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Abstract

Arg96 is a highly conservative residue known to catalyze spontaneous green fluorescent protein
(GFP) chromophore biosynthesis. To understand a role of Arg96 in conformational stability and
structural behavior of EGFP, the properties of a series of the EGFP mutants bearing substitutions
at this position were studied using circular dichroism, steady state fluorescence spectroscopy,
fluorescence lifetime, kinetics and equilibrium unfolding analysis, and acrylamide-induced
fluorescence quenching. During the protein production and purification, high yield was achieved
for EGFP/Arg96Cys variant, whereas EGFP/Arg96Ser and EGFP/Arg96Ala were characterized
by essentially lower yields and no protein was produced when Arg96 was substituted by Gly. We
have also shown that only EGFP/Arg96Cys possessed relatively fast chromophore maturation,
whereas it took EGFP/Arg96Ser and EGFP/Arg96Ala about a year to develop a noticeable green
fluorescence. The intensity of the characteristic green fluorescence measured for the EGFP/
Arg96Cys and EGFP/Arg96Ser (or EGFP/Arg96Ala) was 5- and 50-times lower than that of the
nonmodified EGFP. Intriguingly, EGFP/Arg96Cys was shown to be more stable than EGFP
toward the GdmCI-induced unfolding both in kinetics and in the quasi-equilibrium experiments. In
comparison with EGFP, tryptophan residues of EGFP/Arg96Cys were more accessible to the
solvent. These data taken together suggest that besides established earlier crucial catalytic role,
Arg96 is important for the overall folding and conformational stability of GFP.
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INTRODUCTION

Green fluorescent protein, GFP, from jellyfish Aequorea victoria, is a member of a family of
colored globular proteins known for their unique ability to spontaneously synthesize their
own chromophore from three buried residues.1=3 Crystallographic structures resolved for
the wild-type GFP, a protein consisting of 238 amino acid residues, and its enhanced colored
mutants (ECFP, EGFP, and EYFP)1:2:4 revealed that this protein resembles an 11 stranded
-can wrapped around a single central helix in the middle of which is the chromophore [see
Fig. 1(A)]. There are also short helical segments on the end of the p-can. The cylinder has a
diameter of about 30 A and a length of about 40 A.2 Several physical-chemical studies have
been performed on the GFP chromophore formation and fluorescence emission (e.g., see
Refs. 712, Furthermore, it has been shown that GFP fluorescence is stable under a variety
of conditions, including a treatment with detergents,13:14 proteases,1®> GdmCl,16:17 and
temperature.17:18

Many mutants of GFP with useful characteristics such as enhanced fluorescence intensity,
19,20 shifted emission wavelength,1:2! and pH-sensitive fluorescence changes?2 have been
described. The unrivalled capability of FPs to emit a visible light without the use of any
substrate determines their wide use as specific reporters in studies on gene expression,
protein dynamics, and localization within the living cells.3:15 The discovery of a red GFP-
like protein DsRed?3:24 from corallomorph Discosoma sp., and development of its improved
mutants, DsRed-Timer,2> DsRed2,26 and fast-maturating DsRed-Express,2” have
significantly increased the range of FP applications including multicolor protein tagging,28
intracellular reporting,2° and resonance energy transfer.3% The GFP-based Ca2* indicators
have been elaborated, which comprise the camgaroo and pericam probes based on a
circularly permutated GFP.31 Another type of Ca2* indicators, called chameleons, are
genetically-encoded fluorescent indicators for Ca2* based on green fluorescent protein
variants and calmodulin (CaM).32:32 These chameleons are chimeric proteins consisting of a
blue or cyan mutant of green fluorescent protein (GFP), calmodulin (CaM), a glycylglycine
linker, the CaM-binding domain of myosin light chain kinase (M13), and a green or yellow
version of GFP.32:33 Binding of Ca2* makes calmodulin wrap around the M13 domain,
increasing the fluorescence resonance energy transfer (FRET) between the flanking GFPs.
These chameleon probes have been found to be useful in for intracellular calcium
measurements, 3133

The remarkable feature of GFP is a unique chromophore, a p-hydroxybenzylidene-
imidazolidone, which is located almost at the center of the cylinder [Fig. 1(A)]. Itis
completely protected from the bulk solvent, which makes it difficult for an enzyme to access
the chromophore and catalyze its formation, underlining the hypothesis of the autocatalytic
cyclization of the polypeptide backbone.1:2:4 Upon protein folding, chromophore formation
is initiated by a backbone crosslinking reaction that involves the residues Ser65, Tyr66, and
Gly67 in wild-type GFP, leading to the formation of the imidazolidone ring produced by the
cyclized backbone of these residues.19:21 Part of the chromophore’s n-system is derived
from the phenol of Tyr66, which plays an important function in determining the color of the
mature chromophore, and replacement of which with other aromatic residues was shown to
lead to visible fluorescence with altered emission wavelengths.3 Although the amino acid
sequence Ser-Tyr-Gly could be found in different non-FPs, it is neither cyclized in any of
these, nor is the tyrosine oxidized, implying that the tendency to form such a chromophore
does not represent the intrinsic property of this tripeptide, and is dependent on its specific
local environment.

