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Abstract. The guanidine-thiocyanate-induced denaturation-renaturation of sfGFP was studied. It was shown that the disruption
of sfGFP native structure occurs in the range of guanidine thiocyanate concentrations from 0.5 to 2.5 M. This process
was accompanied by simultaneous changes of all recorded parameters. It was found that the small guanidine thiocyanate
concentrations (less then 0.1-0.2 M) triggered local structural disturbances in protein which result in significant decrease of
chromophore and tryptophan fluorescence intensity and change of protein visible absorption spectrum.
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1. Introduction

A broad variety of fluorescent proteins (FPs) and their engineered analogs are currently used as
fluorescent tags of different color’s in bioimaging [1–5]. The application of FPs has facilitated the
routine monitoring of gene activation and the selective labeling of single proteins, cellular organelles, or
the whole cells [6, 7]. A number of FP-based biosensors have been designed to sense the properties of
the cell’s environment such as pH, ion flux, redox potential [8–12]. Genetically encoded FP-containing
biosensors based on fluorescence resonance energy transfer (FRET) have been widely adopted for
the investigation of protein-protein interactions and other biologically relevant events occurring in the
living cell [1, 13]. FPs with light-modulated spectral properties, collectively termed photoactivatable
fluorescent proteins (PAFPs), allow to break diffraction limit and obtain the superresolution imaging in
fixed and live cells [3]. Recent development of FPs emitting in far-red region and FPs possessing large
Stokes shifts have enabled visualization of cellular processes in living animals [14, 15].

The key feature of all FPs which attracts an enormous interest to them is ability to self-gen-
erate the intrinsic chromophore from three amino acids in the position 65–67 without engaging any
cofactors or enzymatic components [16]. Chromophore is encapsulated in the rigid β-barrel-like shell
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of protein matrix which functions are to protect the chromophore from the environment and restrict its
flexibility thus preventing from nonradiative deactivation. Moreover, correct protein folding results in
the proper orientation of the catalytic amino acids near the chromophore-forming tripeptide and induces
chromophore maturation. Thus, the study of FP’s folding and structural dynamics is of high interest.

FPs are prone to aggregate leading to the irreversibility of denaturation and impeding the inves-
tigation of FPs folding-unfolding. Superfolder, or sfGFP, is the only FP free of this drawback [17]. In
this work we studied the denaturant-induced structural changes of sfGFP using spectroscopic techniques
(absorbance, fluorescence, circular dichroism) and size-exclusion chromatography.

2. Materials and Methods

The plasmid pET-28a (+)-sfGFP encoding superfolder GFP [17] with polyhistidine tags was constructed
as described previously [18] and was transformed into an Escherichia coli BL21(DE3) host (Invitrogen).
The sfGFP expression was induced by an incubation of the cells with 0.5 mM IPTG (Fluka, Switzerland)
during 24 h at 25◦C, and protein was purified with Ni-NTA agarose (GE Healthcare, Sweden). The purity
of the recombinant proteins was not less than 95%, as indicated by SDS-PAGE. Guanidine thiocyanate
(Fluka, Switzerland) was used without further purification. Measurements were performed in 50 mM
TrisCl buffer, pH 8.0. Protein concentration was 0.15 mg/mL.

Absorption spectra were recorded using an EPS-3T (Hitachi, Japan) spectrophotometer. The
experiments were performed in microcells 101.016-QS 5 mm × 5 mm (Hellma, Germany) at room
temperature.

Fluorescence experiments were carried out using a Cary Eclipse spectrofluorimeter (Varian,
Australia) and a homemade spectrofluorimeter for registration of fluorescence polarization [19].
Protein intrinsic fluorescence was excited at the long-wave absorption spectrum edge (297 nm), where
the contribution of tyrosine residues in the bulk protein fluorescence is negligible. Specific green
fluorescence of sfGFP was excited at 365 and 470 nm, and emission was detected at 510 nm. The position
and form of the fluorescence spectra were characterized by the parameter A = I320/I365, where I320 and
I365 are fluorescence intensities at λem = 320 and 365 nm, respectively [20]. The values of parameter A
and of fluorescence spectrum were corrected by the instrument sensitivity. The anisotropy of tryptophan
fluorescence was calculated by r = (IV

V − GIV
H)/(IV

V + 2GIV
H), where IV

V and IV
H are the vertical

and horizontal components of fluorescence intensity excited by vertically polarized light and G is the
relation of vertical and horizontal components of fluorescence intensity excited by horizontally polarized
light (G = IH

V /IH
H ), λem = 365 nm [19]. All kinetic experiments were performed in microcells FLR

10 mm × 10 mm (Varian, Australia). Unfolding of the protein was initiated by manual mixing of protein
solution (50 mkl) with buffer containing desired GTC concentrations (450 mkl). The dead time was
determined from the control experiments to be about 4 s [20]. The dependences of different fluorescent
characteristics of sfGFP on GTC concentration were recorded after protein incubation in the solution of
appropriate concentration at 23◦C during 2, 24, 45, 69, and 95 h. The spectrofluorimeter was equipped
with thermostat that held a constant temperature of 23◦C.

The gel filtration experiments of sfGFP unfolded in GTC were performed on a Superdex75 PC
3.2/30 column (GE Healthcare, Sweden) using an AKTApurifier system (GE Healthcare, Sweden).
Solutions of sfGFP were preincubated at 23◦C for 24 h in the presence of the desired GTC concentration.
Then 10 μL of this solution was loaded on a column equilibrated with the same GTC concentration. The
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change of hydrodynamic dimensions of sfGFP was evaluated as a change of elution volume of sfGFP. In
the transition region the averaged elution volume of sfGFP was calculated by V = fcVc + fdVd, where
Vc and Vd are the elution peaks of compact and denatured molecules, and fc and fd are the portion of
compact and denatured molecules estimated as area of the corresponding peak.

