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Going Viral with Fluorescent Proteins
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Many longstanding questions about dynamics of virus-cell interactions can be answered by combining fluorescence imaging
techniques with fluorescent protein (FP) tagging strategies. Successfully creating a FP fusion with a cellular or viral protein of
interest first requires selecting the appropriate FP. However, while viral architecture and cellular localization often dictate the
suitability of a FP, a FP’s chemical and physical properties must also be considered. Here, we discuss the challenges of and offer
suggestions for identifying the optimal FPs for studying the cell biology of viruses.

Statements such as “my fluorescent virus can barely replicate”
and “I cannot see my fluorescent protein fusion” are, unfortu-
nately, not uncommon complaints about fusion proteins made
with fluorescent proteins (FPs). In some cases, FPs are inappro-
priate for the system or question. Other times, FPs are incorpo-
rated in a haphazard manner. Finally, FPs may not perform as
advertised or the investigator may not read the “fine print.” In this
review, we describe how to avoid common FP problems and how
to select appropriate FPs for FP fusions.

With multiple fluorescent labeling strategies available, why use
FP tags? Generally, FPs have many desirable characteristics. They
are genetically encoded, have sufficiently short sequences for in-
corporation into many viral genomes, and enable site-specific la-
beling of a viral or cellular protein of interest. Dye-labeling tech-
niques often randomly label proteins and require extracellular
delivery, and dye-labeled proteins cannot be delivered into sub-
cellular organelles, such as the endoplasmic reticulum. Difficulties
frequently arise when investigators expect FPs to be inert, well
behaved in all environments, and provide a bright signal. While
few, if any, FPs satisfy every item on a wish list, FPs are undeniably
powerful cell biology tools. For a detailed list of virus-relevant
methods that exploit FPs, see reference 1 (especially Tables 1 and
2). For basic considerations for developing FP fusion proteins, see
reference 2.

PHYSICAL PROPERTIES OF FLUORESCENT PROTEINS

First, let us consider the general properties of FPs. They have short
primary sequences but fold into proteins that are not small (~5
nm in diameter) (3). FPs are evolved as soluble cytoplasmic pro-
teins, with only the environmental considerations related to the
pH-neutral cytoplasm as a selective pressure. Taken together,
these properties suggest significant concerns when using FPs, such
as the potential for steric hindrance in fusion proteins and for the
performance of FPs in subcellular compartments. The photo-
physical characteristics of FPs range tremendously in brightness
and photostability. Unless the investigator is studying isolated FPs
or using advanced microscopy techniques, including total inter-
nal-reflection fluorescence (TIRF) (4) and photoactivated local-
ization microscopy (PALM) (5), itis difficult to detect the signal of
a single FP in the presence of the cellular autofluorescence back-
ground (2). The photophysical properties of FPs suggest that
many low-abundance proteins, such as many kinases or a range of
viral proteins (6), may not be appropriate targets for FP tagging
and standard imaging approaches in cells. Either such targets may
require nonphysiologic overexpression, or this may not be a prob-
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lem if the proteins are concentrated and confined in a cellular
compartment or as part of a virus.

Virus structure and assembly present conformational chal-
lenges. The diversity of viral architecture precludes a one-size-fits-
all viral protein FP fusion strategy. During assembly, viral compo-
nents are often packed into confined spaces. A 5-nm-diameter FP
may be too large to incorporate as a viral capsid or matrix fusion
protein into an intact virus. Figure 1A illustrates a relative-size
comparison of green FP (GFP) with the coat protein of tobacco
mosaic virus and influenza virus hemagglutinin membrane glyco-
protein. A FP may disrupt viral protein folding and/or confound
proper viral assembly. Such interference can decrease FP-labeled
virus infectivity (7). Figure 1B illustrates a hypothetical example of
a GFP fusion with the C terminus of a major capsid protein, Vp54
of paramecium bursaria chlorella virus type 1. The size of the
capsid protein monomer is similar to that of a FP molecule, and
the presence of a FP could interfere with the highly symmetrical
packing of trimeric capsomers. One solution has been to coex-
press both tagged and untagged versions of the viral protein (8).
Smaller amounts of FP-tagged proteins can still be sufficient for a
bright fluorescent signal, while untagged proteins provide more
space for the incorporated FP fusions. Another strategy is to iden-
tify sites other than the N or C terminus that would better tolerate
insertion of a FP insertion or smaller FP alternatives. Zheng and
Kielian successfully used structural and mutagenesis information
to identify a region in Sindbis virus capsid amenable to insertion
of a 12-amino-acid (aa) tetracysteine consensus peptide sequence
and ReAsH fluorescent dye labeling (7). The resulting virus exhib-
ited normal ultrastructure and infectivity, and both the virus and
capsid protein could be imaged in live cells. Unfortunately, the
FIAsH/ReAsH system is incompatible with use in the secretory
pathway, as the cysteines become oxidized and cannot be labeled
(9). Alternatively, split FPs enable insertions as small as 10 aa and
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FIG 1 Size comparison of GFP with viral proteins illustrates the potential
effect of steric hindrance. (A) Size comparison of GFP (PDB code 2B3P), the
coat protein of tobacco mosaic virus (20M3), and 1918 influenza virus hem-
agglutinin membrane glycoprotein (1RUZ) relative to 5-nm scale bar. (B)
Hypothetical fusion protein of a major capsid protein, Vp54 of paramecium
bursaria chlorella virus type 1 (1M4X), with GFP. The trimeric capsomer and
associated GFP molecules represent the potential restrictions of a viral FP
fusion protein.

have been used in influenza A virus studies (10). To observe fluo-
rescence, the remainder of the FP must be supplied in trans and
then bind irreversibly to form a complete FP. As with the dyes, FP
fragment binding depends on the accessibility of the binding
motif.

