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g;tngzé/ doiorg/10.1146/annurev-biophys-051013- Many proteins can be split into fragments that spontaneously reassemble,

without covalent linkage, into a functional protein. For split green fluores-
cent proteins (GFPs), fragment reassembly leads to a fluorescent readout,
which has been widely used to investigate protein—protein interactions. We
review the scope and limitations of this approach as well as other diverse
applications of split GFPs as versatile sensors, molecular glues, optogenetic
tools, and platforms for photophysical studies.
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1. INTRODUCTION

1.1. Ribonuclease S—the First Split Protein

The earliest example of a split protein is ribonuclease S, discovered by Fred Richards (113).
Richards was interested in the effects of nucleases on protein structure and found that ribonu-
clease A—then, one of the best studied enzymes and the subject of the classic demonstration by
Anfinsen that a protein can spontaneously fold—was cut by subtilisin at a single site. Despite the
cut, the protein remarkably retained its enzymatic activity, implying that the cut fragments had a
high affinity [dissociation constant (Kj) of around 30 pM]. X-ray crystallography showed no loss
of secondary or tertiary structure (156). The cut site, between residues 20 and 21, is a loop region
between the N-terminal x-helix and the rest of the protein (113). The two fragments could be
separated, yielding the S-peptide (residues 1-20) and the S-protein (residues 21-124). Each frag-
ment was shown to be disordered in solution. The removal of the S-peptide disrupts enzymatic
activity, as the cut site removes residues that are essential for activity, and activity is fully restored
upon readdition of the S-peptide at a 1:1 ratio. The importance of this observation in the early
days of understanding protein structure and folding cannot be overstated (5).

1.2. General Features and Purposes of Split Proteins

The two essential features of all split proteins are () a lack of activity of each fragment in the
absence of the other and (§) the restoration of activity upon fragment complementation or recon-
stitution. If the fragments are expressed in vivo, each must be stable to proteolytic digestion. In
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most cases, the splitsite lies in a loop between well-defined secondary structural features. In some
cases, the purpose of splitting a protein is to study factors that influence the binding of peptides
to proteins, while in others, it is to introduce noncanonical amino acids on a peptide [a recent
example uses ribonuclease S (31)] or, in the case of split green fluorescent protein (GFP), to detect
the interactions of proteins fused to the split fragments by GFP fluorescence (38).

1.3. Nonfluorescent Split Proteins and Protein-Fragment
Complementation Assays

A remarkable array of proteins has been split over the past six decades for a diverse range of ap-
plications. Soon after the first report of ribonuclease S (113), similar studies examined protein
folding and elucidated structure—function relationships of 3-galactosidase and staphylococcal nu-
clease fragments (132, 142). The approach proved to be quite general and was applied to address
universal questions about protein folding (37) and even extended to investigate protein evolution
(8, 129). Analogous protein fragmentation and complementation techniques are still employed
today, as in the study of the structure and mechanism of transmembrane ion channels (3, 102,
120).

The original example of a conditional split protein complementation system was reported by
Johnsson & Varshavsky (50), who demonstrated that ubiquitin fragments only reassembled into
an active protease tag when fused to two interacting proteins (a leucine zipper homodimer). This
pivotal split ubiquitin system laid the foundation for all future protein-fragment complementa-
tion assays (PCAs) that link the function of a split reporter protein to a specific protein—protein
interaction (PPI) (Figure 1). Conceptually, any protein whose activity results in a clear and mea-
surable readout can act as the reporter in a PCA. To date, many proteins, such as ubiquitin (50),
[3-galactosidase (118), dihydrofolate reductase (104), 3-lactamase (36), firefly luciferase (81), TEV
protease (152), thymidine kinase (84), Cas9 (160), horseradish peroxidase (83), RNA polymerase
(106),and aminoacyl tRINA synthetase (134), have been engineered as split PCA reporters to detect
both transient and irreversible PPIs. The types of readouts for these assays include fluorescence,
bioluminescence, cell survival, gene transcription, protein translation, positron emission, genome
editing, and electron microscopy. Since this review focuses on split fluorescent proteins (FPs) and
their numerous and often overlooked applications, we refer the interested reader to earlier, thor-
ough reviews for more details about the properties and scope of split nonfluorescent proteins (85,

89,90, 127, 153, 154).

Protein A Protein B Protein-protein interaction Protein-protein interaction Fl
/ uorescence
/ Absorbance
> Bioluminescence
——> Survival

—> —> ——> Reporter gene activity

> Gene transcription
2 Protein translation

Split protein Split protein Split protein  Split protein Complementation of \ Gene editing

fragment X fragment Y fragment X fragmentY split protein fragments X and Y Positron emission

Figure 1

General schematic of protein-fragment complementation assays. The engineered split protein fragments X and Y (shown in shades of
red) are genetically fused to two proteins whose interaction is of interest (proteins A and B, shown in shades of green). Upon interaction
of proteins A and B, the effective concentration of the split protein fragments increases such that fragments X and Y form a
noncovalently bound complex and regain native activity, creating the assay’s protein—protein interaction-dependent readout.
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Figure 2

Green fluorescent protein (GFP) structure and topology. (#) Ribbon structure of GFP (PDB ID: 2B3P) (103) highlighting the
chromophore environment and the proximity of the N- and C-termini. The internal o--helix that contains the chromophore is shown
in green, while B-strands 4, 7, 10, and 11 are shown in black, orange, blue, and red, respectively. (5) Topology of GFP’ 11 3-strands and
internal o-helix (ih). Figure adapted with permission from Reference 78.
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2. GREEN FLUORESCENT PROTEIN
2.1. GFP Structure, Chromophore Maturation, and Photophysical Properties

GFP is the most widely used genetically encoded fluorescent reporter. The history and engineer-
ing of GFPs have been extensively reviewed (1, 22,23,93,100,110, 111,115,125, 140, 164). Here,
we focus on critical aspects of the protein topology, folding, chromophore maturation, and chro-
mophore photophysical properties that inform the design and properties of split versions of GFP.
The iconic 11-stranded p-barrel structure of GFP is shown in Figure 24, along with the strand
topology in Figure 2b. Colors in Figure 2 designate 3-strands 4, 7, 10, and 11 (the C-terminal
strand) that contain most of the amino acids that contact the chromophore and affect its color and
excited-state properties. The internal «-helix (ih), shown in green, contains amino acids 65-67
that become the chromophore. Amino acids Q94 and R96, shown in black, as well as E222, shown
in red, are important for chromophore maturation.