Intriguingly, a recent study of a-synuclein, a protein involved in Parkinson’s disease and a
number of other neurodegenerative diseases known as synucleinopathies,3#:3% uncovered
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that aggregation of this protein is accompanied by the development of a progressive photo-
activity in the visible range of the electromagnetic spectrum.36 Some parameters of this
photo-activity resembled those typical of the family of green fluorescent proteins. On the
basis of these observations it has been hypothesized that the fibrillation-induced photo-
activity is governed by the same mechanism as seen for the intrinsic chromophore of 4-(p-
hydroxybenzylidene)-5-imidazolinone-type in GFPs and involves several steps of chain
cyclization, amino acid dehydration, and aerial oxidation.36

Four residues in the interior of FPs are highly conserved and apparently participate in
generating the fluorescent entity: Tyr66, Gly67, Arg96, and Glu222.24 Ty66 and Gly67 are
the crucial parts of the chromophore five-membered heterocycle, whereas Arg96 and
Glu222 appear to play catalytic roles. In fact, Arg96 and Glu222 are found to be in close
proximity to the chromophore in the tertiary structure of the protein [Fig. 1(B)]. The Arg96
guanidinium group is hydrogen bonded to the Tyr66-derived carbonyl oxygen of the
chromophore, and the Glu222 carboxylic acid is positioned near the opposite face of the
chromophore.3 Arg96 is believed to facilitate the cyclization reaction by increasing the
nucleophilic reactivity of the amide nitrogen of Gly67,37—3% whereas the carboxylate of
Glu222 was shown to play the role of a general base, facilitating proton abstraction from the
Gly67 amide nitrogen or the Tyr66 a-carbon.3” On the other hand, neither Arg96 nor
Glu222 is absolutely necessary for chromophore biosynthesis3’~40 and proposed functions
for these residues range from electrostatic, steric, and catalytic roles to contributions to
protein folding and stability.3:41 In this study, we analyzed the effect of the amino acid
substitutions at position 96 on structural properties and conformational stability of EGFP. In
addition to the previously established catalytic role, Arg96 is shown here to be crucial for
the proper protein folding and stability.

Plasmid construction and protein expression

The plasmids encoding original EGFP, as well as its Arg96Cys, Arg96Ser, Arg96Ala, and
Arg96Gly mutants with polyhistidine tags, were constructed as previously described.2
Briefly, the 0.75-kb Ncol-BamHI fragment of EGFP was amplified from the pEGFP-N1
plasmid (BD Clontech) using polymerase chain reaction (PCR), and cloned into the
pET-11d vector (Invitrogen). The polyhistidine tag was added to the C-termini of the protein
in the course of PCR-amplification. The site-directed mutagenesis of Arg96Cys, Arg96Ser,
Arg96Ala, and Arg96Gly of the EGFP gene was performed using Quik-Change Site-
Directed Mutagenesis kit (Stratagene), and verified by direct sequencing.

The resulting plasmids, pET-11d-EGFP, pET-11d-EGFP/96Cys, pET-11d-EGFP/96Ser,
pET-11d-EGFP/96Ala, and pET-11d-EGFP/96Gly were transformed into an E. coli
BL21(DE3) host (Invitrogen). Protein expression was induced by an incubation of the cells
with 0.5 mM IPTG (isopropyl-p-D-thiogalactopyranozide, Sigma) at 37°C for 6 h, and the
proteins were purified with Ni-NTA agarose (Qiagen). The protein solutions were
concentrated to 12 mg/mL in 100 mM citrate-phosphate buffer, pH 7.6, using Ultrafree-4
centrifugal filters (Millipore). The purity of the recombinant proteins was not less than 95%,
as indicated by SDS-PAGE. Concentrations of FPs have been determined by the Bio-Rad
protein assay Kit.

Fluorescence spectroscopy

To analyze the characteristic green fluorescence, original EGFP, EGFP/Arg96Cys, EGFP/
Arg96Ser, EGFP/Arg96Ala, and EGFP/Arg96Gly were excited at 365 nm, and emission
was detected at 510 nm. Intrinsic tryptophan fluorescence was excited at 280 or 297 nm (to

Proteins. Author manuscript; available in PMC 2010 July 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Stepanenko et al.

Page 4

exclude the tyrosine contribution). The position and form of the fluorescence spectra were
characterized by the parameter: A = (I3p0/l365)297, Where I35g and 13¢5 are fluorescence
intensities at Aem = 320 and 365 nm, respectively, and Aey = 297 nm.*2 The values of
parameter A and of fluorescence spectrum were corrected by the instrument sensitivity. The
contribution of tyrosine residues to the bulk fluorescence of protein usually is characterized

by the value®?:
I I
o) (1)
I365 )20 \ 1365 ) 297 (1)

where l3g5 is fluorescence intensity at 365 nm and subscripts 280 and 297 indicate excitation
wavelength. The fluorescence spectrophotometers described in Ref. 42 or FluoroMax-2
(Jobin Yvon) were used for steadystate spectroscopic analysis. Measurements were
performed with temperature of samples adjusted to 25°C.

Analysis of the fluorescence decay

The fluorescence decay curves were recorded with homemade spectrofluorimeter with time-
resolved excitation.#2 To analyze the decay curves a special program was developed. The
fitting routine was based on the nonlinear least-squares method. Minimization was
accomplished according to Marquardt.3 P-terphenyl in ethanol and N-acetyl-
tryptophanamide in water were used as reference compounds.** Experimental data were
analyzed using the multiexponential approach:

1= aexp (~1/7)
i (2)

where o; and tj are amplitude and lifetime of component i, Za; = 1. The root-mean square
value of fluorescent lifetimes, {t), for multiexponential decay is determined as

<T>:Ziai7i2/ziai7i: Z Jiti, where fi = ajTilZ iT;.