3. Results and Discussion

Figure 1 shows denaturation curves of different parameters of tryptophan fluorescence (fluorescence
intensity, parameter A, and fluorescence anisotropy; excitation at 297 nm) and sfGFP chromophore
fluorescence intensity excited at two wavelength (365 and 470 nm; registration at 510 nm) as a
function of final GTC concentration recorded after 1 to 94 h of equilibration of the protein in the
presence of desired denaturant concentration. It was shown that GTC-induced unfolding of sfGFP
reaches quasiequilibrium after 24 hours in contrast to several days in the case of GdnHCl-induced
denaturation [21, 22]. Further incubation of sfGFP in the presence of GTC, at least up to 4 days,
does not result in measurable changes of recorded characteristics. Apparently, the unfolding of protein
structure takes place in the range of GTC concentrations from 0.5 to 2.5 M. This process was
accompanied by simultaneous changes of all recorded parameters. In the subrange of small GTC
concentrations (less then 0.1-0.2 M) we have observed no noticeable changes of tertiary protein structure
as indicated by fluorescence anisotropy and parameter A (Figures 1(c) and 1(d)). Nevertheless gel
filtration experiments showed a slight increase of hydrodynamic dimensions of sfGFP (Figure 1(j)).
At the same time small amount of GTC induces significant decrease of chromophore (Figures 1(e)
and 1(f)) and tryptophan fluorescence intensity (Figures 1(a) and 1(b)) and change of protein visible
absorption spectrum (Figure 1(i)). Visible absorption spectra of sfGFP demonstrated pronounced drop
of absorption band corresponding to the anionic form of chromophore with concomitant rise of
absorption band corresponding to neutral chromophore. These data indicate that the small addition
of GTC changes the balance between sfGFP molecules bearing neutral and anionic chromophores.
Denaturation curves of chromophore fluorescence intensity were corrected to take into account the
change of absorption of anionic and neutral chromophore in the presence of GTC (Figures 1(g) and 1(h)).
The response of thus corrected chromophore fluorescence excited at two wavelengths is completely
different. Excitation at 365 nm results in significant fluorescence drop (up to 13% of native protein
signal), while excitation at 470 nm leads to a 20% increase of fluorescence with respect to native sfGFP.
Significant decrease of fluorescence quantum yield under excitation at absorption band of protonated
chromophore could be concerned with inhibition of proton transfer and thus chromophore ionization
in the presence of small GTC concentrations. We suppose that all observed changes induced by pre-
denaturing GTC concentrations are a result of local structural perturbations of sfGFP rather than global
reorganization of protein structure.

Renaturation of sfGFP was induced by dilution of predenatured protein in 2.2 M GTC to the
various final denaturant concentrations (Figure 1). Refolding reaches equilibrium after 24 hours of pro-
tein incubation. It was shown that under strongly refolding conditions (final concentration of GTC is
0.22 M) the recovery of all recorded characteristics of sfGFP takes place indicating the reversibility of
protein unfolding. The unfolding and refolding curves in the transition area do not coincide showing
apparent hysteresis. Hysteretic behavior observed during folding of sfGFP is supposed to be connected
with the presence of the chromophore inside the barrel which has to be locked in the correct active form
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Figure 1: GTC-induced folding-unfolding of sfGFP recorded by the changes of fluorescence intensity at
320 nm (a) and at 365 nm (b), parameter A (c), fluorescence anisotropy at 365 nm (d), and chromophore
fluorescence intensity excited at 365 nm (e) and 470 nm (f). Unfolding and refolding are presented by
circles and squares, respectively. Measurements were performed after 1 h (closed circles) and 24 h (open
circles and squares), 45 h (triangles), 69 h (reversed triangles), and 94 h (gray crosses) incubation of
native or denatured protein in the presence of corresponding denaturant concentration. Data presented
in (e) and (f) were corrected to take into account the change of optical density at the wavelength of
excitation (g and h). The conformational changes of sfGFP are further characterized by the changes
of absorbance at 390 (squares, i) and 490 nm (circles, i). Insert to panel (i): The visible fluorescence
spectra of sfGFP in the presence of increasing GTC concentration (shown by arrows). The change of
sfGFP hydrodynamic dimensions during GTC-induced denaturation was studied by gel filtration method
(j). The position of elution peaks of compact and denatured molecules (gray circles and squares) and the
change of averaged elution volume of sfGFP (black triangles) are shown.
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in the protein core on the latest folding step [23]. Indeed the mutant variants of green FP which unable
to form chromophore show no hysteresis of the unfolding and refolding curves [23].

The refolding curves of parameter A and fluorescence anisotropy for sfGFP exhibit the
presence of plateau in the range of GTC concentration from 0.5 to 0.8 M (Figures 1(c) and 1(d)),
while fluorescence intensity of sfGFP chromophore measured during denaturation and renaturation
experiments coincide in this range of GTC concentrations (Figures 1(e) and 1(f)). In the recent works by
molecular dynamics simulations it was shown that initial fast formation of sfGFP β-barrel is followed
by a slow search through chromophore isomerization and structural fluctuations toward the locked
active native fold [24]. During second folding step, the final strands incorporating into the barrel
and structural rearrangement at the lid of the barrel there occur [24, 25]. It should be pointed out
that Trp 57 is near to those β-strads. Probably sfGFP refolding is accompanied by accumulation of
intermediate state in which a core around chromophore is organized while structure around Trp 57 is not
formed.
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