

Fig. 5. Replication of viruses containing combinatorial deletions of five tegument genes. (A) A linear map of the HSV-1 genome shows the locus of each gene
targeted for modification and its location in the respective TAR fragments. The UL48 gene encodes the VP16 protein. (B) Recombinant viruses, each con-
taining a different tegument gene deletion or combination of deletions and the VP16Venus fusion, which replicate in Vero cells are shown. Plaques were
visualized using wide-field fluorescence light microscopy 3 d postinfection. (Scale bar, 100 μm.) Wild-type is KYAVP16Venus and contains no other gene
modifications. (C) KOSYA mutant viruses that did not exhibit productive infection in Vero cells were infected and imaged as indicated in B or recombinant
genomes were transfected (marked “T”) into Vero cells and imaged 6 d posttransfection. (Scale bar, 25 μm.) (D) KOSYA viruses containing a deletion of UL16,
UL21, or combination thereof were infected at low MOI on Vero and G5 cell monolayers in 12-well trays. Cells were stained with Crystal violet 3 d post-
infection to visualize plaque formation. Insets show a single plaque. Stained plaques were imaged using the CCD (charge-coupled device) camera of a Gel Doc
XR+ (Bio Rad) and insets show a representative single plaque imaged with the brightfield settings of a Zoe Fluorescent Cell Imager (Bio Rad) with a 20×
objective lens. (E) Each of the genes analyzed in this study are shown and blue or orange is used to highlight previously discovered physically interacting
complexes (55). Solid black lines indicate essential genetic pairs (i.e., UL21 and UL7), whereas solid green lines indicate nonessential pairs (i.e., UL51 and UL11).
A dashed black line represents a pair, UL11 and UL16, resulting in severely diminished, but partial, biological activity.
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and, therefore, a functional gene product has to be made in KOSYA.
The majority of the sequence variation in all four of these regions,
and therefore the genome, is clustered at the VNTRs with rare
single-nucleotide polymorphisms identified throughout the genome.
Based on analysis of the sequences, we believe there are three

plausible explanations for the variable copy number of the
VNTRs observed. First, we may have isolated a single variant
containing a set number of VNTRs of several variants present in
the template virus genomic DNA. This does not explain dis-
crepancies we see between the consensus sequences generated
and the restriction enzyme digestion analyses. Second, the se-
quence of these regions could have been altered during growth
of the HSV-1 fragments or complete genomes as plasmids in the
S. cerevisiae or E. coli hosts. Finally, due to the complexity of
sequencing genomes with high GC contents and repeated se-
quences, the consensus sequences generated from the PacBio
platform could be incorrect. We did encounter sequencing arti-
facts of incorrect stretches of G or C homopolymer base repeats
in many locations throughout the genome (Materials and Methods).
While additional work is needed to address these issues, the wild-
type behavior of KOSYA in cell culture indicates this method is
useful for the construction of HSV-1 mutants, despite these potential
changes.
Multiple isomers of the HSV-1 genome, containing inversions

of the UL or US regions, have been observed in virus populations
(71). Using our assembly protocol, we find that only one genomic
isomer can be assembled and believe this should remain “fixed” in
yeast and E. coli. Restriction enzyme digestion analyses of all full-
length assembled HSV-1 genomes indicate that only one isomer is
present, with UL and US oriented in the same direction (SI Ap-
pendix, Fig. S6). This contradicts our de novo sequence assembly
of KOSYA, which shows UL and US oriented in opposite direc-
tions. We reversed the orientation of UL in all of the de novo
sequence assemblies to match the reference sequence and the
restriction enzyme digestion analyses. Other researchers have
mapped reads or contigs onto HSV-1 reference genomes and
therefore not determined the orientation of the unique regions
(28, 31, 38). The reason for this inconsistency is unknown.
Another issue that we have encountered has been the low ef-

ficiency of transfer of intact HSV-1 genomes into E. coli after
assembly in yeast, likely due to shearing of the genomes during
DNA isolation. Growth in E. coli was used to produce high-
concentration DNA stocks that can be used for transfection into
mammalian cells. In the future, this step may be skipped alto-
gether by fusing yeast and mammalian cells directly using an im-
proved fusion method (72).