Stern-Volmer quenching and estimation of the bimolecular quenching rates

The conformational state of proteins was further characterized by acrylamide-induced
fluorescence quenching. Samples were prepared in 50 mM TrisHCI buffer, pH = 8.0, 150
mM NaCl, pH 7.5 and the protein concentrations were adjusted to provide an optical density
at the excitation wavelength less than 0.1. Aliquots of a 3.0M acrylamide stock solution
were consecutively added to 1 mL protein solution in order to increase acrylamide
concentration. Experiments were performed using excitation at 297 nm with fluorescence
emission at 340 nm (for the Trp accessibility determination) and excitation at 365 nm with
fluorescence emission at 510 nm (for the Cro accessibility evaluation), and the fluorescence
intensities were recorded for 30 s. Experiments were performed in triplicate, and the data
were corrected for the dilution effects. Quenching data were plotted as the ratio of
fluorescence in the absence of quencher (lg) to the intensity in the presence of quencher (1)
against quencher concentration. The resulting data were fit to dynamic parameters according
to the Stern-Volmer equation g/l = 1 + Kgy[Q], where Kgy, is the Stern-Volmer quenching
constant and [Q] the quencher concentration.*> The bimolecular quenching rates, kg, have
been calculated from Kgy and fluorescence lifetimes, <t>, as kg = Kgy/<t>(M~1571).4
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Circular dichroism measurements

CD spectra were obtained with J-810 spectropolarimeter (Jasco, Tokyo, Japan) equipped
with the Neslab RTE-110 temperature-controlled liquid system (Neslab Instruments,
Portsmouth, NH). The instrument was calibrated with a standard solution of (+)-10-
camphorsulfonic acid. Sealed cuvettes with a path length of 0.1 cm (Helma, Germany) were
used. The photomultiplier voltage never exceeded 600 V in the spectral regions that were
measured. Each spectrum was averaged five times and smoothed with spectropolarimeter
system software, version 1.00 (Jasco). All measurements were performed under a nitrogen
flow. Before undergoing CD analyses, all samples were kept at the temperature being
studied for 10 min. Protein concentration was ~0.25 and 0.5 mg/mL for far and near UV CD
measurements, respectively. Far UV CD spectra were recorded in a 0.1 mm pathlength cell
from 250 to 190 nm with a step size of 0.5 nm, a bandwidth of 1.5 nm, and an averaging
time of 10 s. Near UV CD spectra were recorded in a 1.0 cm pathlength cell from 600 to 250
nm with a step size of 1.0 nm, a bandwidth of 1.5 nm, and an averaging time of 10 s. CD
spectra of the appropriate buffers were recorded and subtracted from the protein spectra.

Kinetics measurements of protein unfolding

All kinetic experiments were performed in microcells 101.016-QS 5 mm x 5 mm (Hellma,
Germany). Unfolding of the protein was initiated by manual mixing of protein solution with
buffer containing desired GdmCI concentrations. About 350 pL of the GAmCI solution of
appropriate concentration was injected in the cell with 50 uL of the solution of native
protein. The dead time was determined from the control experiments and was determined to
be about 4 s. The spectrofluorimeter was equipped with thermostat that held a constant
temperature of 25°C in the cell and in the special box where the solutions are held before
mixing.

Kinetic curve was detected in the continuous regime for first 10 min after the mixing the
protein and GdmCI solutions. Then, data were taken periodically during the first 120 h after
the beginning of the unfolding reaction. All these data were used for the unfolding-refolding
rate constant determination. Analysis of the kinetic curves was performed assuming the one
step transition:

ky
NazU
ka 3)

Here, N is the native state, U is the unfolded state, k; and ko are the rate constants of the
forward and back reactions, respectively. The relative fluorescence intensity I(t) is
determined as follows:

1(t)=I+Alexp(—kopst) (4)
where | is fluorescence intensity at the infinity time and Al and kg4 are the amplitude and
the observed rate constant, respectively. When model (3) failed to fit measured kinetic

dependencies, those dependencies were analyzed assuming the existence of intermediate
state(s)*6:

I(t):lm+ZAI,-exp(—k,-t)
i (5)
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The values of the rate constants k;, or kqps Were determined by the nonlinear least-squares
method, as the values that fit the minimum value:

D= [Lexp(t) = (D).
7 (6)

Here, lexp(t) and I(t) are experimental and calculated values of relative intensity,
respectively.

GdmCl-induced equilibrium unfolding

Protein samples were incubated for the desired amounts of time at 25°C in the presence of
various concentrations of GAmCI. Unfolding curves were determined by monitoring the
fluorescence spectra at 25°C. The pH was checked to ensure a constant value throughout the
whole transition, and the denaturant concentration was determined from refractive index
measurements,* using an Abbe-3L refractometer from Spectronic Instruments.

Protein stability in the absence of denaturant AG%([0]) was determined using the following
relationship?8:

AG(I D1)=AG°([0]) — m[ D] )

where [D] is the denaturant concentration. In the middle of transition [D] = [D]509,
AGO([D]) = 0 and therefore,

AG°(101)= — m[ Dlso, ®)

The AGO([D]) value is connected with the equilibrium constant K as:

AGY([D])= — RTInK([ D]) (9)

where T is the absolute temperature and, R is the universal gas constant.

Protein stabilities were evaluated from the dependencies of the green fluorescence on
denaturant concentration, which can be described as:

([ D)=, ([DDI +a, (DD,
ay([ DD+, ([ D=1 (10)

Equations (7)—(10) were used to derive relationship that was used to fit the quasi-
equilibrium dependencies of fluorescence intensity:

_Iy+1,exp[ -AG (I D))/RT]
= bl AGO( DI)/RT] (n

Approximation of experimental data was performed via the nonlinear regression method
using Sigma Plot program. Characteristic feature of the FP unfolding is a very low rate of
their N — U transitions. Therefore, the shape of the denaturation curves depended
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significantly on the incubation time. Denaturation curves were characterized by the Cy»(t)
values, which are the denaturant concentrations, corresponding to the middle of transition
curves measured after the incubation of a protein in the presence of various denaturant
concentrations for the time t. These data were used to plot Cq/, versus incubation time
dependencies. Thermodynamic parameters were evaluated from the denaturation curves
retrieved after the incubation of the corresponding solutions for time t;, which corresponds
to the incubation time at which the Cq/,(t) curve reaches the plateau. In practice, the
thermodynamic constants were calculated using the quasi-equilibrium dependencies
obtained after the incubation of a given protein in the presence of various GdmcCl
concentrations for 5 days.