The chromophore maturation process is critical for any imaging application of GFP and es-
pecially for split GFPs. Since the pioneering work of Tsien and colleagues (40) and Reid & Flynn
(109), which was then further elaborated by Getzoff and colleagues (7) and Wachter and col-
leagues (117), it is widely accepted that chromophore formation is an autocatalytic cyclization and
oxidation of the S-Y-G sequence; this process can occur only within the folded protein. Oxygen
is essential for chromophore maturation, and much work has improved the maturation rate from
hours in the original jellyfish protein (40) to minutes in the fastest maturing forms (29, 103, 124).
Many amino acid substitutions have been made in and near the chromophore that affect its color
and pK, (acid dissociation constant).

The chromophore itself is essentially nonfluorescent in fluid solution. Studies of the iso-
lated model chromophore p-hydroxybenzylidenedimethylimidazolinone (HBDI) suggest that
the primary nonradiative decay pathway is cis-trans isomerization, and this pathway is greatly
inhibited either in frozen solution or in a confined space. The remarkable RNA aptamer
Spinach was selected to bind tightly to a modified free GFP chromophore, 3,5-difluoro-4-
hydroxybenzylidenedimethylimidazolinone (DFHBDI), and other related nonfluorescent chro-
mophores rendering them fluorescent by impeding photoisomerization (99); a split version
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Photophysical properties of the green fluorescent protein (GFP) chromophore. (#) Absorbance (black) and fluorescence emission (green)
spectra of superfolder GFP (S65) (59). The protonated A state and deprotonated B state absorb at 393 and 467 nm, respectively.

(&) Several factors influence the structure and photophysical properties of the GFP chromophore. Mutations to Y66 and nearby
residues can tune chromophore absorption and fluorescence across the visible spectrum. Modulating the chromophore’s pK, (acid
dissociation constant) is beneficial for various microscopy applications and biosensor development. In most reversibly switchable
fluorescent proteins, the chromophore isomerizes from the fluorescent ¢is to the nonfluorescent #7uns conformation when irradiated
with blue light. The chromophore then undergoes either thermal relaxation or violet light-driven isomerization back to its original
state. Finally, the chromophore can convert to a red fluorescent species from a green fluorescent precursor (termed photoconversion) or
convert to a fluorescent species from a nonfluorescent precursor (termed photoactivation; not shown).

of Spinach has been made to probe nucleic acid-nucleic acid interactions (64, 116). The
chromophore exists in either a protonated or deprotonated form (typically called A state and
B state, respectively), as shown in the absorption spectrum in Figure 34 (16). This feature al-
lows GFP to function as a pH sensor whose pK, depends on many factors, including the amino
acids that comprise the chromophore and closely interacting amino acids such as H148 and T203
(Figure 2a). Depending on the construct, some GFP chromophores are sensitive to pH while oth-
ers are surprisingly buffered against pH changes (96). The most commonly used forms of GFP
are derived from the S65T mutation in which the chromophore is found almost exclusively in the
deprotonated (B state) form at physiological pH.

2.2. Circular Permutation and GFP Engineering

As seen in Figure 24, the C- and N-termini of GFP are spatially adjacent, making it straight-
forward to circularly permute the sequence such that any of the 11 (-strands or the internal
a-helix can become the new C- or N-terminus. GFP has proven to be extremely robust to
circular permutation, and engineered forms of GFP often use circularly permuted variants as
starting points (4, 139). Many sensor designs are based on circular permutation and the insertion
of entire foreign protein sequences (28, 115). GFP is also extremely tolerant of mutations, and
vast numbers of changes have been made to affect expression, color, stability, chromophore mat-
uration rate, and capacity for photoswitching, photoactivation, and photoconversion (Figure 35).
Superfolder GFP is a particularly useful variant selected for high stability (103). Extensive pro-
tein engineering has generated a wide array of red fluorescent proteins (RFPs) originating from
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diverse natural sources and producing a remarkable range of colors (115, 128). The great advantage
of RFPs is their red-shifted absorption, which allows greater penetration of light into tissues and
minimizes autofluorescent background, but the altered spectral properties typically come with
a more complex chromophore maturation process (typically via a green intermediate) and a

reduction in fluorescence quantum yield compared with GFPs. To date, there are fewer examples

of split RFPs (Table 1).

Table 1 Existing split fluorescent proteins with relevant properties

Fluorescence
Split fluorescent excitation/emission Split site residue number
protein® maxima (nm) (B-strand)© Application notes Reference(s)
SCFP3A 433/474 N 1-173 (8),C 156-239 (7) | PPI 145
sCFP1,2 433/475-476 214 (10) SR 70
ECFP 452/478 154 (7); 172 (8) PPI 44
Cerulean 439/479 154 (7) PPI 131
Gmars-T (mMaple) 476/498 164 (8) PPI, SR 148
rsEGFP2 478/503 158 (7) PPL, SR 149
GFP (sg100) 475/505 157 (7) PPI 38
sfGFP 485/507 214 (10); 193 (9), 212 (10) PPI 11,13
Folding reporter GFP | 485/507 157 (7) PPI 122
EGFP 488/507 158 (7) PPI 112
mKusabira-Green 494/507 168 (8) PPI 141
mKusabira-Green2 494/507 169 (8) PPI 69
sGFP1,2,3 485-491/508-510 214 (10) SR 70
mTSapphire 399/511 154 (7) PPI 150
Photoactivatable GFP | 475/517 @) PPI, SR 157
Dronpa 503/517 164 (8); 181 (9) PPI, SR 41,75
mNeonGreen? ND 213 (10) Imaging 33
sYFP1,2,3 509-515/522-524 214 (10) SR 70
UnaG 497/527 84 (NAY) PPI¢, exo 138
EYFP 515/527 154 (7); 155 (7); 172 (8) PPI 43,44, 146
Venus 515/527 154 (7); 172 (8); 210 (10) PPI 41,94, 131
sfYFP 515/527 154 (7) PPI 97
Citrine 516/529 154 (7) PPI 131
mKusabira-Orange2 551/565 154 (7) PPI 35
mRFP1 549/570 154 (7) PPI 47
mlris 546/578b 150 (7) PPI, SR 17
mEos3.2 570/580b 164 (8) PPL SR 80
dsRed monomer 558/583 168 (8) PPI 68
CyOFP1 488-526/589 151 (7) PPI 150
mScarlet-I 569/593 159 (7) PPI 151
PAmCherryl 564/595P 159 (7) PPL, SR 92
FusionRed 577/606 188 (9) PPI 73
mCherry 587/610 159 (7) PPI 30
(Continued)