Genetic Interaction Between Tegument Genes UL7 and UL21. The
herpesvirus tegument is a complex structure, which contains pro-
teins that specify diverse functions during all stages of the viral life
cycle. While deletions of each of the tegument proteins encoded
by UL7, UL11, UL16, UL21, and UL51 have been analyzed (57,
59–64, 67, 73, 74), the redundant nature of these proteins makes it
harder to define their functions in the cell (55, 75). Our assembly
method allowed us to study interactions of each by generating
many combinatorial deletions of these genes in an efficient
manner. Our data showed that the plaque size of KYAΔUL7,
KYAΔUL51, and KYAΔUL7/UL51 were all similar, demonstrating
that while the UL7–UL51 complex is required for optimal growth of
the virus but is not essential for virus replication in tissue culture. This
result is similar to data reported recently (65). Combinatorial dele-
tions of any group of genes within the UL11–UL16–UL21 complex
have detrimental effects on virus replication. A novel finding was that
a virus carrying both UL7 and UL21 deletions was not infectious,
suggesting an interaction of the UL7–UL51 and UL11–UL16–
UL21 pathways during infection. Our modular assembly system
enabled us to engineer a series of modified viruses that would
have been challenging to construct by traditional methods.

Potential Medical Applications. The ability to rapidly manipulate
viruses with synthetic genomics tools can accelerate vaccine de-
velopment for herpesviruses and large dsDNA viruses. Of the
eight known human herpesviruses, an effective, approved vaccine
exists only for varicella-zoster virus, the causative agent of chick-
enpox and shingles (76). The development of additional herpes-
virus vaccines would improve global public health and lower
health-care costs. For example, an estimated 11.3% of adults
world-wide aged 19–54 y are living with HSV-2 infection (77) and,
in the United States, the total lifetime direct medical cost for
HSV-2 infections is $540 million (in 2010 US dollars) (78). The
ability to rapidly engineer alphaherpesviruses, such as the closely
related HSV-1 used here, may lead to an effective HSV-2 vaccine.
Additionally, these tools can be extended to other herpesviruses
and aid in the development of vaccines to prevent cancers asso-
ciated with Epstein–Barr virus and Kaposi’s sarcoma-associated
herpesvirus, which together account for >250,000 cases of can-
cer globally every year (79, 80). However, another key application
of this platform is the capacity to reconstitute a clinical strain (if
the sequence is known) that is impossible to isolate through tissue
culture, as we have accomplished for a primary isolate of human
cytomegalovirus (81).
The assembly of fragments of HSV-1 can be used to quickly

engineer HSV-1 platforms for vaccines, gene therapy, or oncolytic
vectors. An engineered strain of HSV-1 is currently approved as
an oncolytic virus for cancer treatment (27). The ability to rapidly
generate new recombinant viruses with novel combinations of
therapeutic modules for testing would enhance the development
of improved HSV-1 oncolytic therapeutics for personalized
treatments. Our HSV-1 assembly platform can also be used to
develop virus platforms to deliver genes either for DNA vaccines
or for gene therapy.

Dual-Use Concerns. Benefits notwithstanding, advances in synthetic
genomics methods, including the method described herein, raise
several dual-use concerns. For viruses, the most obvious concern is
the application of these techniques to recreate genomes of viruses
categorized as select agents, such as variola virus, which causes
smallpox, from synthetic DNA. This capability, however, existed
before our current research, a conclusion reached by an Inde-
pendent Advisory Group commissioned by the WHO in 2015 (82)
and speculated by others (83, 84) a decade earlier. Although not
yet published in a peer-reviewed journal, researchers in Canada
have reconstituted horsepox virus, a close relative of variola, from
synthetic DNA (85). As reviewed in the introduction, the synthetic
genomics techniques, applied here to large dsDNA viruses, were
developed for synthesis of the M. mycoides genome in 2010 (11)
and have been used by other groups since that time (86, 87).
Moreover, recreating a virus genome requires starting material
(i.e., genomic DNA or synthetic DNAs), which is not readily
available for variola virus and many other regulated pathogens.
Most companies that commercially synthesize DNA follow a
“Screening Guidance” issued in 2010 by the US Department of
Health and Human Services (88), which specify procedures for
screening synthetic DNA orders for potentially dangerous se-
quences, including pathogens and toxin genes from the US Se-
lect Agents and Toxins List, and for customers who might have
nefarious intent. By 2015, ≈80% of synthetic DNA providers
followed such Screening Guidance; to keep compliance high as
synthetic DNA prices continue to fall, it will be important for the
US Department of Health and Human Services to modify the
Screening Guidance to keep pace with changes in technology
(89). While concerns about the ability to recreate viral genomes
are real, we believe that the methods described in our study do
not significantly elevate this particular dual-use concern.
A second category of concerns relates to the use of our ap-