RESULTS AND DISCUSSION

Expression and purification of original EGFP and EGFP/Arg96Cys, EGFP/Arg96Ser, EGFP/
Arg96Ala, and EGFP/Arg96Gly mutants from bacteria

In our studies, besides original EGFP, a high yield of green protein was achieved only for
the EGFP/Arg96Cys mutant. The yields of EGFP/Arg96Ser and EGFP/Arg96Ala mutants
were essentially lower and these proteins were not colored. No protein was produced when
the pET-11d-EGFP/Arg96Gly plasmid was transformed into an E. coli and protein
expression was induced.

Kinetics of the chromophore maturation in original EGFP, EGFP/Arg96Cys, EGFP/
Arg96Ser, and EGFP/Arg96Ala mutants

When original EGFP and its mutants were purified, we attempted to analyze the rate of the
chromophore maturation. To do so, such spectral properties as absorption spectra,
tryptophan and green fluorescence spectra were tested twice a week for 3 weeks. Both, the
original EGFP and its EGFP/Arg96Cys mutant possessed the characteristic absorption
spectra and the characteristic green fluorescence immediately after the purification and none
of their spectral properties changed during the repetitive measurements, suggesting that the
chromophore maturation is a relatively fast process for these two proteins. As it has been
mentioned earlier, even being incubated for a about year EGFP/Arg96Ser and EGFP/
Arg96Ala mutants did not develop noticeable absorption in the visible region neither just
after purification, nor after a year of storage. However, after this prolonged incubation, these
mutants were shown to possess some characteristic green fluorescence. This indicates that
the rate of chromophore formation is significantly altered in these proteins, which is in
accord with earlier studies.37:39 It is important to remember that fluorescence can be reliably
detected even in a case when no detectable absorption spectrum is observed. This is due to
the fact that optical density measurements rely on the detection of a small difference
between two large signals which are proportional to the intensities of the light beams
passing through the sample and reference cells. Registration of weak fluorescence implies
registration of a low signal in the “dark field”. In a spectrofluorometer with an optimized
alignment of the excitation and emission channels, no exciting light reaches photo-receiver.
This creates the mentioned “dark field” which allows registration of a very weak fluorescent
signal, eventually even observation of single fluorescence photons.

Effect of Arg96 substitutions on spectral properties of EGFP

Figure 1(C) represents UV/VIS absorbance spectra of original EGFP and its Arg96Cys,
Arg96Ser, and Arg96Ala mutants. Figure 1(C) shows that all the proteins were characterized
by comparable UV absorption spectra. Among the EGFP mutants studied, only Arg96Cys
had a noticeable absorption band in the visible region (Amax = 485 nm), whereas EGFP/
Arg96Ser and EGFP/Arg96Ala did not absorb in this region even after the 1 year incubation.
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The absorption of the EGFP/Arg96Cys in the visible region was noticeably lower (~5 times)
than that of the original EGFP.

Insets to Figure 1(C,D) show a considerable difference in the near-UV/visible CD spectra
measured for the proteins studied, with the most dramatic discrepancy being observed in the
visible region. Dichroic bands of FPs in the visible region are known to have small negative
Cotton effects, and are visible at high optical density of the chromophore.4® In agreement
with earlier studies, a comparison of the absorption and visible CD spectra for the original
EGFP indicates that although the absorption band at 400 nm has much smaller oscillator
strength than the one arising at 490 nm, the rotational strength of bands show the opposite
behavior [Fig. 1(C), inset]. These data indicate that the chromophore microenvironment in
EGFP is asymmetric. Visible CD spectrum of the EGFP/Arg96Cys mutant differs
significantly from that of EGFP, for example, its CD band at 490 nm is more pronounced
than the CD band at 400 nm. This suggests that the introduction of the Arg96 to Cys
substitutions introduces noticeable changes in the chromophore microenvironment
asymmetry. Visible CD spectra of the EGFP/Arg96Ser and EGFP/Arg96Ala mutants were
not recorded because of the very low optical density of their solutions in this spectral region
(see above).

Inset to Figure 1(D) shows that the aromatic residues in the original EGFP is characterized
by the rigid and unique environment. Near-UV CD spectra of EGFP/Arg96Cys, EGFP/
Arg96Ser, and EGFP/Arg96Ala, being significantly less intensive than the spectrum of the
original protein, have a set of peaks similar to that of EGFP. This indicates that the amino
acid substitutions do induce noticeable alterations in the rigid tertiary structure of EGFP,
with the Arg96Cys mutation inducing the largest structural distortion. The fact that the near-
UV CD spectra of the original EGFP and its Arg96Cys, Arg96Ser, and Arg96Ala mutants
are characterized by a similar fine structure (all of them have a similar set of peaks)
indicates that these mutations likely affect the rigidity of the environment of aromatic
residues rather than induce structural changes.

Figure 1(D) shows that Arg96Ser and Arg96Ala mutations do not affect secondary structure
of the protein to a significant degree. This is manifested by the almost indistinguishable far-
UV CD spectra measured for original EGFP and EGFP/Arg96Ser and EGFP/Arg96Ala.
However, the far-UV CD spectrum of the EGFP/Arg96Cys indicates that this amino acid
substitution does induce noticeable alterations in the EGFP secondary structure, as reflected
in the profound changes in the spectral shape.

