Quantitative in vivo solubility of truncated circular permutants hints at the folding pathway of green fluorescent protein.
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ABSTRACT: Several versions of split green fluorescent protein (GFP) fold and reconstitute fluorescence, as do many circular permutants, but little is known about the dependence of reconstitution on circular permutation. Explored here is the capacity of GFP to fold and reconstitute fluorescence from truncated circular permutants, herein called "leave-one-outs" (LOO). The solubility of all twelve LOO constructs, each with one complete secondary structure element omitted, is measured using a quantitative in vivo solubility assay and in vivo reconstitution of fluorescence. Removal of any one of the N-terminal six beta strands or the central helix produces predominantly insoluble proteins that do not reconstitute fluorescence, whereas removal of one of the C-terminal five strands produces proteins that are more soluble and do reconstitute fluorescence. The measured solubilities are reproducible and the differences are significant, most likely arising from a kinetic partitioning between folding and aggregation pathways. Recovery of fluorescence was used to report the extent to which the soluble form exists in a natively folded state that can bind to the missing peptide. In our view, omitting early folding secondary structure elements leads to more aggregation, while omitting late folding segments leads to a less aggregation.

Green fluorescent protein (GFP) is composed of eleven beta strands arranged in a closed barrel, housing within it a distorted alpha helix.2
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 Once formed, the chromophore does not degrade upon unfolding, but its fluorescence is completely quenched in the unfolded state.
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 A three-residue segment in the middle of the helix is autocatalytically cyclized and oxidized to produce the fluorescent p-hydroxybenzylidene imidazolidone chromophore. HYPERLINK  \l "_ENREF_2" \o "Ormo, 1996 #1" 
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GFP can be split into parts which can specifically coalesce to reconstitute the fluorescent state, either with the aid of a fused interacting pair of domains13,1412

, or without. The dissociated form of split GFP is less fluorescent, or even completely dark, due to either the absence of a mature chromophore or the exposure of the chromophore to solvent in the unfolded state.

Several studies have been carried out in which circularly permuted, split, or permuted and split GFPs were synthesized and characterized.20 HYPERLINK  \l "_ENREF_13" \o "Cabantous, 2005 #12" 


 ADDIN EN.CITE  The results of such studies have been used to understand the constraints on GFP folding. An exhaustive survey of circular permutants of wild-type GFP by Baird et al21

 showed that a fragment of GFP containing only strands 1 through 6 is capable of forming the mature chromophore when expressed with the remaining strands as a separate chain. 
17

, using the more soluble "folding reporter" variant of GFP, they found that placement of the termini only in positions located after the helix (specifically, before ß-strands 6 and 9) yielded whole cell fluorescence greater than 10% that of the native protein, but when the more robust "superfolder" variant was used, the new termini could be placed in almost any loop.  Demidov et al16

 found viable locations of chain termini unevenly distributed over the eleven loop regions.  Interestingly, no viable cleavage locations were found in the N-terminal region from strand 1 through strand 6. In a similar analysis by Pedelacq et al
A previous study in our lab has shown that a circularly permuted and truncated variant of the "superfolder GFP OPT"1413

 variant of GFP with the sequence of strand 7 left out (LOO7-GFP, previously called "t7SP") exists in a partially unfolded state and reconstitutes about 2-fold increased fluorescence upon binding to the strand 7 peptide, with a Kd=0.53M.
 The observed fluorescence increase was found to have the same three kinetic phases as the refolding of the full-length GFP, from which we concluded that LOO7-GFP exists in a partially unfolded state. The C-terminally truncated superfolder GFP OPT, LOO11-GFP (previously "t11SP"14

) does not restore fluorescence upon complementation.  
13

 ) also efficiently reconstitutes fluorescence when the corresponding peptide is added exogenously. On the other hand, LOO10-GFP ("t10SP"14

, also called "GFP1-10"
To explore why some split GFPs recombine more readily than others, we considered the solubility of the larger fragment. If the larger piece is less soluble as a monomer, then it will form dimers and higher order aggregates that may or may not retain an unobscured interaction site for the smaller piece. We can use in vivo solubility to ask whether high order aggregates form differentially to the choice of splitting, and we can use in vivo reconstitution of fluorescence to ask whether the soluble form exists in a natively folded state. 

