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3 Genomic research has resulted in the identification of tens of thousands of putative pro-
i teins from all three domains of life in recent years, many of which have no clear function.
Key clues to the function of these proteins come from identifying their binding partners
I and expression patterns. Therefore, it is now of critical importance to develop robust, high-
| l throughput methods to address these issues (Zhu et al., 2003). Immunoprecipitation and
& related methods like TAP-TAG (Puig et al., 2001) require purification of the analyte
protein, demand relatively strong interactions between protein partners, and are not
amenable to library approaches. Fusions to Aequorea victoria GFP and its variants have
been used to examine expression patterns (Chalfie et al., 1994) and protein interactions
through fluorescence resonance energy transfer (FRET) (Miyawaki et al., 1997), but these
methods are limited by the photophysical properties of GFP variants and the promoters
available to drive expression, particularly in whole organisms. Several combinatorial
screens based on the reassembly of dissected proteins have been introduced in recent years
to determine the identity of protein ligands, beginning with the yeast two-hybrid screen.
In the last five years, experiments have demonstrated that GFP and its variants can be dis-
sected and reassembled to yield fluorescent products. GFP reassembly can be used to
demonstrate and identify protein-protein interactions and protein expression patterns in
cells and whole organisms.

' * Present address: Department of Chemistry and Department of Biochemistry, The Ohio State University,
i Columbus, OH

Green Fluorescent Protein: Properties, Applications, and Protocols, Second Edition
Edited by Martin Chalfie and Steven R. Kain
Copyright © 2006 John Wiley & Sons, Inc.

!
3 39




REASSEMBLED GFP: DETECTING PROTEIN-PROTEIN INTERACTIONS AND PROTEIN EXPRESSION PATTERNS

17.1 PROTEIN DISSECTION

Cleavage of a single peptide bond in a protein can result in protein unfolding and inacti-
vation, because protein folding is typically a highly cooperative process. Despite the dra-
matic energetic consequences of covalent bond cleavage, some proteins remain folded
even after being cleaved into two pieces, held together by noncovalent interactions. More-
over, a mixture of the polypeptides corresponding to the proteolytic fragments can some-
times result in reassembly of active protein (Richards, 1958; Anfinsen, 1973). This
observation has been exploited to make useful biological tools. For example, independent
expression of the alpha and omega fragments of B-galactosidase results in spontaneous
assembly of the active enzyme, capable of turning over chromogenic galactosides such as
X-gal, which is the basis of “blue/white” screening in plasmid subcloning (Ullmann et al.,
1967). Fusion to ribonuclease S, arising from the noncovalent reassembly of the RNase
S-peptide and S-protein resulting from cleavage of RNase A by subtilisin, can be used as
an indicator of protein expression and folding using a fluorogenic substrate (Kelemen et
al., 1999). The system is marketed as FRETWorks by Novagen (Madison, WI).

In the cases of LacZ and RNase S, the “dissected” protein fragments spontaneously
reassemble, resulting in active protein. Fields and Song (1989) realized that if a reporter
protein could be split such that the dissected fragments did not spontaneously reassemble,
the interaction of proteins fused to those fragments might drive the reassembly and func-
tion of the reporter. In the yeast two-hybrid (Y2H) screen, the DNA-binding and activa-
tion domains of the GAL4 transcription factor do not spontaneously reassemble, but if
they are brought together by the interaction of “bait” and “prey”™ proteins fused to the
two domains, the reassembled GAL4 can drive the transcription of a reporter like [-
galactosidase. Y2ZH has been tremendously useful for identifying protein interaction part-
ners (Uetz et al., 2000). However, the method has considerable limitations: It must be done
in yeast, it requires nuclear importation and function (excluding whole protein classes,
such as membrane-associated proteins), it does not demand a direct interaction (i.e., inter-
actions through complexes are sometimes detected), and it can be confounded by proteins
that activate transcription in the absence of a binding partner. Although Y2H allows detec-
tion of fairly weak interactions, it is hampered by abundant false positives.

Several assays have been introduced to circumvent some of the problems with Y2H,
including bacterial two-hybrid systems (Karimova et al., 1998; Joung et al., 2000; Hays
et al., 2000) and functional interaction traps based on fusion to dissected fragments of
ubiquitin (Johnsson and Varshavsky, 1994), -galactosidase (Rossi et al., 1997), dihydro-
folate reductase (Pelletier et al., 1998; Pelletier et al., 1999), or B-lactamase (Galarneau et
al., 2002). The reassembly of these dissected proteins must be detected by the addition of
a chromogenic, fluorogenic or chemiluminescent reagent, or through survival selection.