THE OLIGOMERIC TENDENCY OF FLUORESCENT PROTEINS

A major concern with FP fusion proteins is the tendency to form
dimers. This is not a problem for a typical soluble fusion protein at
low expression levels or a transcriptional reporter, but for proteins
that incorporate into highly packed oligomers, such as a trimeric
envelope protein or a capsid composed of hundreds of subunits,
FP oligomerization becomes a significant concern. When a fusion
protein no longer tumbles in 720° of free rotation in solution and
is restricted to 360°, effective FP concentrations increase, raising
the probability of collision and oligomerization. Such interactions
can disrupt protein function, drive nonnative interactions, and
grossly distort cellular architecture.

Members of the GFP family have a hydrophobic interface that
can be modified (A206K) to prevent FPs from dimerizing (11).
FPs not derived from the GFP family, including many commonly
utilized red FPs (RFPs), were derived from obligate dimers and
tetramers (2). We examined RFPs, including: mCherry, TagRFP,
mKate2, mRuby2, and Fusion Red (12, 13), in a live cell assay (14)
that assesses the propensity of FPs to oligomerize. Importantly,
reportedly monomeric TagRFP, mRuby2, and mKate2 all formed
inappropriate oligomers, as did mCherry, but to a much more
limited degree (15, 16).

When FP tagging is appropriate for a study, which of the doz-
ens of FPs should be used? The cellular environment(s) dictates
the suitability of most FPs (17). In the cytoplasm, there are a num-
ber of excellent FP options for fusion proteins, including mono-
merized (V206K) superfolder GFP, mTurquoise, Cerulean3, en-
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hanced blue FP 2 (EBFP2), TagBFP, mNeonGreen, and
monomerized Venus (A206K) (13, 18). Several orange and red
FPs are extremely bright and work well as transcriptional report-
ers but present serious problems for fusion proteins, including
long maturation times and a tendency toward oligomerization
and stickiness (see above). Red and orange FPs can work well for
soluble monomeric cytoplasmic fusion proteins and reporters of
changes in cell localization, i.e., apoptosis reporters of caspase
cleavage of Asp-Glu-Val-Asp (DEVD)-containing peptides (19).

THE IMPACT OF THE CELLULAR ENVIRONMENT ON
FLUORESCENT PROTEINS

Different subcellular environments can seriously hobble FPs. For
example, endocytosed viruses encounter a progressively decreas-
ing luminal pH. Most compartments of the secretory pathway are
acidic. pH significantly impacts FP brightness. The pK, value of a
FP refers to the pH at which the brightness of the FP is half of its
possible maximum. Brightness further decreases as pH decreases.
Thus, a bright FP in the cytoplasm (i.e., a yellow FP [YFP]) with a
pK, value of 6.9 would be dark inside a late endosome (pH 4.5
to 5).

Viral secretory proteins traverse the secretory pathway, an ox-
idizing environment and site of posttranslational modifications,
including disulfide bond formation and N- and O-linked glycosy-
lation. Either modification can induce gross misfolding and pro-
duce a population of nonfluorescent misfolded FPs (15, 20). To
protect against these cellular environments, we recommend se-
lecting FPs with low pK, values and no or few residues subject to
posttranslational modifications, i.e., cysteines and N-linked gly-
cosylation consensus sequences (N-X-S/T).

For expressing proteins in oxidizing cellular compartments
(secretory pathway, inner membrane space of mitochondria,
and periplasm of Gram-negative bacteria), we recommend
the “mox” FPs we recently developed, including moxsynGEFP,
moxCerulean3, moxVenus, and moxBFP (15). These genuinely
monomeric FPs lack cysteines and, thus, cannot form disulfide
bonds. moxFPs can be paired (moxBFP with moxsynGFP or
moxVenus and moxCerulean3 with moxVenus) for robust
two-color imaging with standard fluorescence microscope filter
sets. The low pK, value of moxCerulean3 (3.8) ensures fluores-
cence in the acidic late endocytic pathway. mCherry, mCerulean3,
and mTurquoise2 (21) have similar or even lower pK, values (3.1
to 4.5). We note that mCherry is resistant to destruction in the
lysosome and that mCherry fusions can accumulate in lysosomes,
while other FP fusions also traffic to lysosomes via the secretory
pathway or autophagy and are destroyed in the proteolytic lyso-
somal environment (15). Finally, the monomeric moxFPs are es-
pecially well suited for fusions with integral membrane proteins.

There is a growing awareness of environmental impacts on FP
functionality. If you have been using FPs from over a decade ago,
we strongly encourage you to upgrade your FPs. There are several
FP options that are significantly improved for the needs of most
virologists. Importantly, when considering the latest FPs, closely
look at the potential for posttranslational modifications, whether
the FPs have been convincingly demonstrated to be monomeric,
and whether the FPs would be functional in your cellular com-
partment of interest. Investigators who need even more colors,
specific properties, or FP alternatives should frequently check for
reports of new FPs in the literature. With an improved palette of
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environmentally inert FPs, future studies of fluorescent viruses
look very bright.
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