As it follows from the almost identical shapes of the EGFP and EGFP/Arg96Cys green
fluorescence spectra, Arg96Cys mutation does not affect the chromophore structure [see Fig.
1(E)]. However, the fluorescence intensity of EGFP/Arg96Cys is approximately 5 times
lower than that of the original EGFP. This likely is due to the lower absorption in the visible
spectrum. It has been noted that the maturation of the chromophore in the EGFP/Arg96Ser
and EGFP/Arg96Ala mutants was an extremely slow process, as they possessed noticeable
green fluorescence only after the incubation for a year. The fluorescence of these mutants
was ~50 lower than the green fluorescence of the original EGFP. Interestingly, the
fluorescence maximum of these mutants was shifted from 512 to 500-504 nm and coincided
with the position of the long-wavelength maximum of the ECFP fluorescence (502 nm, not
shown).

Figure 1(F) shows fluorescence spectra of single Trp residue of EGFP and its mutants. The
Trp fluorescence spectrum of EGFP/Arg96Cys mutant is red-shifted, whereas fluorescence
spectra of the EGFP/Arg96Ser and EGFP/Arg96Ala mutants are blue-shifted in comparison
with that of EGFP. The Trp fluorescence spectra of EGFP/Arg96Ala mutant measured after
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the incubation for 1 year was blue-shifted in comparison with the spectra measured just after
this protein was purified (see also Table I). This reflects the existence of the time-dependent
changes in the environment of tryptophan residue; that is, very slow folding process.

Figure 2 shows that intrinsic fluorescence spectra measured at the excitation at 280 and 297
nm are different at their short-wavelength edges. This is due to the fact tyrosine residues
contribute to the total fluorescence excited at 280 nm. In addition to a single Trp, EGFP
contains 9 Tyr residues. The major contribution to the total fluorescence is provided by Tyr
39, Tyr 74, Tyr 151, Tyr 182, and Tyr 200 residues as, according to our calculations based
on the analysis of the crystallographic data, whereas other Tyr residues transfer their
excitation energy to Trp 57 rather efficiently. The efficiency of energy transfer from Tyr
143, Tyr 145, Tyr 92, and Tyr 106 to Trp 57 is of 96, 91, 49 and 47% respectively. There is
practically no energy transfer between the Tyr residues.

Interestingly, Tyr fluorescence was utilized recently for the characterization of the GFP
denaturation processes.59 However, it is important to remember that there is a significant
potential contribution of the Trp residue to the total fluorescence signal under conditions
used in that study (excitation at 276 nm and registration at 307 nm). Usually, the
contribution of the tyrosine residues to the total protein fluorescence is described by the A(A)
parameter values [see Eq. (1)]. However, as I(A) = I(A)1yr + I(A)1rp, then A(Q) = (1(A) 1,/
I365)280- This means that the A(L) value is determined not only by the intensity of Tyr
fluorescence but it also depends on the intensity of the Trp fluorescence (l3g5). In other
words, the value of the A(A) parameter might reflect the changes in the contribution of the
tyrosine residues to the total fluorescence only in a case when Trp fluorescence remains
unchanged. Thus, this parameter cannot be utilized to characterize the Tyr contribution
unambiguously if the Trp fluorescence in the analyzed protein states is different. Therefore,
the increase in the A(A) values for EGFP/Arg96Ala [Fig. 2(B)] and EGFP/Arg96Ser (data
not shown) can be due not only to the increase in the Tyr fluorescence contribution (usually,
the contribution of Tyr residues increases upon unfolding as the efficiency of the energy
transfer from Tyr to Trp decreases), but also can be determined by the decrease in the Trp
contribution, for example, due to the increase in the efficiency of Trp to Cro energy transfer.

Accessibility of a green chromophore and a Trp residue to solvent

To get an idea about changes in the chromophore and tryptophan accessibility to solvent
induced by the Arg96 substitution, the efficiency of acrylamide quenching of green and
tryptophan fluorescence has been analyzed for the original EGFP and EGFP/Arg96Cys,
EGFP/Arg96Ser, and EGFP/Arg96Ala mutants. Figure 3 and Table 11 show that
chromophore is practically inaccessible to quencher in all proteins, that is, this point
mutations did not affect the accessibility of the green chromophore to solvent.

Tryptophan residues in EGFP/Arg96Cys were more solvent accessible as it follows from the
quenching data (Fig. 3, Table II), positions of the tryptophan fluorescence excited at 297 nm
[Fig. 1(F), Table I] and the parameter A values (Table I). These data show that the EGFP
tryptophan fluorescence spectrum is characterized by the shorter wavelength maximum
position in comparison with EGFP/Arg96Cys (Apg7ECFP = 1.49; Ajq,ECFPIATG96CYs = 1 1g).

Table Il shows that the mutations (except to Arg96Ser) generally do not affect the lifetime
of green fluorescence. In fact, all measured lifetimes are in a good agreement with a value of
3 ns reported earlier for the fluorescence lifetime of wild-type GFP and GFP/Ser65Thr.51
The lifetime of tryptophan fluorescence was not affected only in a case of the Arg96Cys
mutation, whereas all other substitutions induced measurable decrease in this parameter.
These data as well as the rather blue-shifted intrinsic fluorescence spectra suggest that the
microenvironments of Trp in these mutants are different from the Trp microenvironment in
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EGFP. The measured values of the fluorescence lifetime were used to estimate the
bimolecular quenching rates for EGFP and its mutant (see above).