Recently, our group introduced a screen for protein—protein interactions based on the
reassembly of dissected fragments of GFP (Ghosh et al., 2000). GFP is especially attrac-
tive because no exogenous reagent must be added to detect the reassembled protein and
because GFP is known to express and mature in virtually every cell type and subcellular
structure in which it has been tested (as demonstrated in other chapters in this volume).
Moreover, since most cells do not have significant fluorescence background at the GFP
emission/excitation wavelengths, virtually all the signal can be attributed to the reassem-
bled GFP, and subcellular localization can be directly visualized. The method has suc-
cessfully been used by our group and others to detect protein—protein interactions in
bacteria and eukaryotes, to identify unknown interaction partners, and to visualize cell
type and subcellular protein localization in multicellular organisms.
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Figure 17.1. Schematic of GFP dissection. {A) The original system used by Ghosh et al. (2000)
split GFP at 157-158. The reassembled GFF, fused to antiparallel leucine zipper peptides (blue),
is depicted with the N- and C-terminal fragments are colored green and red, respectively. (B) The
dissection points discussed in the text are highlighted. Those in bold have been the most gen-
erally successful. Created with PyMOL (http:/fwww.pymol.org) from PDB entries 1EMA and 1SER.
See color insert.

17.2 DISSECTION AND REASSEMBLY OF GFP

17.2.1 Variants and Topology

Our original implementation of the GFP fragment reassembly involved dissection of the
sg100 GFP variant between residues 157 and 158 (Ghosh et al., 2000). Antiparallel _leucim:‘
zipper peptides were fused to the C-terminus of GFP(1-1 57) and the N—lennms (I)f
GFP(158-238), an arrangement that was designed to allow interaction of the peptides in
the reassembled complex (Fig. 17.1A). Coexpression of these peptide-fragment fusioxrs
results in GFP reassembly and cellular fluorescence. When the peptide-fragment fusions
are expressed separately, or when one or both of the peptides are not fused, no reassem-
bly occurs. Therefore, the leucine zipper peptide—peptide interaction is required for GFP
reassembly.' We and others typically call the GFP fragments “NGFP” and “CGFP,” but
we will use the nomenclature GFP(1-157) and GFP(158-238) here to make it clear what
spectral variant and dissection point we are referring to. See Fig. 17.1B for the dissection
points discussed in this section.

The reassembly reaction is not extremely sensitive to linker length. We have tested
linkers of 4-15 amino acids between the GFP fragments and the zipper peptides that are
compatible with reassembly (Magliery et al., 2005). Moreover, the linkers do not have to
be the same length. Reassembly occurs when the linker between the GFP(158-238) and
the peptide is 7 amino acids longer than the linker between the GFP(1-157) and pept.ide.

The sg100 variant (G. J. Palm, personal communication) has the following mutations
from the original gfp/0 wild-type sequence: F64L, S65C, Q80R, Y151L, 1167T, and

' The plasmid vectors pET11a-link-NGFP and pPMRBAD-link-CGFP, which permit facile cloning of analyte

and indep in E. coli, are available upon request. See the Regan Lab webpage
(http:/fwww.csb.yale.edu/people/regan/publications html) for seqs and information, in add to Wilson
et al. (2004).
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K238N. The actual construct used originally had a proline at position 151, but we later
demonstrated that this had no effect on the fluorescence phenotype relative to leucine
(Magliery et al., 2005). Using the same antiparallel leucine zipper fusions, Chalfie and co-
workers found that CFP and YFP can also reassemble, and the CFP(158-238) can reassem.-
ble with GFP(1-157) and YFP(1-157) to yield fluorescent proteins with unique spectra
properties (Zhang et al., 2004). Michnick and co-workers have used virtually the same
dissection point (158-159) and topology in EGFP, an F64L, S65T GFP mutant codon-
optimized for mammalian cells, adding 10-amino-acid (GGGGS), linkers between the
fused proteins and the dissection point (Remy and Michnick, 2004a).

Other points of dissection have also been explored. Tsien and co-workers showed that
large insertions and circular permutation were possible in EYFP between residues 144
145 (Baird et al., 1999). Based on this, Miyawaki and colleagues fused calmodulin to the
N-terminus of EYFP(1-144) and fused the tightly interacting M13 peptide to the N-
terminus of EYFP(145-238), and they observed reassembly in HeLa cells (Nagai et al.,
2001). This is both a different point of dissection and a different fusion topology, espe-
cially notable because it is at the end of the B-barrel distal to the native termini. Kerppola
and co-workers tested various dissection points in EYFP (S65G S72A T203Y) using yet
another topology and parallel leucine zippers from Fos and Jun (Hu et al., 2002). Here,
both zipper peptides were fused to the C-termini of the two YFP fragments with short 5-
to 7-amino-acid linkers between the fragments and the zipper peptides. Loops at both ends
of the B-barrel, proximal and distal to the C-terminus, were selected for dissection (38-39,
101-102, 144-145, 154-155, 168-169, 172-173, and 192-193). The 154-155 dissection
point, in the same loop used by our group, gave the best results.