24

Romei o Boxer



Table 1 (Continued)

Fluorescence
Split fluorescent excitation/emission Split site residue number
protein® maxima (nm) (B-strand)© Application notes Reference(s)
sfCherry ND 208 (10) Imaging 53
sfCherry?2 ND 208 (10) Imaging 33
PAsfCherry2 ND 208 (10) SR 33
mPlum 570/615 23 (1) PPI 54
mLumin (mKate) 587/621 151 (7) PPI 19
mNeptune 600/650 155(7) PPI 39
miRFP670 642/670 122 (NA9) PPI, exo 126
IFP1.4 684/708 132 NAY) PPI¢, exo 133
miRFP709 683/709 122 (NAY) PP, exo 126
iRFP 690/713 119 (NA9) PPI, exo 34

Abbreviations: exo, exogenous chromophore responsible for fluorescence; NA, not applicable; ND, not determined; PPI, detection of protein—protein
interactions; SR, super-resolution imaging.

*Sorted by fluorescence emission maximum.

bUpon photoactivation or photoconversion.

Protein split on C-terminal side of listed residue (3 -strand).

dNot applicable, as protein structure is not comparable to that of a typical fluorescent protein.

¢Shown to exhibit reversible PPI detection.

3. SPLIT FLUORESCENT PROTEINS AND THE DETECTION
OF PROTEIN-PROTEIN INTERACTIONS

3.1. Original Design

The advent of split proteins has revolutionized the detection of protein—protein interactions, and
no class of split proteins has made a greater impact than split FPs. At the turn of the twenty-first
century, split protein complementation to study PPIs was limited to a few enzymes whose assays
required exogenous fluorogenic substrates, highly engineered cell lines, and/or binary readouts of
protein interactions. By contrast, FPs have many properties that can overcome those limitations,
as they intrinsically produce a fluorescent signal proportional to the number of correctly folded
proteins containing mature chromophores. Additionally, the stable and robust (3-barrel structure,
conserved among FPs, is tolerant of circular permutation, various peptide and protein insertions,
and harsh assay conditions. With these advantages in mind, Ghosh et al. (38) developed the first ex-
ample of a split FP capable of reconstitution into a fluorescent complex. The GFP variant sg100
was split at a surface loop between residues 157 and 158 (B-strands 7 and 8), creating N- and
C-terminal fragments of 157 and 81 residues, respectively. The split GFP fragments were genet-
ically fused to separate leucine zipper domains that associate to form an antiparallel heterodimer.
When either refolded in vitro from denaturation conditions or coexpressed in Escherichia coli, the
resulting fusion proteins reassembled into a noncovalently bound fluorescent heterodimer, sug-
gesting that the two GFP fragments were able to reconstitute into a native-like structure that
favored chromophore maturation. Importantly, in the absence of the leucine zipper domains or
either single GFP fragment, no fluorescence was observed, indicating that the interaction of the
fusion proteins is essential to reconstitute fluorescence from the two nonfluorescent fragments.
This foundational work demonstrated the ability to detect PPIs through a conditional reassembly
of split fluorescent protein fragments.
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3.2. Bimolecular Fluorescence Complementation

Recognizing the utility and potential of the discovery by Ghosh et al., many labs began to expand
on the original split FP assay. The use of split FPs became so prevalent that a PCA with a split FP
reporter was given a unique name: bimolecular fluorescence complementation (BiFC). BiFC can
investigate PPIs in vivo with the capacity to image subcellular PPIlocalization in a variety of hosts,
including bacteria, mammalian cells, plant cells, tissues, and live animals. Since complementation
of two FP fragments is an irreversible process in almost all cases once chromophore maturation
has occurred (see Sections 3.3 and 4.3 below), BiFC can detect weak (I mM Kj) and transient
PPIs (2, 82, 88). BiFC also benefits from comparatively small tags fused to the proteins of interest;
an FP fragment can be as small as 15-20 residues (e.g., a single B-strand), which minimizes per-
turbations to the proteins whose interaction is being probed (11, 13). To extend the scope of the
technique to include the potential for multicolor imaging, FP variants spanning a wide spectral
range from the visible to the near infrared were engineered as split reporters and implemented
in BiFC assays (Table 1), and several resources outline design principles and best practices to
guide those interested in developing a new split FP (42, 63, 67, 74, 89). One particularly exciting
advancement in BiFC is the extension of split reporters to FPs with unique photophysical prop-
erties such as photoactivation, photoconversion, and photoswitching (Figure 35), which allows
for the combination of super-resolution imaging and PPI detection in live cells (17, 33, 41, 75,
80, 92, 148, 149, 157). The current diversity and continual innovation of split FPs is a testament
to the utility of BiFC as a biochemical tool, the robustness of the conserved FP (3-barrel, and the
advances in molecular biology and protein engineering technologies over the past two decades.

3.3. Addressing Limitations of Bimolecular Fluorescence Complementation

Despite the clear benefits discussed above, BiFC has noteworthy drawbacks that should be care-
fully considered whenever performing, interpreting, or critiquing an experiment. First, while irre-
versible binding of split FP fragments allows for detection of weak and transient PPIs, it prevents
any time-dependent study of the interaction of interest because the off-rate of the split FP with
a mature chromophore is typically very low. This leads to accumulation of the fluorescent signal
from the irreversible complementation that could misinform the experimentalist about the na-
tive behavior of the given PPI. Furthermore, the split FP interaction effectively stabilizes or fixes
the PPI. Second, there is an unavoidable delay between the interaction of the proteins of interest
and the fluorescent readout due to split FP complementation, proper protein folding, and chro-
mophore maturation. Although several studies have reduced the time delay as discussed below,
this issue still places a lower limit of minutes to hours on the time resolution of BiFC. Third, the
split FP fragments have an inherent binding affinity for each other independent of the interaction
of their fusion proteins (discussed further below). Nonspecific self-assembly of the FP fragments
creates false positives. Therefore, careful quantitative controls are essential when implementing
any BiFC experiment; this is thoroughly outlined in a few sources (42, 67, 74). Finally, BiFC is
ultimately a sensor of protein—protein proximity rather than of direct interaction. Thus, a positive
BiFC result may stem from shared cellular localization between two proteins or the fact that the
proteins are both part of a larger complex. Neither situation necessitates a direct PPI between the
proteins of interest, which may lead to misinterpretation of data.

