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Abstract

Green fluorescent protein (GFP) has been used as a proof of concept for a novel “leave-one-out” 

biosensor design in which a protein that has a segment omitted from the middle of the sequence by 

circular permutation and truncation binds the missing peptide and reconstitutes its function. Three 

variants of GFP have been synthesized that are each missing one of the 11 β-strands from its β-

barrel structure, and in two of the variants, adding the omitted peptide sequence in trans 

reconstitutes fluorescence. Detailed biochemical analysis indicates that GFP with β-strand 7 “left 

out” (t7SPm) exists in a partially unfolded state. The apo form t7SPm binds the free β-strand 7 

peptide with a dissociation constant of ~0.5 µM and folds into the native state of GFP, resulting in 

fluorescence recovery. Folding of t7SPm, both with and without the peptide ligand, is at least a 

three-state process and has a rate comparable to that of the full-length and unpermuted GFP. The 

conserved kinetic properties strongly suggest that the rate-limiting steps in the folding pathway 

have not been altered by circular permutation and truncation in t7SPm. This study shows that 

structural and functional reconstitution of GFP can occur with a segment omitted from the middle 

of the chain, and that the unbound form is in a partially unfolded state.

Removal of a segment from a protein chain is often disastrous to its folding and stability, but 

in many cases, it is possible to reconstitute the structure and function by adding back the 

complementary sequence as an autonomous peptide (1–9). Analogous to “leave-one-out” 

experiments in statistics, where data omitted from a training set is nonetheless accurately 

predicted by modeling the remaining data, the truncated sequence sometimes retains enough 

information about its native structure to form a specific binding pocket that is 

complementary to, and binds tightly to, the missing piece. If the reconstituted protein has a 

self-reporting signal such as fluorescence, then the leave-one-out protein is a sensor for its 

missing piece. In this study, we use green fluorescent protein (GFP)1 to prove this concept.

†This work was supported by Career Award DBI-0448072 from the National Science Foundation.
* To whom correspondence should be addressed: Department of Biology, Room 3C07, Jonsson-Rowland Science Center, Rensselaer 
Polytechnic Institute, 110 Eighth St., Troy, NY 12180-3590. Phone: (518) 276-3185. Fax: (518) 276-2344. bystrc@rpi.edu. 

SUPPORTING INFORMATION AVAILABLE
Oligonucleotide sequences and PCR primers used, diagrams indicating locations of omitted segments in the primary sequence and the 
three-dimensional structure of superfolder GFP OPT, diagrams showing arrangements of β-strands in primary sequences of GFP 
variants, examples of in vivo complementation, and examples of s7 concentration-dependent kinetics of in vitro complementation. 
This material is available free of charge via the Internet at http://pubs.acs.org.

HHS Public Access
Author manuscript
Biochemistry. Author manuscript; available in PMC 2015 November 18.

Published in final edited form as:
Biochemistry. 2009 February 10; 48(5): 929–940. doi:10.1021/bi802027g.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://pubs.acs.org


GFP, a small globular protein consisting of 238 amino acids, was first found in the 

bioluminescent system of the jellyfish Aequorea victoria in 1962 (10). Its well-known 

stability (11, 12) originated from the unique barrel-like structure (Figure 1) that is composed 

of a series of 11 β-strands connected by loops (13, 14), and its tightly encapsulated 

chromophore that is derived from the post-translational and intramolecular cyclization and 

oxidation of the tripeptide motif Ser65-Tyr66-Gly67 (15) makes GFP one of the most 

important proteins to biological and biomedical research. The fluorescence spectrum of GFP 

has been reengineered, and its many color variants (16–20) have been used widely as 

markers for gene expression (21) and protein dynamics and localization (22, 23). Recent 

studies have confirmed the utility of GFP variants as reporters for intracellular pH (24, 25), 

halide (18) and calcium ion concentration (26–28), and protein-protein interactions (4–8). 

GFP also has been used as a biosensor for sensing ligands such as Gram-negative bacteria 

(29, 30) and other metal ions (31).

The slow folding kinetics (32) of GFP and its tendency to misfold and aggregate limit its use 

in many applications. Because of this, extensive efforts have been made to engineer GFP 

variants with improved folding properties. Mutants such as Ser147Pro (33), Val163Ala/

Ser175Gly (34), and Phe99Ser/ Met153Thr/Val163Ala (35) (known as the cycle 3 mutant) 

improve solubility and refolding efficiency. Using the in vitro evolution technique, a 

“superfolder” GFP which has six additional mutations to the cycle3 mutant has been 

identified and exhibits not only a strong folding efficiency but also a faster folding and a 

higher denaturant resistance (36). The improvement in folding is mainly due to the reduction 

of total hydrophobicity of GFP, an increase in β-strand propensity, and the increase in the 

number of favorable hydrogen bonding and electrostatic interactions. Superfolder GFP has 

been further evolved in vitro by DNA shuffling (37) to optimize its solubility and to develop 

a novel protein tagging technique based on protein fragment complementation (38). The 

resulting sequence, called superfolder GFP OPT (OPT), was the starting point for this work 

(Figure 1A of the Supporting Information).

Protein complementation systems have been developed as detectors of protein–protein 

interactions, using reporter proteins such as β-galactosidase (1), dihydrofolate reductase (2), 

CyaA adenylate cyclase (3), and GFP (4–8). In these cases, a pair of interacting proteins, 

fused to the split segments, were required to reassociate the active reporter protein. For 

example, each half of a bisected GFP was fused with one-half of an antiparallel leucine 

zipper domain (4). The additional binding energy of the leucine zipper reconstituted the 

fluorescent state from the fragments. The energetic contribution of the interacting pair 

surmounts the entropic barrier to reconstitution of the unfolded components.

If component parts could be made that exist in a near-native state before association, their 

binding affinity would be substantially higher. Although this would defeat the purpose of 

1Abbreviations: GFP, green fluorescent protein; OPT, optimized superfolder GFP, from ref 38; PDB, Protein Data Bank; BCA, 
bicinchoninic acid assay; NMR, nuclear magnetic resonance; PAGE, polyacrylamide gel electrophoresis; PCR, polymerase chain 
reaction; UV, ultraviolet light; F0, initial fluorescence intensity; Kd, dissociation constant; OD, optical density; SD, standard 
deviation; A, amplitude; k, rate constant; t1/2, half-life; λ, wavelength; CHAPS, 3-[(3-cholami-dopropyl)dimethylammonio]-1-
propanesulfonate; DTT, dithiothreitol; IPTG, isopropyl D-1-thiogalactopyranoside; LB, Luria-Bertani broth; SDS, sodium dodecyl 
sulfate.

Huang and Bystroff Page 2

Biochemistry. Author manuscript; available in PMC 2015 November 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reconstitution as a reporter of protein-protein association, it would open up the possibility of 

using reconstitution as a means of designing new receptors or biosensors. For example, 

truncated OPT (GFP1 −10, residues 1–214), which is missing β-strand 11 (S11, residues 

215–230), was used to detect proteins fused with S11. Detection of the proteins tagged with 

S11 relies solely on the binding of S11 to GFP1 –10 and reconstitution of fluorescence. 