Effect of Arg96 substitution on conformational stability of EGFP

A unique characteristic feature of the green florescent proteins unfolding is that this process
is very slow.19:90:52,53 Therefore, the kinetic measurements were performed for 5 days.
Kinetic curves describing the FP unfolding at low GdmCI concentrations cannot be
approximated by a mono-exponential fluorescence decay law. Likely, this reflects the fact
that unfolding is accompanied by the formation of several intermediate states.#6:50:52 |n the
presence of high denaturant concentrations (5.6M GdmCl), the processes of the intermediate
formation and unfolding are fast and significantly overlap. As a result, corresponding kinetic
curves are approximated well by a single exponent. Corresponding unfolding rate constants
are shown in Table I11.

Kinetic analysis revealed that the EGFP/Arg96Cys possesses higher resistance toward the
GdmCl unfolding than the original EGFP (Fig. 4 and Table I11). It is seen that at 5.6M
GdmCl it is required correspondingly 2.7 min to reach the 50%-reduction of the EGFP green
fluorescence intensity. In the case of EGFP/Arg96Cys, this value is almost tripled (7.8 min).
Interestingly, the green fluorescence intensity observed immediately after the mixing of a
fluorescent protein with a denaturant solution exceeds significantly the fluorescence level of
a given protein in the absence of denaturant. This effect was observed for all proteins
studied and was essentially more pronounced when protein was transferred to a solution
containing low GdmCI concentrations. This might be determined by the fact that when
protein is transferred to the solution with high denaturant concentration both fast initial
increase in the fluorescence intensity and the subsequent fast decrease in green fluorescence
caused by protein unfolding might rapidly occur during the experiment dead-time. The
initial increase in the fluorescence intensity is then accompanied by the monotonous
decrease likely determined by the unfolding-induced increase in the chromophore
accessibility to solvent.16

Additional proof of the enhanced conformational stability of EGFP/Arg95Cys followed
from the analysis of quasi-equilibrium curves of their GdmCI-induced unfolding (see Fig.
5). As the establishing of the unfolding equilibrium in FPs is very slow process [see below
and Refs. 17 50: 52 and 53], data for this plot have been accumulated after the incubation of
both proteins in the presence of desired GdmCI concentration for 5 days. The unfolding
curves in Figure 5 reflect the GdmCI-induced changes in fluorescence intensity, measured
for a given protein after incubation for the desired amount of time in the presence of the
desired GdmCI concentration.

Figure 5 shows that the addition of small concentrations of denaturant (0.1-0.2M GdmClI)
induces considerable increase in the green fluorescence intensity. This phenomenon likely
has the same nature as discussed earlier, rapid increase in the fluorescence intensity taking
place just after the exposure of a protein to the denaturant solution. Similar effects were
reported for other proteins earlier. In some cases, this phenomenon was due to the low
denaturant concentration-induced dissociation of dimers (e.g. creatine kinase®), in other
cases it was due to the so-called GdmCI stabilizing effects.>® This phenomenon can be
explained assuming that although low GdmCI concentrations do not induce protein
denaturation the denaturant molecules are able to form hydrogen bonds with the carbonyl
groups at the protein surface. This new net of hydrogen bonds releases tensions that present
in the protein backbone due to the charge—charge interactions. In several cases we detected
not only changes in the fluorescence intensity but also observed the blue-shift of the
fluorescence maximum likely due to the some compaction of a protein molecule
(unpublished data).
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Shown in Figure 5 dependencies of the green fluorescence intensity on GdmClI
concentrations suggest that under the different denaturant concentrations the fluorescent
proteins can be in at least three states: the native state (N), the state N1, which is induced by
low GdmCI concentrations and the completely unfolded state (U). Earlier we described the
formation of the Ny state for other EGFP mutants and for other fluorescent proteins.17:53
The observed increase in the green fluorescence in the presence of low GdmClI
concentrations could be due to denaturant-induced removal of the protein scaffold tension.
Under such conditions, the chromophore remains to be nonaccessible to the solvent, but
becomes less “twisted” and, thus, more planar. This results in the increased conjugation of
the chromophore n-bonds finally leading to the increase in the fluorescence quantum yield.

In a number of recent studies,*6:50:52 it js indicated that the denaturation of green fluorescent
proteins is accompanied by the formation of several intermediate states. The appearance of
such intermediates was attributed to the fact that the structure of GFP has two characteristics
that may lead to a rough landscape.52 First, the chromophore is slightly twisted in the native
form, whereas it is planar in the unfolded form. Second, the central helix shows many
deviations from optimal geometry. These structural GFP peculiarities may be responsible for
the noticeable hysteresis between the unfolding and refolding curves. Interestingly, such
hysteresis was absent for proteins lacking chromophore.>2 As an example, the authors
indicated the lack of hysteresis for the unfolding—refolding of the super-folder GFP (sfGFP),
a protein that contained an Arg96Ala point mutation.>2 However, according to our data, this
mutation does not preclude the chromophore formation, but results in the dramatic reduction
of its maturation rate.

The analysis of quasi-stationary dependencies shown in Figure 5 was performed assuming
the all-or-none mechanism for the N, — U transitions. The value of the C4/, parameter
corresponding to the half-transition point for the Ny — U transition was determined for all
unfolding curves. These data were used to plot the dependencies of Cq;, on the incubation
time (see inset in Fig. 6). These data suggest that the quasi-equilibrium is reached for the
EGFP and EGFP/Arg96Cys within 5 days. We cannot exclude that approaching of
equilibrium for EGFP/Arg96Ala and EGFP/Arg96Ser mutants requires longer incubation

times. Therefore, values of Dsgop, M, and AGgl_U(O) parameters shown in Table IV can be
overestimated.