A significant body of work is dedicated to improving three of BiFC’s major limitations:
() irreversible complementation, (b)) poor complementation and chromophore maturation effi-
ciencies, and (c) nonspecific self-assembly of split FP fragments. Addressing the first limitation,
just two split FPs have been reported as reversible for the study of PPI dynamics, neither of which
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are derived from GFP. Tchekanda et al. (133) engineered a split infrared FP from the monomeric
IFP1.4, which is based on a biliverdin-containing bacteriophytochrome. The reversibility of
the system was demonstrated in vitro as well as in eukaryotic cells. To expand the spectral
range of reversible PPI detection, To et al. (138) designed a green split protein variant, uPPI,
derived from UnaG, a member of the fatty-acid-binding protein family that binds bilirubin.
Reversibility of the split uPPI complementation was demonstrated in mammalian cells using the
rapamycin-dependent dimerization of FKBP and Frb. Despite the requirement for exogenous
chromophores, these two reversible BiFC reporters have the potential to reveal spatiotemporal
dynamics of PPIs with low background signals, a benefit not possible for any other split FPs
reported to date. Note, however, that the reversibility of the system is simply based on the binding
affinity of the split FP fragments. Cellular concentration of the fusion proteins and effective
local concentration of the split FP fragments during the PPI of interest will therefore determine
the equilibrium state of the FP complex and ultimately the applicability of the assay. Alternative
systems for reversible PPI detection are reviewed in depth elsewhere (154).

Faster fluorescence responses from split FP complementation due to PPIs have been engi-
neered to address the second limitation. These advances have greatly expanded the scope of BiFC,
mitigating experimental burdens such as long incubation times, prohibitively low signals, and ar-
duous optimization of conditions and fusion protein linkages. Despite the extraordinary impact
of the original split GFP reported by Ghosh et al., fluorescence detection guided by the strong
heterodimerization interaction of the leucine zipper domains was still quite slow (38). Subsequent
improvements have focused on accelerating chromophore maturation by introducing mutations
that facilitate protein folding at relevant physiological temperatures. The split FP fragments of
Citrine, Venus, and Cerulean exhibit brighter BiFC signals than their parent proteins, enhanced
yellow fluorescent protein (EYFP) and enhanced cyan fluorescent protein (ECFP); require re-
duced incubation times at cell culture temperatures; and eliminate the need for low-temperature
incubation before imaging (131). Similarly, folding reporter GFP, a variant designed for efficient
protein folding in E. co/i, can detect weaker PPIs, while split sg100 GFP fragments show no signal
in a side-by-side comparison (122).

Further efforts to shorten the assay time targeted the solubility and stability of the FP fragments
within cells. Cabantous et al. (13) split the especially stable superfolder GFP in between the 10th
and 11th B-strands, yielding a 214-residue N-terminal fragment (GFP1-10) and a 17-residue
C-terminal peptide (GFP11, the smallest split FP fragment to date). Directed evolution of each
fragment greatly improved solubility and complementation efficiency. Note that this specific split
GFP system, discussed further in Section 3.4, was evolved to self-assemble and originally not
used to detect PPIs. In contrast, split superfolder YFP was designed for identifying interactions
in cells, during which PPI-independent self-assembly would be an unwanted event. Split between
residues 154 and 155 after strand 7 and containing 15 folding- and solubility-enhancing mutations,
split superfolder YFP displays a strong BiFC signal, indicating proximity of two genetically fused
proteins of interest with comparably short incubation times (97).

One additional approach to reduce lengthy incubation times required in BiFC experiments
evades the problem of chromophore maturation. The larger N-terminal fragment of EGFP (8-
strands 1-7) was surprisingly shown by Demidov et al. (24) to contain a mature chromophore
once refolded from inclusion bodies in vitro with properties similar to that of denatured EGFP.
As with the free chromophore in solution, fluorescence of the fragment is very weak (~100-fold
lower than intact, folded EGFP). However, when the split fragments are fused to complemen-
tary DNA strands and mixed together, fluorescence appears within a minute, suggesting that the
rate-limiting step is fragment complementation induced by DNA hybridization rather than chro-
mophore maturation. While this particular assay is limited to in vitro studies, the phenomenon
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of chromophore maturation within a split FP fragment may be more prevalent than discussed in
the BiFC literature. If a 158-residue EGFP fragment maintains enough structure and sufficient
contacts with neighboring residues, however transiently, to form a mature chromophore in the
absence of its complementary fragment, then it is plausible that similar split protein fragments,
especially larger ones that contain most of the 3-strands, generate mature chromophores during
other in vivo and in vitro experiments (33, 45, 46). Alternatively, chromophore maturation within
a single FP fragment may be facilitated inadvertently through stabilizing intramolecular (affinity
tags, fusion proteins) or intermolecular (host proteins) interactions. Nevertheless, the reduction
in required incubation times for certain FP fragment pairs could be due in part to more efficient
chromophore maturation before fragment complementation. This potential by-product of pro-
tein engineering is a fortuitous property that still allows for low background signal in the absence
of a PPI while greatly accelerating the fluorescent readout upon split FP complementation.