However, the recovered fluorescence needed several hours to reach a plateau upon 

complementation (38), probably corresponding to a slow chromophore maturation. The 

slowness of the chromophore maturation may hamper the usefulness of the GFP 

complementation system as a rapid sensor. A solution to this problem was found as part of 

our studies, using preincubation with the peptide ligand. The differences between the 

preincubated and nonpreincubated biosensor constructs are discussed.

Many proteins will tolerate circular permutation of the sequence by linking the N- and C-

termini and cutting the chain at any other position to make new termini (39, 40). The 

evidence that GFP can fold and fluoresce despite circular rearrangement (27, 36), combined 

with the evidence of functional complementation using a short terminal segment (38), 

suggests that GFP may work as a biosensor for internal segments.

By first circularly permuting the sequence and then truncating it, we explore the tolerance of 

GFP to the removal of internal segments of the chain. There are three possible outcomes of 

each experiment: (a) the permuted and truncated protein does not fold; (b) it folds but does 

not bind the “missing piece” peptide, or (c) it folds and binds the missing piece. By 

exploring which parts of a protein may be successfully omitted and added in trans, we may 

learn something about the folding pathway of GFP (44). Parts of the protein that fold late in 

the folding pathway are likely to be the least detrimental to folding when removed, leaving 

an only partially unfolded state, minimizing the entropic barrier to reconstitution. In this 

paper, we explore the removal of three segments of GFP and the properties of one of the 

resulting leave-one-out variants as a sensor of its missing piece.

MATERIALS AND METHODS

Leave-One-Out Biosensor Design

Exposure of the GFP chromophore to the solvent can quench its fluorescence. After 

inspection of the GFP crystal structures [PDB entries 1EMA (13), 1GFL (14), and 2B3P 

(36)], β-strands 7, 10, and 11 were selected as the potential peptide binding sites for the 

leave-one-out biosensor design (Figure 1B of the Supporting Information). Removal of one 

of these strands exposes the chromophore to solvent and quenches fluorescence, as we show 

in this study.

H–D exchange NMR studies (45) and molecular dynamics simulations (46) have led to 

speculation that the closure of the cleft between β-strands 7 and 8 is one of the last events in 

the β-barrel folding pathway. If so, then leaving out β-strand 7, by circular permutation and 

truncation, should minimally interfere with folding, and refolding upon reconstitution with 

β-strand 7 should be efficient. Two other β-strands, β-strand 10 and β-strand 11, were also 

selected as leave-one-out targets that would be potentially the least detrimental to folding 

(45). Removal of β-strand 11 and reconstitution of fluorescence upon addition of the peptide 
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in trans were demonstrated in a previous study (38) and were repeated as a control in this 

study.

Molecular modeling was carried out using MOE (Chemical Computing Group) with GFP 

structures [PDB entries 1EMA (13), 1GFL (14), and 2B3P (36)]. The original N- and C-

termini were connected by the linker peptide with the sequence GGTGGS, as previously 

described (27, 47), to make a truncated and circularly permuted version of GFP.

Sequence Construction

Oligonucleotide sequences that covered the complete OPT gene were designed 

automatically using DNA Works (48). In this design, the universal annealing temperature 

for the oligonucleotides was set to 62 ± 1 °C, and the oligonucleotide length was set to 50 

nucleotides. The resulting oligonucleotide sequences were then synthesized and linked using 

assembly PCR as described previously (49) to produce the full-length OPT gene with half of 

the GGTGGS linker encoded on either terminus. Oligonucleotide sequences that cover the 

full-length OPT gene are given in Table 1 of the Supporting Information. All 

oligonucleotides in this study were synthesized by Integrated DNA Technologies.

After assembly PCR, the full-length linear gene was purified and self-ligated by T4 DNA 

ligase (New England Biolabs) to form the circular template for circular permutation and 

truncation, and candidate permuted and truncated sequences were then synthesized using 

PCR. Briefly, permuted and/or truncated sequences were amplified from the circular DNA 

templates by selected primers (Table 2 of the Supporting Information) to omit the desired 

segment. The 5′ primers also encoded six-His tags for the protein purification purpose. 

Amplified candidate genes were cloned into pET-28a (Novagen) via NcoI and EcoRI 

restriction sites and verified by dideoxynucleotide sequencing. The constructed proteins 

were named t7SP, t10SP, and t11SP to denote the truncation at β-strand 7 (residues 146–

157), 10 (residues 198–216), and 11 (residues 214–230) in OPT, respectively. Circularized 

OPT, called c7SP, with new termini between F145 and N146 of β-strand 7, without leaving 

out the β-strand, was generated simultaneously using a different set of primers (Table 2 of 

the Supporting Information), as a covalent mimic of the t7SP-β-strand 7 binding complex. In 

addition, full-length and unpermuted OPT genes were also made, to serve as a positive 

control. The arrangements of β-strands in primary sequences of GFP variants are shown in 

Figure 2 of the Supporting Information.

Construction of Target Peptide–Intein Fusion Proteins

The recovery of the fluorescence upon complementation can be examined in vitro and in 

vivo. To achieve a quick assessment of complementation in vivo, additional constructs were 

made to express peptide–intein fusion proteins. The pTWIN1 vector in the IMPACT-TWIN 

system (New England Biolabs) was used as the template for PCR amplification of the intein 

gene. An ~1.5 kb intein cassette including the multiple clone site and intein genes was 

amplified using 5′ and 3′ primers (Table 3 of the Supporting Information) carried BspHI and 

PstI restriction enzyme sites, respectively, followed by the digestion on the resultant PCR 

product with BspHI and SapI. BspHI–SapI restriction fragments containing the desired 

intein gene were purified for the succeeding cloning. Complementary DNA sequences 
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containing SapI and PstI sticky ends and encoding the left-out segment of the OPT sequence 

(i.e., the residues removed from β-strands 7 and 11 of OPT) were prepared by annealing two 

respective oligonucleotides (Table 4A of the Supporting Information). The fragments 

encoding the intein gene and the annealed oligonucleotides were cloned into the NcoI and 

PstI sites of expression vector pCDF-1b (Novagen) which is compatible with pET-28a in 

coexpression (50). All identified constructs (so-called s7NT and s11NT) were verified by 

dideoxynucleotide sequencing. The peptide–intein fusion construct for β-strand 10 (so-called 

s10NT) was made by PCR using specific primers (Table 4B of the Supporting Information) 

and identified s7NT plasmids as templates. The peptide–intein fusions (s7NT, s10NT, and 

s11NT) were expressed under the control of the T7 promoter in vector pCDF-1b and were 

used to express the intein genes fused with the peptide sequences that were originally 

omitted from β-strand 7 (NSHNVYITADKQ), β-strand 10 (NHYLSTQTVLSKDP-

NEKRD), and β-strand 11 (KRDHMVLLEFVTAAGIT) of OPT, respectively.

