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The fluorescent properties of the S-layer enhanced green fluorescent fusion protein (rSbpA31-1068/EGFP) were
investigated as a function of temperature, pH conditions, and guanidine hydrochloride concentration. These results
were compared to the fluorescent properties of the recombinant enhanced green fluorescent protein (EGFP) and
an equimolar mixture of the S-layer protein rSbpA and EGFP. The intensity of the fluorescence emission of the
EGFP at 510 nm, after excitation at 490 nm, is not affected by the presence of rSbpA, either as a fusion partner
or as a free protein in solution. In each of the three protein systems, the emission intensity at 510 nm reaches its
maximum value between pH 7 and 9 at 20°C and at 0 M guanidine hydrochloride. No fluorescence could be
measured at pH 4 and 6 M guanidine hydrochloride. These results show that the S-layer fusion protein (rSbpA31-1068/
EGFP) is a suitable candidate for future applications in nanobiotechonology at a wide range of pH, temperature,
and guanidine hydrochloride concentrations.

Introduction

Green Fluorescent Protein (GFP) is a naturally fluorescent
27 kDa protein with 238 amino acid residues from the jellyfish
Aequorea Victoria.1 The discovery that GFP can form a
functional fluorophore without other genes or cofactors2 has led
to its extensive use as a reporter of expression, with fluorescent
fusion proteins being produced to monitor the expression and
localization of many proteins.3-5 Chemical studies of GFP and
expression of cDNA for GFP in prokaryotes and eukaryotes
have shown that the chromophore is a product of a post-
translational modification of the primary structure, involving
an auto-cyclodehydration of the tripeptide segment, -Ser65-Tyr66-
Gly67-, and an autoxidation of the resulting dihydro-ring
system.6,7 During the last few years some GFP mutants have
been made to increase the fluorescence at the protein major
peaks. The enhanced green fluorescent protein (EGFP) is a
variation of the GFP.8 EGFP presents several advantages against
to wild-type GFP: (a) It fluoresces more intensely, and (b)
expressed GFP has been found to be insoluble and nonfluores-
cent in bacterial systems.9

Among many different applications in biology, EGFP has
been used to detect cell surface markers,10 retroviral transfec-
tions,11 and cytosolic and Golgi pH indicator.12 However, in
many cases it is necessary to find a method to attach EGFP to
surfaces without changing its fluorescent properties. This goal
can be achieved in two steps: (i) by engineering a fluorescent

fusion protein using S-layer technology5 and (ii) by finding the
experimental conditions that lead to the recrystallization of such
fusion proteins in two-dimensional (2-D) crystalline arrays.13

The latter exploits the properties of the bacterial surface layers
(S-layers), which are composed of identical (glyco)protein
subunits and represent the outermost cell envelope component
in many bacteria and archaea, presenting oblique, tetragonal,
and occasionally hexagonal symmetry. It has been shown that
isolated S-layer subunits are able to recrystallize on liposomes
and polyelectrolytes, building supramolecular structures that
adopt their original bacterial crystalline structures.13,14 Thus
S-layer proteins represent unique building blocks in molecular
nanobiotechnology and biomimetics. The successful cloning and
expression of the functional chimeric S-layer fusion protein
(rSbpA31-1068/EGFP) was reported in a previous paper.5 This
fusion protein was generated from a 750 bp nucleotide sequence
encoding the EGFP and the 3′ end of the sequence encoding
rSbpA31-1068. Fusion of the N-terminus of EGFP to the
C-terminus of rSbpA produced a fusion protein rSbpA31-1068/
EGFP that underwent correct folding and retained the ability
to form regular arrays.

In this paper we compare the fluorescent properties of the
fusion protein rSbpA31-1068/EGFP with EGFP and an equimolar
mixture composed of rSbpA and EGFP, as a function of
temperature, pH value, and denaturant guanidine hydrochloride
concentration. We also investigated the protein-protein interac-
tion, that is, the influence of rSbpA on the fluorescent properties
of EGFP.

Experimental Section

Equipment. Fluorescence measurements were carried out with a
LS 55 Luminescence Spectrometer (Perkin-Elmer instruments). A quartz
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cuvette with a 1 cmpath length was used with a minimum test volume
of 2 mL. Special software (FL WinLab) recorded the spectra.
Temperature-dependent measurements were performed with a Ther-
mostat DC 30 (Thermo Haake).