Regardless of these advancements in BiFC reporters, the issue of split FP fragment self-
assembly, the third limitation, still produces unwanted background fluorescence and limits the
detection capabilities of the technique. The relevant parameter to consider for fragment self-
assembly in vivo is the equilibrium binding constant between fragments that do not contain the
mature chromophore. To our knowledge, this value has not been measured for any FP frag-
ment pair with an immature chromophore. Alternatively, for systems intentionally evolved to self-
assemble, such as GFP1-10 and GFP11, the arguably more relevant parameter to assess fragment
complementation is the on-rate (note that the equilibrium constant equals the ratio between the
on-rate and off-rate). For fragment pairs that contain intermediates en route to a mature chro-
mophore, on-rates for different FP variants range from 25 to 70 M~! s7! (70). For fragments
already containing a mature chromophore, the few reported on-rates are one to two orders of
magnitude larger (25, 26, 46, 58). The corresponding equilibrium constants for fragments with
a mature chromophore range from hundreds of picomolar to hundreds of nanomolar depending
on the fragment pair (26, 46). While these values may give a general idea for the binding affinity
of some FP fragments, the number of fragment pairs studied is quite limited and only consists of
single B-strand fragments with their ten f-stranded complements. The small fragment for most
BiFC reporters consists of two to four 3-strands. More quantitative characterization of FP frag-
ment properties would aid in the design of improved BiFC reporters and should be a focus of
future work.

"To minimize the complications from fragment self-assembly, Blakeley et al. (9) designed a split
superpositive GFP in which the N- and C-terminal fragments have theoretical net charges at pH
7 of +24 and +10, respectively, compared to the —8 overall theoretical net charge of sg100 GFP.
Fusion of superpositive GFP fragments to leucine zipper domains enhanced the fluorescent signal
compared to both split sg100 GFP and split folding reporter GFP at physiological temperatures.
Cabantous et al. (11) creatively modified their original GFP1-10/GFP11 system to generate a split
FP reporter that addresses many key limitations of BiFC. Superfolder GFP was split into three
fragments (GFP1-9, GFP10, and GFP11) to generate a tripartite split GFP assay that detects
PPIs without temperature restrictions. This heavily engineered system provides small fusion tags
(GFP10 and GFP11 are 19 and 21 residues, respectively) to avoid aggregation issues of larger
fragments, minimize the perturbation to fusion proteins, and virtually eliminate background from
self-assembly.

General trends in split FP properties become apparent when discussing the attempts made to
engineer the optimal BiFC reporter. The vast majority of FPs are split at surface loops after 3-
strands 7 or 8, creating N- and C-terminal fragments with about a 2:1 size ratio. These proteins
tend to exhibit reduced background from self-assembly compared with FPs split into one large
fragment and one 3-strand peptide though at the expense of reduced solubility and a tendency for
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aggregation. Mutations that improve solubility, stability, and folding efficiency of split FP frag-
ments lead to enhanced fluorescent signals and shorter BiFC assay incubation times, but these
intended improvements often result in higher levels of background fluorescence and FP fragment
self-assembly, possibly due to a combination of increased fragment affinity and availability in cells.
The ideal properties of a specific split FP certainly depend on the application, but there still exists a
balance between the native affinity for self-assembly of the two split FP fragments and the time be-
tween the PPI of interest and a detectable fluorescence readout, an unavoidable limitation of BiFC.

The benefits, experimental details, best practices, and applications of BiFC have been exhaus-
tively reviewed (61-63, 67, 74, 89, 114, 130, 144, 154). Split FPs have a wide variety of additional
useful, important, and creative applications that are often overlooked and not reviewed elsewhere.
For the remainder of this review, we delve into the additional functions of split FPs that provide
insight into basic photophysical and photochemical properties of FPs, expand the repertoire of
optogenetic tools, detect proximity and localization in other molecular and cellular contexts, and
offer a platform for localizing molecules of interest.

3.4. Expanding the Scope of the Split GFP Proximity Sensor

While PPI detection is their most common function, split FPs have also been used to study
the proximity between and localization of other relevant biological entities. Rackham & Brown
(108) pioneered a new assay called trimolecular fluorescence complementation to visualize RNA-
protein interactions in live cells using the split YFP Venus. This technique was extended to detect
and track RNA localization and dynamics with a range of split FP spectral variants (39, 98, 135,
143,155, 159). By using the tripartite split GFP system in a modified RINA detection assay termed
tetramolecular fluorescence complementation, Kellerman et al. were able to drastically reduce as-
say times and background fluorescence (55) and introduce multicolor capability to simultaneously
image two RINAs (56). Another major application of the split FP proximity sensor is called GRASP,
or GFP reconstitution across synaptic partners, which can detect proximity across synapses or
even cell membrane contacts in live animals. Split FP fragments are each fused to transmembrane
proteins such that proximity of the two cells’ membranes leads to split FP complementation and
subsequent fluorescence (32). A method analogous to GRASP was designed to detect and even
quantify organelle proximity (21, 52).

Similar to the way intact FPs have been adapted to sense environmental stimuli, many labs
have cleverly combined the utility of a fluorescent readout with FP fragment complementation to
investigate important biological processes. The original GFP1-10/GFP11 system was designed to
quantitatively report on the solubility of expressed proteins with a simple fluorescence measure-
ment (14). This method was later improved to detect protein misfolding with high sensitivity by
inserting the protein of interest between circularly permuted GFP fragments (12). Aggregation of
proteins such as tau could also be directly probed since the higher-order aggregates sequester the
fused GFP fragment and occlude binding to its complement (20). Three groups designed protease
sensors that take advantage of split GFP complementation. Each strategy utilizes variations of a
cyclic, locked GFP11 fragment that opens upon protease cleavage, allowing for complementation
with GFP1-10 and subsequent fluorescence (15, 119, 137). Split GFP also serves as a sensor for
protein kinase and phosphatase activity (158) as well as cytoplasmic delivery of cell-penetrating
peptides or other cargo (86, 101, 123). To create a sensor for a unique target peptide sequence,
Huang et al. (45) evolved a circularly permuted GFP variant missing its final strand to bind a
peptide from influenza’s hemagglutinin protein; efforts are underway to optimize the fluorescent
response of this sensor upon peptide binding. The tripartite split GFP system has also been en-
gineered to report on enzymatic activity of small GTPases and sortase (72, 161). Split FPs have
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proven useful as well in high-throughput screening experiments, given their ability to screen for
PPIs (48), RNA—protein interactions (57), and enhanced protein stability (79) as well as quantify
each library variant’s expression (121) and secretion levels (66).