Protein Expression and Purification

Identified constructs (t7SP, t10SP, t11SP c7SP, OPT, s7NT, s10NT, and s11NT) were 

transformed and expressed under control of the T7 promoter/lac operator in Escherichia coli 

strain BL21(DE3) (Novagen). Plasmids for leave-one-out constructs and peptide fusion 

constructs were also cotransformed into BL21(DE3) for in vivo complementation. Freshly 

transformed cells were grown to an OD600 of 0.6 at 37 °C in LB medium containing 30 

µg/mL kanamycin when expressing leave-one-out constructs alone, or 15 µg/mL kanamycin 

and 15 µg/mL streptomycin when coexpressing leave-one-out constructs and peptide 

fusions. After the induction with 0.5 mM IPTG, cells were further grown for 24 h at 25 °C 

with 250 rpm shaking and then harvested.

Cells from growth cultures were precipitated by the centrifugation, washed with PBS buffer 

[137 mM NaCl, 2.7 mM KCl, 1.47 mM KH2PO4, and 4.3 mM Na2HPO4•7H2O (pH 7.0)], 

resuspended with lysis buffer [300 mM NaCl, 50 mM Na2HPO4, and 50 mM Tris-HCl (pH 

7.5); 8 mL per gram of cell pellets], and then frozen (−80 °C for 10 min) and thawed (37 °C 

for 5 min) three times. The resultant cell suspension was lysed with 50 mg/mL lysozyme, 10 

mg/mL DNaseI, 10 mg/mL RNaseA, and 1% Triton X-100 and incubated at 37 °C for 30 

min. After centrifugation at 27000g for 30 min, the supernatant was collected for further 

purifications. Six-His tagged proteins from single expression and coexpression were purified 

with the Ni-NTA purification system (Invitrogen) at room temperature under hybrid 

conditions according to the manufacturer’s instruction manual and the on-column protein 

refolding protocols (51). Briefly, the supernatant was first loaded onto the Ni-NTA resin 

column equilibrated with the lysis buffer under native conditions. The column was then 

washed with wash buffer 1 [300 mM NaCl, 50 mM Na2HPO4, 50 mM Tris-HCl, and 10 mM 

imidazole (pH 7.5)] and wash buffer 2 [300 mM NaCl, 50 mM Na2HPO4, 50 mM Tris-HCl, 

and 20 mM imidazole (pH 7.5)] sequentially. Proteins were eluted with elution buffer [300 

mM NaCl, 50 mM Na2HPO4, 50 mM Tris-HCl, and 250 mM imidazole (pH 7.5)], and 

eluted fractions were pooled and dialyzed against TN buffer [100 mM NaCl and 50 mM 

Tris-HCl (pH 7.5)] at 4 °C overnight.

Huang and Bystroff Page 5

Biochemistry. Author manuscript; available in PMC 2015 November 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The protein purification was continued under denaturing conditions after dialysis. To 

denature proteins, the dialyzed solution was first titrated to near pH 2.0 using lysis buffer 

(pH 2.0) and then supplemented with SDS and β-mercaptoethanol to final concentrations of 

1% and 100 mM, respectively. The resultant protein solution was then titrated back to near 

pH 8.5 with lysis buffer (pH 8.5) at a final dilution ratio of 1:10. The SDS concentration was 

maintained at 0.1% to keep proteins unfolded. Denatured proteins were then bound to the 

Ni-NTA resin equilibrated with the lysis buffer (pH 8.5) by the batch absorption at room 

temperature overnight. The on-column refolding and purification were then started by 

packing the resin into a column and washing the column with wash buffer 1 and 2 

containing 0.1% SDS and 10 mM β-mercaptoethanol. This was followed by washing the 

column with wash buffer 2 containing 0.1% CHAPS and 10 mM β-mercaptoethanol to 

remove SDS from denatured proteins and to trigger protein refolding. Finally, refolded 

proteins were eluted with elution buffer containing 0.1% CHAPS and 10 mM β-

mercaptoethanol, and eluted fractions were dialyzed against TN buffer (pH 7.5) at 4 °C for 8 

h and repeated twice. After dialysis, the protein concentration was determined with a BCA 

protein assay (Pierce) with the UV–visible absorbance spectrometer (UV-1650PC, 

Shimadzu) as described in the manufacturer’s instruction manual. The purity of proteins was 

determined by SDS–PAGE and was quantified by laser-based densitometry (Typhoon TRIO

+, Amersham Biosciences). All purified proteins were aliquoted and stored at −80 °C before 

use. The leave-one-out GFP (t7SP) purified from the coexpression was denoted as t7SPm (m 

for mature), whereas the construct purified from the single expression was denoted t7SP.

Optical Characterization and Fluorescence Measurement

To determine the optical characteristics of native and denatured GFP variants, purified 

proteins were diluted to 10 or 80 µM in TN buffer (pH 7.5) or TN buffer (pH 2.0) and 

absorption spectra between 300 and 600 nm were recorded using the UV–visible absorbance 

spectrometer. The spectra were recorded at 25 °C with 10 mm light path quartz cuvettes, and 

the spectral bandwidth of the spectrometer was set to 2 nm. The acid-denatured proteins 

were incubated at room temperature for at least 1 h before the measurement. The absorption 

of acid-denatured proteins under 382.5 nm (OD382.5) was used to quantify the chromophore 

(12, 52).

The fluorescence spectra of purified proteins were measured with a Fluorolog-3 TAU 

fluorometer (HORIBA Jobin Yvon). Samples were prepared in TN buffer (pH 7.5) at a 

protein concentration of 1 µM for t7SP and t7SPm or 0.01 µM for OPT and c7SP. In the 

emission spectra, emission intensities were collected from 495 to 550 nm with a 0.5 nm 

increment while excited under 485 nm. The excitation spectra were recorded by collecting 

excitation intensities from 350 to 500 nm with a 0.5 nm increment under 508 nm emission. 

All the emission and excitation spectra were recorded at room temperature with a slit setting 

of 5 nm and an integration time of 0.5 s.

The pH-dependent transition curves for protein folding were determined by the fluorescence 

intensity using a Fluorolog-3 TAU fluorometer with excitation at 485 nm and emission at 

508 nm. Protein stock solutions were prepared in TN buffer (pH 7.5) with a protein 

concentration of 10 µM and then diluted into TN buffer with different pH values that ranged 
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from 2.0 to 10.0 and with 1 mM DTT. The final concentration of each protein was 0.1 µM. 

After the sample had been incubated for 30 min, the fluorescence intensity was measured at 

room temperature with a slit setting of 5 nm and an integration time of 0.5 s. The pH-

dependent transition curve was fitted to the Henderson-Hasselbalch equation using 

SigmaPlot (Systat Software Inc.) to evaluate the pKa of each protein.