 Using quantitative in vivo solubility and in vivo reconstituted green fluorescence we investigated all possible leave-one-out (LOO) constructs, each with one secondary structure element removed, including all eleven beta strands and the central helix. The sequence of each LOO construct starts at the beginning of the secondary structure element immediately following the left out piece, and ends with the element immediately preceding it. The relative solubility of each LOO construct was measured in the absence of its missing piece. Fluorescence was measured while dual-expressing the construct with the left-out peptide.

Table 1 shows the in vivo solubility and in vivo reconstituted relative fluorescence (RF) results, averaged from three independent single expression and dual-expression experiments, respectively. Five of the 12 LOO-GFPs have solubilities exceeding 50%, mostly those missing elements in the C-terminal half of the protein. Most of these also show higher RF. The observed differences in solubility are well beyond the variation in measurement, leaving it as most likely.

 Table 1. Summary of Leave-One-Out GFP constructs.

	Name
	SSE
	Sequence omitted
	% non-polar
	% charged
	pI
	solubility
	RF

	LOO1
	2-3-α-4-5-6-L-7-8-9-10-11
	11-VVPILVELDGDVN-23
	42
	26
	7.30
	 0.0±9.0
	0.01±0.01

	LOO2
	3-α-4-5-6-L-7-8-9-10-11-1
	25-HKFSVRGEGEGDA-37
	49
	19
	6.93
	 0.4±14.4
	0.00±0.00

	LOO3
	α-4-5-6-L-7-8-9-10-11-1-2
	40-GKLTLKFICT-49
	41
	29
	6.61
	12.5±11.8
	0.01±0.00

	LOO
	4-5-6-L-7-8-9-10-11-1-2-3
	57-WPTLVTTLTYGVQCF-71
	29
	32
	6.84
	14.3±9.0
	0.00±0.00

	LOO4
	5-6-L-7-8-9-10-11-1-2-3-α
	91-GYVQERTISFK-101
	35
	22
	6.72
	23.4±2.6
	0.28±0.17

	LOO5
	6-L-7-8-9-10-11-1-2-3-α-4
	104-DGKYKTRAVVKFE-115
	42
	21
	6.61
	21.8±3.3
	0.04±0.02

	LOO6
	L-7-8-9-10-11-1-2-3-α-4-5
	118-TLVNRIELKGTD-129
	44
	28
	6.84
	14.8±4.5
	0.23±0.12

	LOO7
	8-9-10-11-1-2-3-α-4-5-6-L
	142-EYNFNSHNVYITAD-155
	33
	24
	7.09
	96.6±4.3
	0.13±0.09

	LOO8
	9-10-11-1-2-3-α-4-5-6-L-7
	159-NGIKANFTVRHNV-171
	27
	23
	6.56
	34.8±2.6
	0.48±0.18

	LOO9
	10-11-1-2-3-α-4-5-6-L-7-8
	175-SVQLADHYQQNTPI-188
	32
	30
	6.93
	41.5±9.6
	0.02±0.03

	LOO10
	11-1-2-3-α-4-5-6-L-7-8-9
	199-HYLSTQTVLS-208
	47
	16
	6.80
	18.9±4.1
	0.13±0.00

	LOO11
	1-2-3-α-4-5-6-L-7-8-9-10
	216-DHMVLLEFVTAA-227
	43
	23
	7.09
	32.6±7.1
	0.23±0.15


an intrinsic property of the protein constructs and not a result of random variations in the preparation, or in expression levels, or incomplete cell lysis. Overall expression levels were approximately constant across all constructs, since experiments were carried out using the same temperature, induction levels, incubation times and fermentation conditions. For these reasons, we do not believe the variation in observed solubility is due to differences in protein concentration

The insoluble form of the LOO protein may be either natively folded, misfolded or unfolded. Hydrophobicity, surface charges and pI were considered as possible factors affecting solubility of the large fragment. We characterized the binding pockets by counting side chains within 5Å of the location of the left out fragment in the GFP crystal structure as non-polar (ACFILMPVW) or charged (DEHKR). Solubility and percent non-polar were found to be significantly anti-correlated (r=–0.48, p=0.02, n=12). Solubility and RF are weakly correlated (r=0.25, p=0.10, n=12), and both are uncorrelated with the percent of charged side chains in the LOO site or the overall pI of the protein. The degree of exposed hydrophobic side chains is a possible explanation for the variability in solubility. 