Split FPs that were evolved for self-assembly (GFP1-10/GFP11 and its derivatives) have been
used for targeting, localization, and imaging in various approaches. For example, Kamiyama et al.
(53) used GFP11 as a multimerization scaffold to recruit the transcriptional activation domain,
VP64, and enhance gene expression. With protein-based therapeutics in mind, Bale et al. (6) tar-
geted nanoparticles to specific organelles in live cells. As imaging tools, these split FP pairs help
visualize endogenous localization patterns and dynamics of proteins in live cells both with standard
and super-resolution microscopy (33,49, 51, 53,77, 105). In another application from the Pinaud
lab, split GFP links together two gold nanoparticles, with a mature GFP complex acting as the
bridge, creating a photoacoustic and surface-enhanced Raman spectroscopy imaging probe. Ad-
ditional functionalization of the nanoparticles targets the probe to specific cell types (71). Further
engineering of GFP1-10/GFP11 allows for polymerization of the GFP fragments into both linear
and cyclic supramolecular assemblies of various sizes. The assemblies can be functionalized to dis-
play other proteins of interest to study multivalent interactions, to colocalize functional proteins
within cells, or to construct higher-order nanostructures (65). Finally, fusion of the strand-10 and
strand-11 B-hairpin to a protein of interest and subsequent GFP1-9 complementation provides
a stable, ordered fusion partner to promote more favorable protein crystallization (76, 91).

4. PHOTOCHEMICAL AND PHOTOPHYSICAL STUDIES
USING SPLIT GFPs

4.1. Overall Goals of In Vitro Studies of Split GFPs

Most studies using split GFPs described in Section 3 were performed in cells and focused on
detection of protein—protein interactions. As with the original work by Richards (113) on split
ribonuclease, split GFPs can be used to study GFP itself. This has been the primary focus of work
from our lab, which began with a simple question: If a fluorescent protein fragment is expressed in
E. coli and isolated, can adding a synthetic peptide similar to the missing protein fragment generate
a fluorescent protein? What are the limits of this approach; that is, can the protein be circularly
permuted and still reassemble in vitro? If the answer is yes, then the synthetic strand could in-
troduce any noncanonical amino acid, probe, or label [in parallel, amber suppression (147) could
introduce noncanonical amino acids into the recombinantly made fragment]. Once assembled
(or upon site-specific cleavage of the intact protein; see Section 4.2), such split proteins can be
used to investigate kinetics and thermodynamics of peptide association, using their intrinsic ab-
sorption and fluorescence as a reporter. Furthermore, as we discovered, split GFPs exhibit some
very unusual photochemical and photophysical properties that could be exploited to engineer
new optogenetic tools, complementing their conventional role in imaging and potentially over-
coming some of the limitations described earlier for complementation assays. Note that detailed
sequence information for each construct is essential when using these systems and should always be
reported.

4.2. Synthetic Control of GFPs

Our initial efforts closely followed work done in cells with split GFPs, but without any fused
protein or nucleic acid partners. Kent et al. (59) expressed and isolated a recombinant protein cor-
responding to -strands 1-10 [specifically, GFP1-100PT introduced by Cabantous et al. (13)]
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Figure 4

Schematic diagram illustrating split protein reassembly between recombinant GFP1-10 and a synthetic
GFP11 peptide with subsequent chromophore maturation (PDB ID: 2B3P) (103). Mutations at E222 tune
the photophysical properties of the chromophore. Note that the 3D structure of the truncated protein
shown in gray is not currently known. Figure adapted with permission from Reference 59.

and added a synthetic peptide mimicking strand 11, as illustrated in Figure 4. GFP1-10 was
found largely in inclusion bodies and was isolated by standard methods in urea and purified using
a His tag on the N-terminus. Upon diluting the protein from denaturing buffer in the presence
of synthetic strand 11, a fluorescent protein was formed in oxic conditions over a period of two
days. Because strand 11 is tightly bound, this split semisynthetic protein could be further purified
and compared with the recombinant full-length protein. The maturation of the chromophore
within the protein in vitro was confirmed by electrospray mass spectrometry (the intact split pro-
tein could be observed under gentle conditions). Furthermore, the chromophore had an identi-
cal absorption spectrum to that of the full-length protein and responded similarly to mutations
such as E222Q. Finally, excited-state proton transfer (16) in this semisynthetic protein was iden-
tical to that in the intact protein, assuring that molecular contacts with the chromophore were
maintained.

While successful, the yield of GFP1-10 was poor, and considerable time was required for
chromophore maturation. A much more direct strategy for achieving the same result is shown
in schematic form in Figure 5 (60). In this approach, a selective proteolytic cleavage site was
engineered between strands 10 and 11 (Figure 54), and the entire protein was expressed in
E. coli in high yield with a fully matured chromophore. Upon purification, these proteins can
be cleaved, subjected to denaturing conditions required to remove the cleaved strand, and then
recombined with a synthetic strand by diluting together from denaturing buffer. Through cir-
cular permutation, this approach can effectively exchange any secondary structural element in
the GFP topology, even the chromophore-containing internal «-helix (Figure 5b). Remarkably,
following denaturation to remove the internal «-helix, refolding in the presence of a synthetic
peptide corresponding to the internal «-helix sequence leads to formation of the native chro-
mophore. In this case, the empty barrel catalyzes chromophore maturation, which can be ex-
ploited to modify the chromophore in ways not easily achieved by amber suppression. Further-
more, the peptide bearing the mature chromophore isolated from the recombinant protein can
be inserted into an empty barrel whose sequence would hinder chromophore maturation. For ex-
ample, in an effort to reverse the electric field around the chromophore, we made the R96E and
E222K mutations (95). R96 and E222 (Figure 2) are essential for chromophore maturation, so
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Proteolytic Protein denaturation, Peptide addition,
cleavage peptide removal protein renaturation

b —_— —_— S

Schematic illustrating the required experimental steps for the synthetic control of green fluorescent protein,
applied to either (#) the strand 7, 10, or 11 system or () the internal o-helix system. The loop between the
terminal secondary structural element and the rest of the protein is proteolytically cleaved. The
noncovalently bound complex is denatured, and the fragments are separated with size exclusion chromato-
graphy. Refolding of the larger fragment, referred to as the denatured truncated protein (shown in gray as if
folded), with synthetic peptide (shown in red) corresponding to the missing structural element yields a
fluorescent species resembling the native protein. Point mutations on the synthetic peptides that cause color

shifts and/or protonation state changes can be introduced in this manner. Figure adapted with permission
from Reference 60.

Figure 5

the above mutations would ordinarily produce protein with an immature chromophore. However,
by combining an internal «-helix peptide bearing the mature chromophore created in its native
environment with the R96E/E222K empty barrel, it was possible to create and study this novel
protein.