Overall, data presented in Figures 4—6 confirm our conclusion that EGFP/Arg96Cys is
noticeably more stable toward the GdmCl-induced unfolding than the original EGFP,
whereas both EGFP/Arg96Ala and EGFP/Arg96Ser are significantly less stable. For EGFP/
Arg96Cys, this is manifested by the increased equilibrium C4/, value ([D]sg, = 3.6 vs. 3.3M
GdmCl, see Table 1V), and by the increase in the time required to reach the unfolding
equilibrium.

CONCLUSIONS

The unique spectral properties of GFP are due to the presence of a specific chromophore,
which is assembled by the self-catalyzed covalent modification of amino acids Ser-Tyr-Gly
at positions 65-67 to form a p-hydroxybenzylidene-imidazolidinone species backbone.1:2:4
The chromophore, being located inside the protein [see Fig. 1(A)], is not exposed to the
solvent. This is in a good agreement with our quenching experiments, which show very low
accessibility of the chromophore to acrylamide. However, chromophore interacts with the
side chains of many surrounding residues, GIn94, Arg96, His148, Thr203, and Glu222, via
hydrogen bonds [Fig. 1(B)]. These interactions determine the spectroscopic behavior of
GFP. For example, the basic residues of His148, GIn94, and Arg96 may stabilize and further
delocalize the charge on the chromophore.2 On the other hand, the hydroxyl of Thr203 may
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donate a hydrogen-bond to Tyr66, stabilizing the phenolate form,! whereas the anionic form
of Glu222 inhibits ionization of Tyr66, thus favoring the hydroxyl form for electrostatic
reasons.! The crucial role of the chromophore interactions with these surrounding residues
has been confirmed by the extensive mutational analysis. For example, the Glu222Gly
variant, which lacks the negative charge of Glu222, favors the phenolate form of Tyr66, and
gives rise to a single excitation maximum at 481 nm.10 The Thr203lIle variant was shown to
have a single absorption maximum at 400 nm and the same fluorescence emission spectrum
as the wild type. This indicates that Thr203 indeed stabilizes the phenolate form of Tyr66,
which is responsible for the appearance of the 470 nm absorption band. Since Ile cannot
form the hydrogen-bond, Tyr66 is predominantly in its hydroxyl form, absorbing light at
400 nm but not at 470 nm.10

Arg96 and Glu222, being located in the immediate proximity to the GFP chromophore, are
highly conserved?4 and were proposed to have either electrostatic, steric, or catalytic roles in
the chromophore biosynthesis and were suggested to contribute to protein folding and
stability.3#1 However, neither Arg96 nor Glu222 are absolutely necessary for chromophore
biosynthesis.4? In fact, GFP mutants with the substitutions at these positions were shown to
exhibit altered spectral properties.3:10 The role of Arg96 in the chromophore formation was
intensively analyzed.#:37739:56,57 On the basis of this analysis it has been concluded that the
major function of this residue is to induce structural rearrangements important in aligning
the molecular orbitals for ring cyclization where Arg96 was proposed to facilitate formation
of an sp2-hybridized N3 atom through electrostatic destabilization and deprotonation.>6
Accordingly, the mutations of Arg96 were shown to greatly retard the GFP chromophore
maturation through loss of steric and electrostatic interactions.>8:57 The crystal structure of
GFP variant Ser65Ala/Tyr66Ser (GFPhal) bearing an additional Arg96Ala mutation was
solved at 1.90 A resolution. The analysis of this structure revealed a noncyclized
chromophore conformation and supported a role for Arg96 in organizing the GFP central
helix for backbone cyclization.56 Kinetic analysis revealed that the rate of chromophore
formation for the EGFP/Arg96Ala variant was greatly attenuated compared to wild-type
GFP, occurring on the time frame of weeks to months.>®

Subsequent analysis of the Arg96Met mutant revealed that the rate of chromophore
formation was greatly reduced possessing the time constant of 7.5 x 103 h at pH 7.0 and
exhibited pH dependence.3” This was in contrast to the original EGFP which maturated with
a time constant of 1 h in the pH-independent manner (pH 7.0-10.0). In agreement with these
earlier observations, we are showing here that it took EGFP/Arg96Ser and EGFP/Arg96Ala
mutants about a year to develop a noticeable green fluorescence. Surprisingly, the rate of the
chromophore maturation in the EGFP/Arg96Cys was comparable with that of the original
EGFP, although the mutant protein possessed reduced fluorescence intensity. Importantly,
Arg96Cys mutation did not affect the chromophore structure as it followed from the almost
identical shapes of the green fluorescence spectra of the original EGFP and EGFP/
Arg96Cys.

Near-UV CD spectra of EGFP/Arg96Cys, EGFP/Arg96Ser, and EGFP/Arg96Ala, being
significantly less intensive than the spectrum of the original EGFP, still preserved a set of
the characteristic peaks. Therefore, substitutions at the Arg96 position were shown to alter
the EGFP rigid tertiary structure. Secondary structure of the protein was not affected by the
Arg96Ser and Arg96Ala mutations, whereas Arg96Cys substitution induced noticeable
alterations in the EGFP secondary structure.

Finally, both kinetic and quasi-equilibrium experiments revealed that EGFP/Arg96Cys was
more stable than the original EGFP toward the GdmCl-induced unfolding. Furthermore, in
comparison with EGFP, tryptophan residue of EGFP/Arg96Cys was more accessible to the
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solvent. Taken together our data suggest that besides established earlier crucial catalytic
role, Arg96 is important for the overall folding and conformational stability of GFP.
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Figure 1.