Measurement of Refolding Kinetics

The refolding kinetics of purified GFP variants were measured with a Fluorolog-3 TAU 

fluorometer by manual mixing. Briefly, each protein (10 µM) was first denatured in TN 

buffer (pH 2.0) containing 1 mM DTT for 1 h. The protein refolding was then triggered by 

diluting denatured protein solutions into TN buffer (pH 7.5). The final solutions contained 

proteins at a concentration of 0.01 µM for OPT and c7SP or 0.1 µM for t7SP and t7SPm, and 

1 mM DTT (pH 7.5). The fluorescence intensity was collected every 5 s for 30 min with 

excitation at 485 nm and emission at 508 nm, and at room temperature with a slit setting of 5 

nm and an integration time of 0.5 s. The refolding curve of each GFP variant was best fitted 

to the triple-exponential equation with six fitting parameters using SigmaPlot, and rate 

constants and amplitudes for three kinetic phases were identified. Using a double-

exponential fit was insufficient to model the data, showing correlated residuals.

Complementation Assay

After the IPTG induction, in vivo complementation of engineered GFP variants and peptide 

fusions was observed directly by illuminating cell pellets with the blue light transilluminator 

(λ = 400–500 nm, Dark reader, Clare Chemical Research) or measured with a Fluorolog-3 

TAU fluorometer.

The complementation was also performed in vitro with the purified GFP variants and 

chemically synthesized peptides, and the resultant fluorescence intensity was collected with 

a Fluorolog-3 TAU fluorometer. Chemically synthesized strand 7 peptides (s7) with the 

amino acid sequence NSH-NVYITADKQ were prepared with a purity of >75% 

(Biopeptide) or with a purity of >95% (GenScript). Briefly, s7 (>75% pure) and purified 

t7SP and t7SPm were first freshly prepared in native solution [TN buffer (pH 7.5)] or 

denatured solution [TN buffer (pH 2.0) with 1 mM DTT]. The final concentrations of 

proteins and peptides were 10 and 360 µM, respectively. To inspect the in vitro 

complementation starting from native conditions, proteins prepared in native solution were 

first diluted to 0.1 µM in TN buffer (pH 7.5) and equilibrated for 60 s before peptide 

solutions were added. The s7 peptide in native solution was then added to a final 

concentration of 3.6 µM. The fluorescence intensity upon complementation was recorded 

every 5 s for 30 min with excitation at 485 nm and emission at 508 nm, and at room 

temperature with a slit setting of 5 nm and an integration time of 0.5 s. To investigate the in 

vitro complementation that started from the refolding condition, equal volumes of the 

protein solution and the peptide solution from the denaturing condition were first mixed 

together and then diluted 50-fold into TN buffer (pH 7.5) to initiate protein refolding and 

complementation. The fluorescence intensity was measured as described above.
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To determine the binding affinity between the leave-one-out GFP and synthesized strand 7 

peptides, in vitro complementation was also performed under native conditions as described 

above but with different s7 concentrations. Synthesized s7 peptides with a purity of >95% 

were used in these assays. The recovered fluorescence intensity (F) was measured every 5 s 

for 20 min as described above and normalized by the initial fluorescence intensity (F0) to 

express the relative intensity increase upon complementation. The Kd was determined by 

fitting the binding curve with nonlinear regression fitting parameters for a one-site binding 

model using SigmaPlot.

RESULTS

In Vivo Complementation

The full-length, unpermuted superfolder GFP OPT (OPT), three peptide fusions (s7NT, 

s10NT, and s11NT), three leave-one-out GFP variants (t7SP, t10SP, and t11SP), and the 

full-length, circularly permuted OPT (c7SP) were first expressed individually in BL21(DE3) 

to inspect for any possible background fluorescence from each construct. Freshly 

transformed cells were allowed to express recombinant proteins with 0.5 mM IPTG 

induction at 25 °C for 24 h. The fluorescence emission was observed directly by 

illuminating cell pellets with the blue light transilluminator or measured with a Fluorolog-3 

TAU fluorometer. OPT and c7SP exhibited the highest fluorescence emission among these 

constructs, while no significant fluorescence was observed from cells expressing three 

peptide fusions, t10SP or t11SP (data not shown). To our surprise, a detectable fluorescence 

emission was obtained directly from t7SP, although the intensity was not as high as that of 

OPT or c7SP (Figure 3 of the Supporting Information). N-Terminal fragments of enhanced 

GFP (residues 1 – 158) have been shown to fold and allow a significant level of 

chromophore formation in a previous study (53). Thus, the background fluorescence of t7SP 

indicated not only the formation of the chromophore but also at least a partial folding of 

t7SP.

When s7NT with t7SP were coexpressed, the fluorescence was increased ~2-fold compared 

with cells expressing t7SP alone, indicating the in vivo complementation of the β-strand 7 

peptides and the leave-one-out t7SP had occurred. In vivo complementation was also 

observed in coexpression of t11SP and s11NT, and this was consistent with a previous study 

(38). Fluorescence was not recovered from coexpression of t10SP and s10NT, indicating 

that removal of the β-strand 10 segment was fatal to folding. No fluorescence was observed 

for the mispaired coexpression of t11SP with s7NT. No detectable additional fluorescence 

was observed for the mispaired coexpression of t7SP with s11NT, beyond the intensity 

observed for t7SP alone (Figure 3 of the Supporting Information).

Absorbance and Fluorescence Features of GFP Variants

To further study the optical characteristics of GFP variants, the proteins OPT, c7SP, and 

t7SP were purified by nickel-charged affinity resin (Invitrogen) as described in 

Experimental Procedures and were used to investigate the optical characteristics via an UV–

visible absorbance spectrometer and the emission and excitation spectra with a fluorometer. 

Proteins from each construct were purified under hybrid conditions with detergent exchange 
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to increase the purity and to eliminate any protein bound to the leave-one-out GFP variant. 

OPT purified from the hybrid method exhibited a fluorescence intensity comparable to the 

one purified without the unfolding–refolding process, indicating that the mature 

chromophore remained intact throughout the purification in the hybrid method. The purity of 

prepared proteins was ~90% as determined by densitometry quantification from SDS–PAGE 

gels. The refolded leave-one-out GFP variants from coexpression of t7SP and s7NT were 

denoted as t7SPm (m for mature).

To compare the formation of chromophores from purified GFP variants, absorbance spectra 

of each protein were measured. Purified proteins were diluted to 10 µM, and absorbance 

spectra between 300 and 600 nm were recorded under native conditions (Figure 2). The 

absorbance spectrum of OPT exhibited a major peak near 480 nm, indicating a dominance of 

the deprotonated and anionic chromophore (54), while the cyclized version of OPT (c7SP) 

exhibited two major peaks near 400 and 480 nm, indicating the coexistence of a protonated 

and deprotonated chromophore, respectively, which agreed with the finding in the previous 

study (47). Although the absorbance feature of the chromophore from t7SP and t7SPm was 

only observed at a higher concentration [80 µM (Figure 2 inset)], both exhibited similar 

signature peaks of the protonated and deprotonated chromophore.