4.3. Photochemistry of Split GFPs—Phenomenology

As described above, when a proteolytic cut is made between strand 11 and the rest of the protein,
strand 11 remains noncovalently bound and can be removed only by denaturation (Figure 54).
The rest of the protein, shown as a barrel containing ten 3-strands, is referred to as the truncated
protein. In contrast to the last step in Figure 54, if the truncated protein is separated from strand
11 and then refolded in the absence of an added peptide, the chromophore absorption spectrum
is quite different from that of native GFP, and the fluorescence quantum yield decreases by about
a factor of three (58). Curiously, subsequent addition of a synthetic strand-11 peptide does not
restore native absorption or fluorescence properties, indicating that order of operations is im-
portant. By chance, a sample containing this truncated protein with a synthetic strand-11 peptide
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Figure 6

Strand binding and photodissociation of the strand-10 circularly permuted split green fluorescent protein (GFP). (#) When refolded in
vitro, the truncated protein with strand 10 removed can bind synthetic peptides similar to strand 10. If the peptide contains the T203Y
mutation responsible for the yellow color of yellow fluorescent protein (YFP), addition of aliquots of this peptide leads to a green-to-
yellow color shift that signifies binding. Note that the structure of the truncated protein shown as a gray barrel is not currently known,
although it does contain a mature chromophore. (9) In the presence of excess synthetic peptide containing the T203Y mutation, the
proteolytically cleaved but still noncovalently attached native (T203) strand 10 does not dissociate spontaneously but does dissociate
upon irradiation with blue light. The strand exchange is evident by a shift in the absorption spectrum similar to that observed by direct
addition in panel 4. Figure adapted with permission from Reference 26.

was exposed to light, and the native protein, indistinguishable from the original cut protein,
was formed. Thus, it appeared that truncated GFP could be triggered by light to associate with
peptides—an entirely unexpected result. The kinetics of this process were studied in detail.
Following up on the observations with strand-11 truncated GFP, we investigated a circularly
permuted split GFP with the 10th B-strand at the N-terminus (26). The refolded strand-10
truncated protein (GFP11-9) had a different absorption spectrum and a very large (~30-fold)
reduction in fluorescence quantum yield and, unlike the strand-11 truncated protein, was able to
bind a synthetic strand-10 peptide without light irradiation. Synthetic peptides with mutations
at the 203 position, such as T203Y responsible for the yellow color of the YFP family of GFPs,
could also bind and tune the color of the chromophore (Figure 64). The color shift and large
change in fluorescence quantum yield upon peptide binding were particularly convenient for fol-
lowing the kinetics and thermodynamics of the binding process, which were evaluated in depth.
Surprisingly, in the presence of light and excess synthetic peptide, noncovalently bound strand 10
was replaced by the excess peptide, monitored by the green-to-yellow color change, implying that
the native T203 peptide (green) photodissociated from the split protein and was replaced by the
T203Y peptide (yellow) (Figure 6b). The very large rate acceleration of strand exchange upon
irradiation (at least 3,000-fold faster than in the dark) suggests that such split GFPs could be used
as optogenetic tools, in addition to their traditional role for imaging. For example, light could
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(@) Structure (PDB ID: 6B7R) (25) and (b) light activation of the strand-11 truncated protein. The N-terminal His tag (shown in gray)
binds as a new B-strand to the vacant spot left by removal of the native 11th strand. Light irradiation displaces the bound His tag and
allows for binding of added synthetic peptides (shown in green). Figure adapted with permission from Reference 25.
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control reversible complementation, addressing a major limitation of BiFC discussed in detail in
Section 3.3. Likewise, this potential optogenetic tool could act as a photocage by controlling ei-
ther the release of an engineered, biologically relevant peptide or the activation of proteins such
as enzymes and transcription factors in live cells with high spatial and temporal resolution. The
primary limitation of this approach is the very low photodissociation quantum yield, as discussed
in the next section.

The puzzling difference between the truncated split strand-10 and strand-11 proteins was re-
solved by obtaining the X-ray structure of the strand-11 truncated protein (Figure 74) (PDB ID:
6B7R) (25). This protein had an N-terminal His tag, commonly used as an affinity tag for protein
purification, separated from the GFP barrel by a linker. Remarkably, the His tag and linker extend
over the top of the protein barrel and slot precisely into the gap left by removing the C-terminal
strand-11 peptide, creating a perfect 3-strand with the six histidines alternating between inward-
and outward-facing orientations in the immediate vicinity of the chromophore. The occlusion of
the strand-11 binding site explains the phenomenological behavior discussed above: The His tag
blocks binding of strand 11 to the truncated protein, and light irradiation displaces the bound His
tag and allows for the binding of synthetic strand 11 [analogous to the strand exchange observed in
the strand-10 circular permutant (Figure 6b)] (Figure 7b). As a result of the particular design of
the strand-10 circular permutant, its His tag was removed along with strand 10, leaving open the
peptide binding site in the truncated protein. By redesigning the circular permutant with strand
10 at the C-terminus and a His tag at the N-terminus, analogous to the strand-11 split protein
variant, the His tag was shown by X-ray crystallography to bind in the empty slot left by remov-
ing strand 10 (PDB ID: 6B7T) (25); the resulting truncated protein bound the added synthetic
strand-10 peptide at an accelerated rate upon light irradiation. Finally, Deng & Boxer (25) cre-
ated “truly” truncated proteins that contained only the ten remaining 3-strands and the internal
a-helix by removing the His tag from both the strand-10 and strand-11 truncated proteins. Re-
markably, these proteins were receptive to nonnative strands (e.g., the strand-11 truncated protein
was shown to bind the strand-10 synthetic peptide), a promising result suggesting that this sys-
tem can be engineered to reversibly bind biologically relevant peptides as both a sensor and an
optogenetic tool.
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Two-tailed version of green fluorescent protein (GFP). (#) Cartoon illustrating the design of the two-tailed GFP. The rest of the barrel
(strands 11 through 9) are flanked by two strand-10 peptides connected by linkers. A point mutation at position 203 on strand 10 leads
to either a green (1203) or yellow (T203Y) fluorescent protein when bound. (4) Application of the two-tailed GFP engineered as a
light-activated ratiometric protease sensor by combining light-driven photodissociation of the cut strand and strand replacement.
Figure adapted with permission from Reference 27.