The variable RF (Table 1) in split GFPs can be viewed as a measure of the degree of native structure formed by the larger fragment, since only a natively folded fragment forms a binding site for the smaller piece and catalyzes the formation of the chromophore. Given this view, LOO constructs 4, 6, 7, 8, 10 and 11 exist at least partially in the native state. The remaining constructs are in misfolded states or bound states that block peptide binding. 

The oligomeric states of the large fragments are still in question. Preliminary attempts to purify one of them (LOO7) using size-exclusion high-pressure liquid chromotography found the purified protein to be a mixture of monomers and dimers (data not shown). LOO9 is highly soluble, implying a natively folded state, but also has minimal RF in the dual-expressing cells, implying a non-native chromophore site or blocked binding, possibly by dimerization. 

Most of the N-terminal permutants (LOOs 1,2,3,5,6) are relatively insoluble, and they glow less than would be expected from their degree of solubility. For these the most likely structural state is partially unfolded or misfolded. 

Leaving out the central helix is a structural special case, potentially leaving an intact but empty eleven-stranded barrel. Dual-expressing LOO  with the central helix peptide did not lead to reconstitution and chromophore maturation, as was shown previously by Kent et al19

 for a similarly split GFP under different conditions. The descrepancy likely stems from different approaches to reconstitution; dual-expression of fragments versus refolding of the combined purified fragments. Further work is necessary, on our part, to reconcile these results.

The significant correlation between the exposed hydrophobic side chains and the solubility, the presence of one highly soluble construct (LOO9) with zero RF, and the presence, on the other hand, of a relatively insoluble construct (LOO6) with high RF, all point to a more complex and multi-faceted system. Other possible factors affecting solubility and RF may be thermodynamic (stability, dimerization potential) and/or kinetic (folding rate, aggregation rate).

The most intriguing explanation, and the one that most correlates with previously mentioned studies


14,17,20,21 ADDIN EN.CITE , is the idea that solubility is a function of the folding pathway. As a protein proceeds further along the folding pathway towards the native state, it acquires an increased solubility and a decreased rate of aggregation. At the point in the pathway where the missing piece is required for folding to proceed (and is absent), the protein must stop folding and either aggregate or take an alternate pathway.

 Alternate folding pathways are slower than the preferred pathway by definition, and thus would leave the protein longer in the partially unfolded state. If the missing piece is required early in folding, the pathway is altered at a more unfolded stage and solubility is therefore lower. If the missing piece is required later in the pathway, the pathway is altered at more folded stage and the solubility is therefore higher.

Although it should be confirmed using biophysical studies on purified proteins, the in vivo results provide a simple means for mapping out the folding pathway of GFP. Sorting the LOO solubilities from low to high gives the order of precedence in folding. The first six strands, along with the central helix, fold first. Strand 10 then folds, contacting the most hydrophobic patch on the polar side of the central helix. Strand 11 folds next, intercalating between strands 10 and 3. Then the hairpin of strands 8 and 9 folds. And finally strand 7 finishes the barrel.

It should be noted that our GFP template, superfolder GFP OPT13

, is a product of in vitro evolution optimization for solubility and reconstitution with strand 11 left out. In vitro evolution may have isolated a protein with a later folding strand 11. 
Protein folding pathways are generally considered to be multiple in nature, an ensemble of states. However, there is no reason to believe there could not be one pathway that is the most energetically preferred. The folding rate, and therefore the kinetic partitioning between folding and aggregation, would be sensitive to changes in this pathway. Further studies will determine whether the preferred folding pathway as determined by LOO solubilities agrees with more established methods such as phi value analysis.
In this paper we have explored the generality of the leave-one-out concept as applied to GFP, the idea that truncated circular permutants can reconstitute structure and function when reunited with the small part left out. We have found a continuum of results as measured by in vivo solubility of the LOO protein and in vivo fluorescence of the dual expressed LOO protein and missing peptide. Although a positive correlation between exposed non-polar sidechains and solubility suggests that we are observing equilibrium solubility, it seems more likely that we are observing a kinetic partitioning between competing aggregation and folding pathways, whose rates depend on the part left out. 