To investigate the quantity of the mature chromophore in each purified protein, absorbance 

spectra were also recorded under denaturing conditions. Fully denatured GFP has signature 

absorbance peaks under acid conditions (~383 nm) and under base conditions (~447 nm), 

and it has been concluded that the spectra resulted from the interactions between the 

chromophore and the solvent (12). After denaturation with TN buffer (pH 2.0), all purified 

proteins exhibited an absorbance peak around 380 nm to a different extent (Figure 3A). As 

shown in Figure 3B, the relative quantity of the chromophore indicated only a small fraction 

of purified t7SP and t7SPm possessed the chromophore, and the quantity of chromophore 

was correlated with the observation of the difference in absorbance amplitudes under native 

conditions (Figure 2). A small fraction of t7SP contained the mature chromophore, 

indicating the background fluorescence of t7SP was from the limited chromophore 

maturation. The in vivo complementation of t7SP and s7NT increased the quantity of the 

chromophore to nearly 80% when compared with the quantity of t7SP alone. This result 

shows that an intact β-barrel structure promotes the maturation of chromophore, resulting in 

the increased fluorescence intensity observed in vivo.

To understand the difference in each protein in terms of quantum yield, the fluorescence 

spectra were recorded and normalized by the corresponding OD485. All purified proteins 

exhibited an emission of 508 nm with different excitation wavelengths (Figure 4). OPT was 

excited primarily by wavelengths near 485 nm, while c7SP, t7SP, and t7SPm all had 

excitation peaks near 400 and 485 nm.

We observed significant fluorescence intensity from t7SP and t7SPm in the absence of the 

target peptide, though at a lower quantum yield. At an excitation wavelength of 485 nm, 

OPT exhibited the highest quantum yield at the emission wavelength of 508 nm. c7SP had 

only ~78% of the quantum yield of OPT (Table 1), while t7SP and t7SPm revealed relative 

quantum yields of ~18 and ~40%, respectively. The t7SPm protein was distinguishable from 
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the singly expressed t7SP by its higher quantum yield of fluorescence. The unexpected 

fluorescence from the leave-one-out constructs suggests that the fully closed β-barrel is not 

completely necessary for blocking the full quenching effect of the solvent. Modeling studies 

have shown that 10 strands are not sufficient to close the β-barrel around the central 

chromophore (data not shown); however, the results suggest that there must be a significant 

degree of exclusion of solvent from the chromophore in the 10-stranded, partially open β-

barrel.

In Vitro Complementation

The complementation of chemically synthesized β-strand 7 peptides (>75% pure) with the 

purified t7SP–t7SPm protein was further inspected in vitro. Two different strategies were 

tested to initiate the complementation: (a) starting from native conditions and (b) starting 

from pH 2.0, unfolded conditions. The complementation was triggered by adding the 

synthesized β-strand 7 peptides after equilibrium for 60 s in native experiments or by adding 

the denatured protein and peptide mixture to TN buffer (pH 7.5).

As shown in Figure 5, the fluorescence reached ~90% of its final value within 10 min, in 

both peptide binding and binding–refolding experiments. The complementation also 

recovered the relative quantum yield upon the binding of s7, although it recovered less in 

refolding experiments (Figure 6). Purified t7SPm that possessed more of the mature 

chromophore, as measured by UV absorbance, regained more fluorescence intensity upon 

complementation when compared with t7SP, but even when fluorescence was normalized by 

UV absorbance, the fluorescence was relatively higher for t7SPm than for t7SP. The results 

when considered together suggest a hypothesis that GFP loses some of its capacity for 

fluorescence when unfolded in vivo and that the degree to which this capacity is lost is 

roughly proportional to the time spent in the unfolded state. The chromophore is exposed to 

oxygen in the unfolded state, and this might lead to an uncharacterized oxidized form of the 

chromophore or of its surroundings in proteins that have been exposed for longer durations. 

This hypothesis remains to be tested. Thus far, we have observed only a qualitative 

correlation between the loss of quantum yield and time spent in the unfolded state. Quantum 

yield is not recovered upon exposure to DTT. Oxidation byproducts, including carbon–

carbon bond cleavages, have been seen in crystal structures of other GFP variants (55).

Target Peptide Binding Affinity

To evaluate the target peptide detection sensitivity of t7SPm, in vitro complementation was 

performed with serially diluted s7 peptides prepared with a purity of >95% as described in 

Experimental Procedures, covering a > 100-fold range of molar ratios from 0.36:1 to 144:1. 

Fluorescence intensity was collected for 1200 s (Figure 4 of the Supporting Information).

The recovery of relative fluorescence intensity f was plotted versus peptide concentration 

[s7] and fitted to a simple one-site binding isotherm (Figure 7) to determine the dissociation 

constant (Kd) for the peptide, giving a value of approximately 5.51 × 10−7 M. An Eadie–

Hofstee style plot of the relative fluorescence intensity f versus f/[s7] (Figure 7, inset) shows 

the expected linear relationship with the exception of three outliers with lower peptide 
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concentrations, due to the depletion of unbound ligand at these concentrations. After outliers 

had been eliminated, the corrected Kd was estimated to be 5.31 × 10−7 M.

For comparison, the binding affinity of the src-SH3 domain for its target peptide is 100-fold 

worse at 3.0 × 10−5 M (56), while human leukocyte antigen (HLA) systems bind peptides 

with Kd values in the range of 10−8 M (57). The higher affinity for t7SPm as compared to 

src-SH3 can be attributed to the larger amount of buried surface area in the peptide binding 

interface.

Refolding Kinetics

Purified proteins were acid denatured in TN buffer (pH 2.0) containing 1 mM DTT, and 

protein refolding was initiated by dilution into TN buffer (pH 7.5) containing 1 mM DTT. 

The fluorescence recovery was recorded and normalized by the fluorescence intensity under 

native conditions. In all GFP variants, more than 50% of the fluorescence was recovered 

within 5 min, indicating a similar kinetics of refolding (Figure 8). Single- and double-

exponential fits to the data each showed correlated residuals (data not shown), leading to a 

triple-exponential fit as the simplest kinetic model, yielding three different rate constants 

and relative amplitudes (Table 1).

Similar multiphase refolding kinetics were reported for cycle 3 GFP by Enoki et al. (58), 

who determined that the slow phase (k3 = 0.001–0.012 s−1) was due to proline 

isomerization. The variable amplitude (A3) for the slow phase in our experiments might be 

due to the variable aging time in the denatured state, since this was not controlled in our 

experiments.