An interesting and related split GFP construct is the two-tailed version of GFP shown in
Figure 84 (27). The strand-10 circularly permuted protein was modified with the native strand
10 as the N-terminus and an alternative version of strand 10 containing the T203Y mutation
as the C-terminus. Depending on the linker length, either the green (native strand 10) or yel-
low (T203Y) strand completed the 3-barrel upon protein expression and purification. Interesting
variations in the green:yellow ratio were observed depending on whether the protein was iso-
lated directly from E. co/i or refolded from denaturing conditions in vitro. Taking advantage of the
photodissociation of split GFP, a protease sensor was developed that could detect the presence of
any specific protease by monitoring the change in color upon irradiation (Figure 85).

A number of other light-driven optogenetic tools based on fluorescent proteins that can re-
port on important biological processes have been developed recently (163), along with related
light-driven (but not GFP-derived) tools such as the light-oxygen-voltage sensing (LOV) domain
(107), opsins (10), and several others reviewed elsewhere (18, 87, 136). A tool based on a split FP
called photocleavable protein (PhoCl) was recently reported by Zhang et al. (162). Upon irradia-
tion with violet light, green-to-red photoconversion of the chromophore occurs with concurrent
irreversible peptide backbone cleavage. The noncovalently bound internal x-helix fragment then
dissociates from the rest of the protein owing to an evolved low postcleavage peptide binding affin-
ity. The PhoCl system was shown to allow spatiotemporal control of protein localization, enzyme
activity, and gene expression with light.

4.4. Photochemistry of Split GFPs—Mechanism

Split GFP photodissociation has not yet been extensively exploited, largely owing to the low pho-
todissociation quantum yield (<1% for photodissociation of strands 7, 10, or 11). To improve
this quantum yield, rigorous mechanistic studies were performed. Initial results showed that the
photodissociation rate rises linearly at low light intensity before plateauing, suggesting a two-step
mechanism in which the first is light dependent and the second is a thermal process (26, 78).
Further mechanistic insight came from studying both nonphotoswitchable and photoswitchable
(E222Q mutant) circular permutants, which revealed that the light-dependent step is cis-trans iso-
merization of the chromophore followed by thermal strand dissociation (78). These findings link
the properties of photodissociable split GFPs to reversibly photoswitchable GFPs that have been
extensively engineered for super-resolution microscopy.
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Potential energy curves for photodissociation, highlighting relevant parameters. Branching points are shown
as circled numbers and are color coded to match their associated processes: @ represents the excited-state
barrier partitioning fluorescence and isomerization; @ represents the photochemical funnel, which divides
aborted from successful isomerization; and @ represents branching of strand dissociation and thermal
relaxation. Abbreviations: C, noncovalently bound fluorescent protein complex with a ¢is chromophore in the
ground electronic state; C', noncovalently bound fluorescent protein complex with a #7ans chromophore in
the ground electronic state; D, truncated protein containing a t7ans chromophore in the ground electronic
state with the dissociated strand removed; P, dissociated strand (peptide); v, population branching ratio at
the photochemical funnel; E, giss, energy barrier for thermal strand dissociation; E, fyd, energy barrier in the
excited-state to reach photochemical funnel; FC, Franck-Condon excitation from the ground- to the
excited-state; kpc, rate constant for excited-state barrier crossing; kdiss, rate constant for strand dissociation;
ki, rate constant for fluorescence; k1c, rate constant for nonradiative internal conversion without passing
through the photochemical funnel; &, rate constant for thermal relaxation from C' to C. Figure adapted
with permission from Reference 78.

Further information on the energy landscape was obtained from the temperature dependence
of photoactivation, strand dissociation, and fluorescence, with results summarized compactly in
Figure 9 (78). The first steps in this mechanism are similar to those found for other protein-
based photoisomerizable systems such as rhodopsin and photoactive yellow protein. Following
photoexcitation, there are several competing processes: fluorescence, nonradiative internal con-
version, and a transition over an excited-state barrier (bottleneck 1) to a cis-frans isomerization
step that occurs at a photochemical funnel (bottleneck 2). The (small) fraction of the population
that makes it past the funnel with the chromophore in the trans state either decays back to cis
over a ground-state barrier or leads to displacement of the cut strand (bottleneck 3). The strand
displacement step was particularly informative, as it traps small populations that reach this point
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through binding of excess synthetic peptide (not shown in Figure 9), a feature that s absent in re-
lated proteins. Each of the bottlenecks identified in this scheme provides a target for engineering
the protein to enhance the partitioning toward strand photodissociation.

5. CONCLUSIONS AND OUTLOOK

Split FPs are versatile tools used to study numerous biophysical and biochemical processes. Ad-
ditional properties such as light-activated fragment dissociation and binding-partner adaptability
can address current limitations in the study of PPIs, such as irreversible complementation, as
well as lay the foundation for exciting optogenetic applications. However, fundamental photo-
physical properties currently limit the potential of such applications. As with related issues of
quantum yields and selectivity in other optogenetic systems, there does not yet exist a quantitative
framework for predicting and achieving this engineering goal despite clear target bottlenecks for
improvement. Directed evolution strategies using large randomized libraries or targeted rational
design may be viable approaches for circumventing mechanistic bottlenecks; both approaches
are currently underway. In combination with state-of-the-art simulations, it may be possible
to elucidate the relationship between structure and energetics and begin formulating a unified
design scheme for constructing a split FP-based optogenetic tool tailored to a specific application.

1. Split proteins, both fluorescent and nonfluorescent, are extensively used to report on
protein—protein interactions. Despite many drawbacks to the technique, proper and
thorough controls can improve the confidence of data interpretation.

2. Beyond the study of protein—protein interactions, split fluorescent proteins are widely
used for a myriad of other creative applications (e.g., a general interaction-based sensor,
a sensor of various biological and biochemical processes, a molecular glue for controlled
localization or materials design).

3. Synthetic control of split GFP allows for the study of basic photophysical properties of
fluorescent proteins previously unobtainable by alternative methods.

4. Light sensitivity of split GFP transforms the system into a potential optogenetic tool,
although current applications are limited owing to low quantum yields. Mechanistic in-
sights will help guide future efforts to develop such tools.
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