Spectral properties of the original EGFP and its mutant variants. (A) X-ray crystal structure
of Aequorea GFP with S65T and Q80R substitutions [PDB code 1IEMA] in two projections.
Chromophore is shown as a green space-filling union. A central a-helix which includes
chromophore is shown in red. The residue Arg96 is shown in blue. The drawing was
generated by the graphic programs VMD? and Raster3D. (B) Some of the interactions of
fluorescent protein’s chromophore with the surrounding side chains. Hydrogen bonds are
shown in blue, except for the one presumably stabilizing the respective form of the
chromophore, which is shown in red. Modified from [Silke Jonda’s Principles of Protein
Structure Using Internet project entitled “Structure and Function of GFP” updated on
28.11.96 (http://lwww.cryst.bbk.ac.uk/PPS2/projects/jonda/)]. (C) UV/VIS absorbance
spectra of EGFP (blue line), EGFP/Arg96Cys (red line), EGFP/Arg96Ala (light green line),
EGFP/Arg96Ser (green line). Inset represents near UV/VIS spectra of these proteins. (D)
Far-UV CD spectra of EGFP (blue line), EGFP/Arg96Cys (red line), EGFP/Arg96Ala (light
green line), EGFP/Arg96Ser (green line). Inset: near-UV CD spectra of these proteins. (E)
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Fluorescence emission spectra of EGFP (blue line), EGFP/Arg96Cys (red line), EGFP/
Arg96Ala (light green line), EGFP/Arg96Ser (green line). Spectra have been normalized to
have similar maximal intensity. (F) Tryptophan fluorescence spectra of EGFP (blue line),
EGFP/Arg96Cys (red line), EGFP/Arg96Ala (light green line), EGFP/Arg96Ser (green
line). For EGFP/Arg96Ala and EGFP/Arg96Ser spectra have been measured just after
purification (dashed line) and after the incubation for 1 year (solid line). Agx = 297 nm.
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300 320 340 360 380 40

Wavelength, nm

The fluorescence spectra excited at 280 nm (curves 1) and 297 nm (curves 2) and the
contribution of the Tyr residues (curves 3) to the bulk fluorescence of EGFP (panel A) and
EGFP/Arg96Ala (panel B). For EGFP/Arg96Ala spectra have been measured just after
purification (dashed line) and after the incubation for 1 year (solid line).
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Figure 3.

Acrylamide quenching of tryptophan fluorescence (curves 1-4) and chromophore
fluorescence (curves Cro, 1-4) for EGFP, EGFP/Arg96Cys, EGFP/Arg96Ala, EGFP/
Arg96Ser, curves 1, 2, 3, and 4, respectively. Quenching experiments were carried out as
described under “Materials and Methods.” The slopes of the regression lines, corresponding
to the Stern-VVolmer constants (Kgy), are given in Table II.
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Kinetics of green fluorescence changes accompanying protein unfolding in 2.0M (A), 4.0M
(B), and 5.6M GdmClI (C) for EGFP (1), EGFP/Arg96Cys (2), EGFP/Arg96Ala (3), EGFP/
Arg96Ser (4). Kinetic curves for each protein have been normalized to its fluorescence
intensity in native state. Curves 5 in Figures 4(A—C) are kinetic dependencies for EGFP in

O0M GdmCl.
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Figure 5.
Conformational stability of original EGFP (A), EGFP/Arg96Cys (B), EGFP/Arg96Ala (C),

EGFP/Arg96Ser (D) as manifested by the resistance of proteins toward the GdmCl-induced
unfolding monitored by changes in green fluorescence. Proteins have been incubated in the
presence of the desired GAmCI concentration for 1 day (triangles), 4 days (circles), and 5
days (squares).
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The dependences of AGP on the GdmCI concentration for EGFP (1, triangles), EGFP/
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Arg96Cys (2, circles), EGFP/Arg96Ala (3, diamonds), EGFP/Arg96Ser (4, squares). The
corresponding thermodynamics constants are given in Table IV. Insert represents kinetics of

the approaching of unfolding equilibrium determined as C1/2 versus incubation time

dependences for EGFP (circles) and EGFP/Arg96Cys (squares).
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Table Il

Quenching Constants of the Original EGFP and Its Mutant Proteins

Tryptophan accessibility

Chromophore accessibility

Ksy (M) kg (108M71s7Y) Koy (M) kg (108M71s7Y)
EGFP 2.59+0.03 6.5+0.4 0.06 +0.01 0.23 £0.07
EGFP/Arg96Cys  3.24 +0.05 7.7+05 0.05+0.01 0.19 £ 0.06
EGFP/Arg96Ser  1.59 +0.01 59+0.6 0.05 +0.02 0.30 £0.07
EGFP/Arg96Ala  1.25+0.04 56+0.8 0.06 +0.01 0.22 £ 0.07
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Kinetic Rates of EGFP and Its Mutant Proteins Denaturation at 5.6M GdmClI

Table Il

Kapp (1078 571)

EGFP 39+01
EGFP/Arg96Cys 20+0.1
EGFP/Arg96Ser 53+0.1
EGFP/Arg96Ala 48+0.1
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Table IV

Page 27

Thermodynamic Parameters of GdmCI-Induced Unfolding of EGFP and Its Mutant Proteins, as Obtained from
the Analysis of the Equilibrium Transitions

0
m (kcal mol~tM~%)  Dsgg (M) AGr\r—U(O)(kcal mol1)

EGFP

EGFP/Arg96Cys
EGFP/Arg96Ser
EGFP/Arg96Ala

21+0.2 33%0.1 -7.0+ 0.5
20+0.2 3.6+0.1 -7.3+0.8
1.0+0.2 31+01 -2.8+0.6
1.1+0.2 28+0.1 -34t07
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