proach to increase the virulence, transmissibility, or resistance to
therapeutic interventions of HSV-1 or other pathogenic DNA
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viruses. For example, this approach could be used to incorporate
toxins, oncogenes, or other virulence factors into HSV-1 with the
intent of using HSV-1 as a delivery mechanism for causing harm.
For simple modifications, such nefarious aims can already be ac-
complished with current BAC technology, although at a longer
timeline than our method. For more complex modifications—for
example, the multiple simultaneous changes for which our method
was developed and excels—the controlling factor is the knowledge
about which genes or pathways to modify to make viruses more
dangerous, rather than the technical capability to modify their
genomes. The latter is a legitimate concern, but considering the
difficulty of discovering new pathways to harm, perhaps less en-
ticing or useful to a potential “bad actor” than it might at first
appear. Quite a few highly pathogenic DNA viruses are already
listed as Federal Select Agents. It is probably easier for bad actors
to isolate these viruses from nature or laboratory stocks than to
rationally engineer less-dangerous ones for malicious intent. In
fact, we expect that our work will be of greater help to researchers
developing countermeasures for pathogenic virus isolates from
nature or from synthetic genomics technologies used for ill.
While we have outlined several dual-use concerns, we empha-

size that, as discussed above in more detail, these are outweighed
by the beneficial uses of synthetic genomics technology for safe-
guarding and improving public health. The WHO Advisory
Committee on Variola Virus Research concurs with this point in
their 2017 report and notes that “on balance, the historical re-
cord has clearly demonstrated that society gains far more that it
loses by harnessing and building on these scientific technologies”
(90). We firmly believe that the method we are reporting on falls
within this realm.

Future of Synthetic Viral Genomics. The system we have developed
is a proof-of-concept. We used HSV-1 as a model viral system for
herpesviruses and other large dsDNA viruses. We envision the
overall cloning and assembly protocol will be used to introduce
reverse genetics into more difficult systems and facilitate basic
research. Genetic engineering of other herpesviruses, such as
Epstein–Barr virus and Kaposi’s sarcoma-associated herpesvirus,
is more difficult compared with HSV-1. Beyond the herpesviruses,
we believe this modular assembly approach can be a general
platform for other large dsDNA viruses, including African swine
fever virus and Vaccinia virus, as well as single-stranded DNA and
RNA viruses.

Materials and Methods
Cells, Viruses, and Strains. Vero cells and the G5 cell line (66) were grown in
minimum essential medium-αmedium supplemented with 10% FBS (Gemini)
and passaged, as described by Desai et al. (91).

All HSV-1 KOS and yeast assembled virus stocks were prepared as pre-
viously described (91). The KOS mutant virus KΔ25/26, which contains de-
letions in both UL25 and UL26 genes, was passaged in the F3 complementing
Vero cell line (92).

The yeast strain VL6-48N (93) (MATα, his3-Δ200, trp1-Δ1, ura3-Δ1, lys2,
ade2–101, met14, cir°) was used for all yeast transformations and grown in
YPD media supplemented with adenine. Yeast transformed with a YCp was
grown in synthetic dropout media without histidine (−HIS) or without uracil
(−URA) and supplemented with adenine.

E. coli strains Epi300 (Epicentre), DH10B (Thermo Fisher), and TOP10
(Thermo Fisher) were used for production of DNA stocks of HSV-1 TAR clones
and assembled complete genomes. Cultures were grown overnight at 37 °C
in Luria-Bertani (LB) or 2-YT media with chloramphenicol.

Plasmids. KOS-37 BAC was a kind gift from David Leib, Dartmouth Geisel
School of Medicine, Hanover, NH (29). pCC1BAC-ura3 and pCC1BAC-his3 (11)
and pRS313 (94) have been previously reported. FP ORFs were amplified from
pEBFP2-N1 (eBFP2), pCerulean-VSVG51 (Cerulean), pVenus-VSVG51 (Venus),
pFB-ORF67mCherry52 (mCherry), and pmNeptune2-N1 (mNeptune2). pEBFP2-
N1 (Plasmid #54595; Addgene) and pmNeptune2-N1 (Plasmid #54837; Addgene)
were gifts from Michael Davidson, Florida State University, Tallahassee, FL.
pCerulean-VSVG (Plasmid #11913; Addgene) and pVenus-VSVG (Plasmid
#11914; Addgene) were gifts from Jennifer Lippincott-Schwartz, National
Institutes of Health, Bethesda.

Additional methods can be found in SI Appendix.
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