A medium phase (k2 = 0.01–0.05 s−1) was found with a range similar to that of the medium 

phase of cycle 3 folding, but with variable amplitude (A2). Part of the variability could be 

due to the variable aging time (i.e., time spent in pH 2.0 buffer), since the cycle 3 medium 

phase amplitude depended partially on aging time (58). However, it is likely that the 

permutation of the polypeptide chain and the absence (in t7SP and t7SPm) or presence (in 

c7SP) of β-strand 7 played a role in preferentially stabilizing one of the folding 

intermediates. For example, in c7SP, the low amplitude of the medium phase (A2) relative to 

OPT implies the destabilization of intermediate I2 relative to intermediate I1 (see Figure 10) 

by the circular permutation at β-strand 7. Meanwhile, in t7SP and t7SPm, omitting β-strand 

7 in the context of c7SP led to an increased stability of I2 relative to I1. Both observations 

point to β-strand 7 being in transition between I2 and I1. This is consistent with speculation 

that the cleft between strands 7 and 8 is a late-forming feature in GFP folding (45, 46).

A fast phase (k1 = 0.16–0.36 s−1) was observed that is in the range of the previously reported 

fast phase for cycle 3 GFP. The fast phase was faster for OPT and c7SP than for t7SP and 

t7SPm, but indistinguishable in rate between OPT and c7SP. This is consistent with the view 

that β-strand 7 is folded in I1 but the β-barrel is not yet closed (since I1 is not fluorescent). 

Since the presence or absence of β-strand 7 affects the rate of the final β-barrel-closing step, 

that step must be driven by interactions involving β-strand 7 on the remaining side, either the 

β-strand 8 side or the β-strand 10 side.
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We were not able to measure the previously reported burst phase with a small negative 

amplitude in the chromophore fluorescence (58). Our data showed no burst phase within 

experimental error.

Peptide Binding Kinetics

The time course studies of fluorescence recovery from in vitro complementation assays with 

various s7 concentrations (Figure 4 of the Supporting Information) were further used to 

analyze the peptide binding kinetics of t7SPm. The kinetic parameters for each s7 

concentration were determined by first fitting the curve to various exponential equations 

with different numbers of kinetic phases ranging from one to three and then reporting the 

optimal fit (Table 2).

At low concentrations of the s7 peptide (0.09–0.36 M), only one kinetic phase with a 

medium rate constant was detected. However, at higher concentrations of the s7 peptide 

(0.45 and 0.9 M), an additional kinetic phase with a fast rate constant was identified. Further 

increasing the concentration of the s7 peptide to 1.8–14.4 M resulted in a three-phase kinetic 

fit with an additional slow rate constant which gave a negative amplitude and was 

responsible for the slow decrease in the fluorescence intensity with time. This result showed 

s7 peptide concentration-dependent binding kinetics. Interestingly, all the identified rates 

were with the same approximation in both refolding studies (Table 1) and binding studies 

(Table 2), and no other measurable phase was observed, demonstrating that the peptide 

binding step is fast relative to the peptide-independent folding steps. Peptide binding should 

in effect fold the protein by shifting the equilibrium toward the folded state, using its higher 

binding affinity for the native state.

The decrease in fluorescence intensity over time in in vitro complementation was especially 

noticeable at higher concentrations of the s7 peptide (Figure 4 of the Supporting 

Information). It is known that the excitation of chromophore and fluorophore generates 

reactive oxygen species (ROS) which deactivate the function of targeted proteins (59, 60), 

and this technique, so-called chromophore-assisted light inactivation (CALI), has been used 

for acute protein inactivation in cell biology studies (61, 62) or to serve as photosensitizers 

(63). Although GFP is inefficient in generating ROS possibly due to the protection of the 

barrel-like structure, it is likely that the same CALI mechanism would explain the 

fluorescence decay of t7SPm upon complementation. It is possible that the leave-one-out 

design of GFP makes it more vulnerable to the ROS attack, or it could presumably produce 

more ROS than wild-type GFP, since the chromophore of t7SPm is exposed to solvent and 

is not fully protected.

To improve our understanding of the trend of kinetic phases with changes in s7 peptide 

concentrations, fluorescence recovery curves from higher concentrations of s7 (14.4, 7.2, 

and 3.6 M) were fitted to the triple-exponential equation with fixed rate constants derived 

from fits to the 1.8 M s7 measurements, and the relative amplitudes are reported (Table 3). 

The effect of peptide concentration on the relative amplitudes of the fast and medium phases 

suggests that the peptide binds more tightly to I2 than to I1 because the fastest phase 

(associated with I1) increases in amplitude only at higher concentrations of the s7 peptide. 

This is consistent with the finding that at low concentrations of the s7 peptide, only the 
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medium phase (k2), corresponding to the folding of I2, is observed (Table 2). We might 

speculate that one of these intermediates has s7 hydrogen-bonded to β-strand 8 (I1 perhaps) 

and the other has s7 hydrogen-bonded to β-strand 10 (I2 perhaps, since β-strand 7 makes 

more hydrogen bonds to β-strand 10 than to β-strand 8 in GFP crystal structures). The higher 

amplitude of A1 in c7SP would then be explained by the lower entropic cost of binding 

when β-strand 7 is covalently connected to β-strand 8.

Chromophore Formation in Leave-One-Out GFP

We observed on the basis of UV absorbance that only a small fraction of the leave-one-out 

variants, t7SP and t7SPm, possessed the mature chromophore, but this fraction was observed 

to increase over time, on the time scale of weeks to months (data not shown). Even t7SP that 

had never been exposed to the target peptide was observed to synthesize the chromophore, 

although very slowly.

In vivo complementation of t7SP and s7NT increased the level of maturation of 

chromophore (Figure 3). More importantly, in vitro complementation increased the 

fluorescence immediately and the fluorescence recovery reached the plateau within 10 min 

(Figure 5). Preincubation eliminated the slow de novo formation of the chromophore after 

the peptide binding and showed the chromophore remained intact after the modified 

preparation procedure. Moreover, the quantum yield was comparable to that of OPT after 

complementation for 30 min (Figure 6), which indicated the chromophore was completely 

buried after the binding of the strand 7 peptide. However, the recovery of quantum yield 

upon in vitro complementation in refolding experiments was not as high as the one in native 

experiments (Figure 6). This might be simply due to the loss of the chromophore by 

misfolding.

pH Dependence

The pH dependence of acid unfolding and refolding was determined for all purified proteins 

by plotting the fluorescence intensity relative to native conditions (Figure 9). The resulting 

curves were fit to the Henderson– Hasselbalch equation to evaluate the pKa of each protein. 

As shown in Table 1, the pKa of OPT was near 5.0 while all others were elevated to near 

7.8–8.2, indicating a loss of stability to acid unfolding in all permutants that have the termini 

at the β-strand 7 position.