MATERIALS AND METHODS: 

   Plasmid constructs: The full length superfolder GFP OPT gene28

  via NcoI/EcoRI sites, guided by T7 promoter/lac operator to yield final LOO GFP plasmid constructs. LOO proteins are designated as LOO1 thru 11 and LOOα for removal of strands 1 through 11 and the central α helix.
27

 formed the circularized plasmid template to create LOO constructs. Twelve LOO-GFP plasmid constructs were made, each omitting one of the secondary structure elements, by selectively amplifying sequences from the circularized plasmid template using PCR. An N-terminal 6X-His affinity tag was added to each LOO gene. LOO genes were cloned in to pCDFDuet-1 vector13

 with a short C-N linker peptide sequence (GGTGGS, Figure 1c) was assembled from overlapping oligonucleotides spanning the entire sequence. Self-ligation of the assembled gene by T4 DNA ligase
[image: image1..pict]To create the construct for expressing the missing peptides, the sequence of the segment left-out from the LOO-GFP was fused to a carrier protein, Ssp-DnaB mini-intein. The intein gene was amplified from pTWIN1 vector27

 and cloned into pCDFDuet-1 vector via BglII/EcoRV sites. DNA encoding the missing peptide was synthesized by annealing overlapping oligos and inserted into pCDFDuet-1 vector carrying the intein gene via AgeI/EcoRV sites. 

Constructs carrying single LOO-GFP genes (single expression) or both LOO-GFP and peptide-intein fusion genes (dual expression) were transformed and expressed under the control of T7 promoter/lac operator in Acella competent E. coli cells.27

 Transformed cells were grown in LB media containing streptomycin (30μg/μl) at 370 C until cell density of OD590 ~0.6, followed by induction with 0.5mM IPTG at 200 C for 19 hours. 1 ml of the IPTG induced cell culture was harvested by centrifugation at 16,000 g for 10 min at 40 C. The cell pellets were washed with autoclaved 1X phosphate buffer saline (PBS) twice and resuspended in 1 ml of 1X PBS. A 3000 fold dilution from the above samples was used for subsequent analysis.

In vivo absorbance and fluorescence studies: The OD590 of the above diluted samples was measured using a UV-visible absorbance spectrometer with 10 mm light path quartz cuvettes, and the spectral bandwidth was set to 2 nm.  In vivo fluorescence emmission was measured at 508nm (excitation at 485nm) normalized by the optical density at 590nm. In vivo relative fluorescence (RF) was calculated as the ratio of normalized fluorescence of LOO proteins over the normalized fluorescence of native superfolder GFP OPT. Fluorescence spectra were recorded using a Fluorolog-3 TAU ﬂuorometer29
 at 20°C with an increment of 1 nm and a slit setting of 2 nm. The excitation spectra were recorded by collecting intensities from 350-500 nm under 508 nm emission with an integration time of 2 sec. The emission spectra were recorded by collecting intensities from 485-580 nm while exciting at 480 nm with an integration time of 1 sec. 
  In vivo solubility assay: In vivo solubility was measured using a previously published protocol17

. 4 ml overnight liquid cultures of superfolder GFP OPT and LOO-GFP transformed Acella cells were started in LB medium containing 30μg/μl of streptomycin. Fresh 10 ml cultures were started by diluting the overnight cultures 100 fold and grown to cell density of OD590 ~0.6, followed by induction with 0.5 mM IPTG at 200 C for 19 hrs. Cells were harvested 

[image: image2.png]




from 1 ml liquid cultures by centrifugation at 16,000 g for 10 min at 40 C. The cell pellets were washed twice with autoclaved 1X PBS and resuspended in 300 μl of Bug Buster Master Mix protein extraction reagent31

. Image segments (Figure 2) were background corrected and integrated along a 16 pixel vertical cross-section through the center of each lane. The peak limits for both lanes (I and S) were defined by the peak half-heights for the insoluble fraction, except for LOO7 where the soluble fraction was used. Solubility was defined as the integrated densities of the peak region in the S lane divided by the sum of the integrated densities of both peaks regions.30

. The solubility of the LOO-GFP variants were calculated by densitometric analysis using Image J software28

 for cell lysis. The resulting cell lysates were divided in half and one was denoted as the ‘whole cell lysate’. The other half was treated as described in the Bug Buster Master Mix kit to isolate soluble and insoluble fractions. The soluble and insoluble fractions were diluted to the same volume as the whole cell lysate. Then, 12.5 μl of each fraction (soluble, insoluble and whole cell lysate) were mixed in 12.5 μl of 2X SDS sample buffer and boiled at 100 0C for 15 min. The denatured samples were resolved through 8-20% gradient SDS-PAGE
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Figure 2. In vivo solubility assay. Insoluble (I) and soluble (S) fractions for each left out segment, labeled along the top. Triplicate experiments were done. 
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