Materials. Expression, isolation, and purification of EGFP (Mn ≈
27 000) and rSbpA31-1068/EGFP (Mn ≈ 136 000) have been described
previously.5 The stoichiometry of rSbpA31-1068/EGFP in the fusion
protein is 1:1.

Recombinant S-layer protein rSbpA (Mn ≈ 127 000) ofBacillus
sphaericusCCM 2177 was produced according to the procedure
described elsewhere.15 All buffer solutions were prepared in Milli-Q
water (18.2 MΩ cm-1, pH ) 5.5). Different buffer solutions were
used: citric acid monohydrate (Merck) for pH 4, Tris-(hydroxymethyl)
amino methane (Tris X-HCl) (Gerbu) for pH 7and 9, and Tris for pH
11. Guanidine hydrochloride (GHCl) was dissolved in Tris buffer (pH
7.2).

Results and Discussion

Influence of pH on the Emission Spectra of EGFP,
rSbpA31-1068/EGFP, and the Equimolar Mixture rSbpA +
EGFP. Figure 1 shows typical excitation and emission spectra
of rSbpA31-1068/EGFP. Excitation takes place at 490 nm, while
fluorescence is emitted at 510 nm. EGFP and the equimolar
mixture rSbpA + EGFP were also excited at 490 nm and
presented fluorescence emission at 520 nm (spectra not shown).
The fluorescence intensity decreased at lower pH values. Figure
2 shows the values of fluorescence emission at 510 nm
(excitation at 490 nm) as a function of pH value for EGFP,
rSbpA31-1068/EGFP, and the equimolar mixture rSbpA+ GFP.
The concentration of EGFP, 0.24µM, was constant in each case.
The measurements show that the intensity of EGFP, rSbpA31-1068/
EGFP, and rSbpA+ EGFP rises with increasing pH value from
4 to 7, reaching a constant value between pH 9 and 11. At pH
4 neither excitation nor emission could be measured. These
results are in agreement with those reported by Llopis et al.12

for EGFP and Sawano and Miyawaki16 for another GFP variant.
The effect of reducing the pH is to quench the fluorescence
rather than to shift the fluorescence peak due to a protonated
chromophore.8 In Figure 2 an exponential function has been
used to fit and determine the differences in area below the

experimental points to quantify the percentage loss of fluores-
cence intensity. The obtained values are shown in Table 1; it
can be seen that the equimolar mixture rSbpA+ EGFP shows
an approximately 10% loss of fluorescence with respect to that
of EGFP. The fusion protein rSbpA31-1068/EGFP, engineered
for this study, has a 5% loss of fluorescence intensity. The results
also show that the presence of rSbpA does not affect, in any
case, significantly the fluorescent properties of EGFP. This fact
is in agreement with studies carried out by Chalfie et al.,2 where
they showed that EGFP does not interfere with other macro-
molecules during cell growth (and function), retaining its
fluorescent properties.

Influence of Temperature on the Emission Spectra of
EGFP, rSbpA31-1068/EGFP, and the Equimolar Mixture
rSbpA + EGFP. Figure 3 shows the behavior of the emission
spectra as a function of temperature for (a) EGFP, (b)
rSbpA31-1068/EGFP, and (c) rSbpA+ EGFP. The emission
intensity of EGFP in every case decreases linearly with
increasing temperature as the sample is heated from 10 to 70°C,
with an average decrease of 50% of the fluorescence intensity
observed over this temperature range. Ward and co-workers
found a similar behavior for GFP variants.17 The values of the
different slopes, ranging from-0.0101 to-0.0108, obtained
for the three samples, are shown in Figure 3. These values
indicate that the decay in emission of EGFP is similar for each
sample. (The relative error of the experimental points was 5%.)
The heat-induced decrease in fluorescence intensity is a revers-
ible process, although the measured kinetics could not be the
same due to the fact that cooling the sample took approximately
10 min longer than heating.

Figure 1. Typical fluorescence excitation (490 nm) and emission
spectra (510 nm) of the fusion protein rSbpA/EGFP as a function of
pH (9, 7, and 5.5). Note that the fluorescence intensity decreases at
low pH. EGFP as well as the rSbpA + EGFP mixture presented the
same behavior.