DISCUSSION

Removal of three segments of GFP was explored, one of these in detail. Cyclizing and 

truncating OPT at β-strand 7 (t7SP/t7SPm) produced a sensor molecule that bound the 

strand 7 peptide with submicromolar affinity (Kd ~ 0.5 µM) and recovered the fluorescence 

upon binding. Weak fluorescence and slow formation of the chromophore were observed for 

t7SP in the absence of the peptide ligand, suggesting that β-strand 7 plays a fairly weak role 

in defining the environment of the chromophore. Removal of β-strand 11 obliterated 

fluorescence, but the truncated protein (t11SP) folded well enough to detect the free peptide 

or a peptide fusion, as previously described (38). When incubated with the target peptide in 

vivo, the complex efficiently synthesized its chromophore. Removal of β-strand 10 produced 
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a cyclized and truncated molecule (t10SP) that was unable to fold or to synthesize its 

chromophore, even when expressed in the presence of the target peptide as an intein fusion 

(s10NT).

Kinetic Mechanism of Folding and Binding

If we assume that the phases we observed upon binding represent a pathway of refolding 

intermediates and we assume that these intermediates are most likely the same intermediates 

that were described for cycle 3 GFP (58), then the permutation and binding experiments 

described here should help us improve our understanding of the structure of these 

intermediates with regard to the role of β-strand 7. Figure 10 presents our conclusions based 

on the kinetic fits.

Our model differs slightly from that of Enoki et al., who hypothesize a pathway from a cis-

Pro intermediate to I1 (I1F in ref 58), the fast phase intermediate, but this pathway is not 

necessary to explain the observed negative dependence of the fast phase on aging time. 

Therefore, we have omitted the cis-Pro I1 intermediate in our model, equivalent to omitting 

I1S in ref 58.

Consistent with the Enoki model, we find two parallel folding pathways. The data are not 

consistent with the alternative sequential pathway where both intermediates, I1 and I2, are 

obligatory. Both kinetic phases are observed after hydrophobic collapse (58). The higher 

amplitude A1 for c7SP says that it folds more through intermediate I1 than does t7SP/ 

t7SPm. In binding experiments, increasing the concentration of the s7 peptide ligand 

increased the folding traffic through I1 relative to I2. We propose that β-strand 7 is bound 

more tightly in I2 than in I1.

Binding of the s7 peptide is fast relative to the fastest protein folding phase since no 

additional phase was detected on the kinetics fits of the peptide binding. Also, chromophore 

formation, with a t1/2 of ~76 min for wild-type GFP (64), is expected to have a negligible 

contribution to the kinetic measurements described here.

Differences between Early and Late Chromophore Maturation

The quantum yield of t7SPm is consistently higher than that of t7SP over the entire range of 

the emission and excitation spectra (Figure 4). Although t7SPm has a more mature 

chromophore than t7SP, the normalization of fluorescence should cancel out this difference. 

The only remaining explanation for the difference in quantum yield is that t7SPm and t7SP 

have structural differences, despite having the same amino acid sequence and the same 

chromophore. t7SPm, which was grown in the presence of its target peptide, spent less time 

in the unfolded state than t7SP, which was exposed to its peptide target only after 

purification.

It stands to reason, therefore, that t7SP could have been chemically modified in the unfolded 

state, for example, by oxidation of an internal side chain, and that the chromophore is more 

buried in t7SPm than in t7SP. The difference in the UV–visible spectra from native t7SPm 

and t7SP hints at structural differences, though it is not obvious. The structural difference 
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related to the time in the unfolded state may also be the cause of lost fluorescence recovery 

upon refolding.

Structural State of t7SP

Because t7SP/t7SPm is soluble and fluorescent, it is most likely trapped as one of the 

structural intermediates present in the folding pathway, in equilibrium with the native, 

fluorescent state. Others have shown that mechanical unfolding passed through a structural 

intermediate lacking one β-strand (65), although a different β-strand was used, and the 

mechanical denaturation is unusual. An unpublished result from Jackson’s group (66) also 

showed an intermediate state where GFP β-strands 7–9 had unfolded, while the rest 

remained intact, and exhibited 10% of the native GFP fluorescence.

CONCLUSIONS

In this study, a β-strand in the middle of the GFP sequence was left out and the function of 

the protein was reconstituted when it was added back in the form of a synthetic peptide or a 

fusion protein. The results of in vitro complementation experiments prove that the leave-

one-out GFP immediately recovers fluorescence upon complementation with the target 

peptide, as long as its chromophore is mature. After pH 2.0 denaturation, the refolded leave-

one-out GFP still retains its ability to reconstitute fluorescence upon peptide binding, 

showing monomeric and efficient refolding to the active form in the absence of strand 7. 

Our findings underscore the potential for the leave-one-out GFP to be used as a self-

reporting biosensor for the missing piece of its sequence. Circular permutations provide a 

larger repertoire of potential leave-one-out sites.

Our kinetic analysis of peptide binding to the permuted and truncated GFP may help dissect 

the GFP folding pathway and the chromophore formation process. For example, the 

chromophore forms very slowly in the absence of β-strand 7, and significant fluorescence 

intensity is observed with this strand omitted. Further studies aimed at improving our 

understanding of the contributions of various parts of the GFP structure to the chromophore 

formation are ongoing.

Our studies of the peptide concentration dependence on the folding kinetics have led to 

hypotheses about the structures of the two folding intermediates. Leave-one-out constructs 

could be a new way to study folding intermediates in proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Concept of leave-one-out peptide biosensors. (A) Three-dimensional β-barrel structure of 

GFP. The chromophore shown in space-fill mode is located in the geometric center of the 

cylinder composed of 11 β-strands. Notice that the Tyr66 side chain moiety of the 

chromophore points to and interacts with β-strand 7 through hydrogen bounding. 

Coordinates were obtained from PDB entry 1EMA(13). The image was made using MOE 

(Chemical Computing Group). (B) Schematic diagram of the circularly permuted and 

truncated leave-one-out GFP (t7SP). The short linker peptide (cyan) is modeled to connect 
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the original N- and C-termini, while β-strand 7 is removed. Coordinates were obtained from 

PDB entry 1EMA(13), and the computational model was created with MOE. (C) Diagram 

for the complementation between the leave-one-out GFP and peptide fusions. 