Hu and Kerppola (2003) later tested fragments derived from EYFP, EGFP, ECFP, and
EBFP dissected at 154-155 and 172-173 using the same fusion topology as before to the
C-termini of both fragments. Surprisingly, the GFP fragments split at 154-155 did not
reassemble, but YFP(1-154) did reassemble with CFP(155-238) to give a reassembled
protein with spectral characteristics distinct from YFP or CFP. At a second dissection
point at the opposite end of the B-barrel (172-173), it was found that YFP(173-238)
reassembled with GFP(1-172), CFP(1-172) and YFP(1-172), but that B/C/GFP(173-238)
did not reassemble with any 1-172 fragment. Perhaps even more remarkably, the 1-172
fragments of GFP, CFP, and YFP reassembled with the 155-238 fragments of CFP
and YFP despite the resulting duplication of a 3-strand (Fig. 17.2). Moreover, BFP(1-172)
and CFP(155-238) also reassembled, even though no reassembly occurred with B/C/
GFP(173-238). Since the extra “strand” is likely just an unstructured linker between the
N-terminal fluorescent protein fragment and the zipper peptide, the mixed dissection-point
data actually suggest that a longer linker between the peptides and fragments is beneficial
with this topology.

Umezawa and colleagues developed a different means of reassembling GFP. Specif-
ically, EGFP fragments are covalently reassembled when fused interacting proteins drive
the association and splicing of an intein (Ozawa et al., 2000). Originally, the N-terminal
domain of the yeast VMALI intein was sandwiched between EGFP(1-128) and one analyte
protein, and the C-terminal intein domain was sandwiched between the second analyte
protein and EGFP(129-238). The analyte proteins (originally calmodulin and MI13
peptide) were separated from the intein fragments by 9- to 10-amino-acid linkers. To
achieve efficient splicing, the EGFP sequence between 1124 and 1129 was altered from
IEKKGI to IILKGC, resulting in weak cellular fluorescence with the CaM/M13 fusions.
To improve the efficiency of the system, the Umezawa group later replaced the VMALI
intein with the smaller, more soluble, bacterial dnaE intein, and other EGFP dissection
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Figure 17.2. Multicolor reassembly of fluorescent proteins. Reassembly of CFP(155-238) with (A)
YFP(1-172), (B) GFP(1-172), (C) BFP(1-172), and (D) CFP(1-172) results in yellow, green, blue, and
cyan cells. [Adapted from Hu and Kerppola (2003) with permission.] See color insert.

points were examined (Ozawa et al., 2001). Dissection at residues 144-145 or 224-225
gave poor fluorescence, but dissection at 157-158 was successful, with either K156Y
Q157C mutations or a KFAEYC insertion after Q157.

Recently, Cabantous et al. (2005) dissected the so-called “superfolder” variant of GFP
in the last loop, at residue 214. Both the GFP(1-214) and GFP(214-230) fragments were
optimized by directed evolution for enhanced fluorescence and solubility. These optimized
GFP fragments spontaneously reassemble, resulting in chromophore maturation and cel-
lular fluorescence upon their co-expression without the mediation of fused, interacting pro-
teins. These GFP tags are therefore useful for detecting protein expression and solubility
in cells or lysates, but they are not useful for detecting protein-protein interactions.

Alteration of the unfused termini of GFP sometimes prevents the reassembly reac-
tion. In our implementation in which the fusions are made at the point of dissection, we
found that N-terminal hexahistidine tagging of the GFP(1-157) fragment is not detri-
mental, but that tagging the C-terminus of GFP(158-238) with a biotinylation sequence
and Hisg-tag prevented reassembly. The Kerppola group fused interacting proteins at the
C-termini of both fluorescent protein fragments and tagged both N-termini with His,.
Because the N- and C-termini of GFP are close in space at the same “end” of the barrel
as the 157-158 loop, the spatially near termini might affect the reassembly reaction.
Further experimentation is needed to see if modification of the termini or even a random
mutagenic approach, as Stemmer took to engineer GFPuv (Crameri et al.,, 1996), can
improve the reassembly.

Therefore, several GFP variants are amenable to dissection and reassembly, and
several points of dissection are useful. The most generally useful point of dissection
appears to be in a surface loop near residues 157-158, spatially near the N- and C-termini,
regardless of fusion topology. The striking fact that different fusion topologies and a wide
range of linker lengths lead to reassembly is useful, since it does not require extensive
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