Figure 2. Fluorescence intensity as a function of pH value at room
temperature. An exponential function y ) 1 - exp[A(x0 - x)], x0 ) 4,
was chosen to integrate the area below the experimental points to
quantify the loss in fluorescence, which is about 10% (see text and
Table 1). The relative error of the experimental points was 5%:
squares, EGFP; circles, rSbpA31-1068/EGFP; triangles, rSbpA +
EGFP.

Table 1. Loss in Fluorescence as a Function of pH Valuea

protein sample area normalized value

EGFP 6.12 1
rSbpA31-1068/EGFP 5.80 0.95
rSbpA + EGFP 5.50 0.90

a The area below the experimental points has been quantified by
integration. Comparison between normalized values gives the percentage
loss in fluorescence (taken EGFP as a reference), that is, 5% for the fusion
protein and 10% for the equimolar mixture.
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The increase of the temperature seems to affect the fluores-
cence intensity in two ways. On one hand, the rise of the
temperature increases the probability of unfolding EGFP as well
as rSbpA from their native states by decreasing the barrier of
the transition estate along the coordinate reaction. On the other
hand, collisions between molecules increase fluorescence quench-
ing. These results show the thermostability of the engineered
fusion protein(rSbpA31-1068/EGFP) and its ability to refold. In
former experiments,18 it has been found that wild-type SbpA,
the main building block of the fusion protein presented in this
study, preserves its 2-D crystalline structure at 60°C. This fact
together with the thermal dependence rSbpA31-1068/EGFP makes
this fusion protein a valuable cell membrane marker for thermal
studies.

Influence of Guanidine Hydrochloride Concentration on
the Fluorescence Properties of EGFP, rSbpA31-1068/EGFP,
and the Equimolar Mixture rSbpA + EGFP. Figure 4 shows
the influence of the denaturant agent GHCl on the emission
intensity at 510 nm of EGFP, rSbpA31-1068/EGFP, and rSbpA
+ EGFP. These measurements were carried out after 20 min
of equilibration. The fluorescence intensity is at its maximum
when no guanidine hydrochloride is present in solution. From
Figure 4, it can be seen that the decrease in fluorescence
intensity is approximately 35-40% for a concentration of 2 M
GHCl, approximately 70% for 3 M GHCl, and approximately
90% for 4 M GHCl. No fluorescence emission could be
measured for 6 M GHCl, indicating that EGFP had lost its initial
folded conformation and activity due to the disruption of the
interactions that stabilize the anionic form of the chromophore.
Fukuda et al.19 reported that the fluorescence emission of GFP
vanished at 6.5 M GHCl, while in a more recent study
Campanini et al.20 found that encapsulated green fluorescent
protein (mut2) in silica in wet nanoporous silica gels unfolded
at 6 M GHCl. Our results show that the unfolded state of both
the EGFP (and rSbpA) proteins at 6 M GHCl led to a decrease
in the fluorescence intensity. The results also show that the
fusion partner rSbpA does not influence the fluorescent proper-
ties of EGFP.

Conclusions

The fluorescence emission of the EGFP, the S-layer fusion
protein rSbpA31-1068/EGFP, and an equimolar mixture EGFP
+ rSbpA has been investigated as a function of the temperature,
pH, and GHCl concentration. It has been found that rSbpA does
not influence the fluorescence emission at 510 nm of the EGFP,
either as a fusion partner or free in solution. For the three protein
systems, the emission intensity of EGFP at 510 nm reaches its
maximum between pH 7 and 9, at 20°C, and when no GHCl
is present in solution. No fluorescence could be detected at pH
4 and 6 M GHCl.

In this study we have shown, in particular, that the engineered
S-layer fusion protein rSbpA31-1068/EGFP is suitable for in vitro
applications. We conclude that the fluorescent properties of the
fusion protein rSbpA31-1068/EGFP are equivalent to the fluores-
cent properties of EGFP. This fact together with the ability of
the fusion protein to recrystallize on different supports building
model membranes makes this fusion protein a useful tool for
nanobiotechnology. Thus, rSbpA31-1068/EGFP could be used as
a label to visualize and measure specific interactions of S-layers
with cell membrane components or other macromolecules.
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