Complementation between the leave-one-out GFP and peptide fusions in vivo was examined 

through the reconstitution of the fluorescence in this study. (D) Diagram for the leave-one-

out GFP peptide biosensors. The fluorescence can be reconstituted from a permuted, 

truncated GFP construct by adding back a left-out peptide strand.
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Figure 2. 
UV–visible spectra of native GFP variants. Purified t7SP, t7SPm, OPT, and c7SP were 

diluted to 10 µM in TN buffer (pH 7.5), and absorbance spectra between 300 and 600 nm 

were recorded. The UV–visible spectra of t7SP and t7SPm were also measured with a 

protein concentration of 80 µM to increase the absorbance signal (inset).
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Figure 3. 
Optical characteristics of denatured GFP variants. (A) Optical spectra of purified GFP 

variants under denaturing conditions. Purified t7SP, t7SPm, OPT, and c7SP were diluted to 

10 µM in TN buffer (pH 2.0) and incubated for at least 1 h to ensure a complete 

denaturation. Absorbance spectra between 300 and 600 nm were recorded. Measurements 

were also performed for 80 µM purified t7SP and t7SPm with identical protocols (inset). (B) 

Relative quantity of the mature chromophore in purified GFP variants. The absorbances of 

10 µM denatured t7SP, t7SPm, OPT, and c7SP or 80 µM (#) denatured t7SP and t7SPm 
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under 382.5 nm were measured three times independently and normalized by the average 

reading of OD382.5 from OPT. The average of relative OD382.5 values is shown, and error 

bars indicate the two standard deviations obtained from triplicate measurements.
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Figure 4. 
Fluorescence emission and excitation spectra of purified GFP variants. Purified GFP 

variants were diluted to 1 µM for t7SP and t7SPm or 0.01 µM for OPT and c7SP in TN 

buffer (pH 7.5). The emission spectra (black symbols) and the excitation spectra (white 

symbols) were recorded with excitation at 485 nm and emission at 508 nm and normalized 

by the corresponding OD485 of each variant.
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Figure 5. 
Time-dependent fluorescence recovery of the leave-one-out GFP. The fluorescence recovery 

of the leave-one-out GFP upon in vitro complementation is shown. Chemically synthesized 

peptides (s7) with a purity of >75% were used. The complementation was initiated by 

adding peptide solutions (pH 7.5) to equilibrated native t7SP and t7SPm (white symbols) or 

by bringing the pH of protein/ peptide mixtures from 2.0 to 7.5 (black symbols). Final 

concentrations of the leave-one-out GFP (t7SP and t7SPm) and s7 in both experiments were 

0.1 and 3.6 µM, respectively. The fluorescence intensity at 508 nm emission upon the 

complementation was recorded and plotted every 5 s for 30 min with excitation at 485 nm at 

room temperature. Error bars indicate the two standard deviations from triplicate 

measurements and were provided only every 120 s.
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Figure 6. 
Recovery of the quantum yield upon complementation. The fluorescence intensity at 508 nm 

emission with excitation at 485 nm was measured for purified t7SP, t7SPm, OPT, and c7SP 

and normalized by individual OD485 to give the quantum yield. Three different conditions 

were used, and chemically synthesized peptides (s7) with a purity of >75% were used: (a) 

without the s7 peptide ligand (black), (b) 30 min after complementation with the s7 peptide 

ligand (light gray), and (c) 30 min after pH refolding in the presence of the s7 peptide ligand 

(dark gray). Error bars indicate the two standard deviations from triplicate measurements.
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Figure 7. 
Concentration-dependent fluorescence recovery of the leave-one-out GFP. The in vitro 

complementation assays were performed with 0.1 µM t7SPm and with variable 

concentrations of the s7 peptide ligand under native conditions. The fluorescence intensity at 

508 nm emission upon complementation was recorded every 5 s for 20 min with excitation 

at 485 nm at room temperature, and the normalized fluorescence (F/F0) was plotted as the 

relative fluorescence intensity, f (Figure 4 of the Supporting Information). Different molar 

ratios of t7SPm to the s7 peptide ligand (>95% pure) covering a >100-fold range from 
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1:0.36 to 1:144 were tested, and the average of relative fluorescence intensity f (n = 2) at the 

end point (i.e., 1200 s after the initiation of complementation) was plotted and fitted to the 

one-site binding equation (dashed line) using SigmaPlot to evaluate the dissociation constant 

(Kd). The residual of the fitting was provided. Relative fluorescence intensity f and f/[s7] 

were also plotted (inset) and fitted to the linear regression using SigmaPlot (solid line) after 

excluding three outliers. Error bars indicate the two standard deviations obtained from two 

independent measurements.
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Figure 8. 
Refolding kinetics of GFP variants. Refolding of acid-denatured GFP variants was initiated 

by dilution into TN buffer (pH 7.5) in the presence of 1 mM DTT. The fluorescence 

intensity at 508 nm emission was collected every 5 s for 30 min with excitation at 485 nm at 

a final concentration of 0.01 µM (OPT and c7SP) or 0.1 µM (t7SP and t7SPm) and presented 

as the percent recovery of the fluorescence. The measurements were performed at room 

temperature. Error bars indicate the two standard deviations from triplicate measurements 

and were only provided every 120 s. The refolding curve of each GFP variant was then fitted 
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to the triple-exponential equation using SigmaPlot, and the residual of each fitting was 

provided. Identified rate constants and amplitudes for three kinetic phases are listed in Table 

1.
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Figure 9. 
Unfolding and refolding of GFP variants in pH titration. Each purified GFP variant (0.1 µM) 

was prepared in TN buffer with different pH values from 2.0 to 10.0 and in the presence of 1 

mM DTT. After incubation for 30 min at room temperature, the fluorescence intensity of 

508 nm emission was measured with excitation at 485 nm. The measurement was blanked 

with the fluorescence intensity under pH 2.0, normalized by the fluorescence intensity under 

pH 10.0 for individual protein, and plotted as the relative fluorescence intensity. The pH-

dependent transition curve was then fitted to the Henderson–Hasselbalch equation (solid 
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line) using SigmaPlot to evaluate the pKa of each protein. Error bars indicate two standard 

deviations from mean triplicate measurements.
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Figure 10. 
Folding–ligand binding kinetics of the leave-one-out GFP. Proposed model of the folding–

ligand binding mechanism of the leave-one-out GFP, modified from ref 58 by the addition 

of the three ligand binding steps. Two unfolded species (DF and DS) are equilibrated through 

a slow prolyl isomerization and fold to the intermediate states (I1 and I2) after the initiation 

of refolding. In the presence of ligands (L), both intermediate species form complexes (I1•L 

and I2•L) rapidly and further fold to the native state (N*•L). Notice that both intermediates 

can also fold to a different native state (N*) without the presence of ligands, and N* can 

further bind to ligands and convert to the N*•L state. Both N* and N*•L are the fluorescent 

species, by definition.
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Table 3

Concentration-Dependent Amplitude Shifts of in Vitro Complementation of t7SPm

amplitudea (%)

[s7 peptide] (µM) A1 A2 A3

14.40 112.10 ± 0.57 −8.07 ± 0.93 −4.02 ± 1.50

7.20 96.48 ± 0.60 21.53 ± 1.47 −18.01 ± 0.86

3.60 70.48 ± 0.08 55.34 ± 0.44 −25.82 ± 0.36

1.80 51.05 ± 3.15 82.56 ± 2.96 −33.61 ± 0.18

a
In vitro complementation assays of 0.1 µM t7SPm were performed with various concentrations of s7 under native conditions. Time-dependent 

changes in fluorescence were best fitted to the triple-exponential equation with fixed rate constants derived from the same measurement with 1.8 
µM s7 peptide (i.e., k1 = 0.03810, k2 = 0.00630, and k3 = 0.00158). Amplitudes are provided in relative percentage (±SD; n = 2).
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