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Abstract

Diversification of protein sequence-structure space is a major concern in protein engineering. Deletion mutagenesis can
generate a protein sequence-structure space different from substitution mutagenesis mediated space, but it has not been
widely used in protein engineering compared to substitution mutagenesis, because it causes a relatively huge range of
structural perturbations of target proteins which often inactivates the proteins. In this study, we demonstrate that, using
green fluorescent protein (GFP) as a model system, the drawback of the deletional protein engineering can be overcome by
employing the protein structure with high stability. The systematic dissection of N-terminal, C-terminal and internal
sequences of GFPs with two different stabilities showed that GFP with high stability (s-GFP), was more tolerant to the
elimination of amino acids compared to a GFP with normal stability (n-GFP). The deletion studies of s-GFP enabled us to
achieve three interesting variants viz. s-DL4, s-N14, and s-C225, which could not been obtained from n-GFP. The deletion of
191–196 loop sequences led to the variant s-DL4 that was expressed predominantly as insoluble form but mostly active. The
s-N14 and s-C225 are the variants without the amino acid residues involving secondary structures around N- and C-
terminals of GFP fold respectively, exhibiting comparable biophysical properties of the n-GFP. Structural analysis of the
variants through computational modeling study gave a few structural insights that can explain the spectral properties of the
variants. Our study suggests that the protein sequence-structure space of deletion mutants can be more efficiently explored
by employing the protein structure with higher stability.
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Introduction

Protein engineering tools have enabled not only the generation

of valuable proteins with new functions and stabilities but also the

various fundamental studies on protein structure, function,

stability and evolution [1,2]. In general, the efficiency of a protein

engineering method relies on the diversity of protein sequence-

structure space, because the chance to find out new properties may

be increased by exploring more diverse protein sequence-structure

space [3]. Substitution mutagenesis is a major tool which has been

employed in various protein engineering studies. The approach

induces the diversification of target protein sequence-structure

space by altering the amino acid residues in natural sequence with

other amino acids, which allows for the modulation of target

protein function and stability. Indeed, it has tremendously

contributed to the development of various academic and industrial

fields related to protein engineering and science.

Deletion mutagenesis is another type of mutation used in

protein science and engineering. The deletion approach has been

mainly employed in mapping the function of a target protein,

which significantly contributed to elucidating the relation between

protein sequence, structure and function [4]. On the other hand,

the deletion mutagenesis has also been recognized as an important

protein engineering tool. In particular, deletion mutagenesis is

known to induce different structural changes in target proteins

from those caused by substitution mutations, which provides

important tools for altering protein structures and functions in

directions not achievable with substitutions alone [4]. Protein

properties such as stability, activity, interface, and size could be

changed by the deletion mutagenesis such as N- or C-terminus

deletions, loop deletions and random deletions [5,6,7,8,9,10,11].

In addition, protein structural database indicate that deletion

mutations are also involved in protein sequence evolution in

nature [11], suggesting that deletion mutations can be included in

the mutagenesis step of directed evolution. Despite these potentials

of deletion mutagenesis in protein sequence engineering and

evolution, the approach has not been popularly used compared to

substitution mutagenesis method because deletions lead to

relatively large structural perturbations, and so the target proteins

are prone to be inactivated [12,13,14].

Recently, there have been theoretical and experimental

demonstrations that protein stability promotes the evolvability of

proteins [15,16,17,18]. The concept is that a protein’s capacity to

evolve is enhanced by the mutational robustness of stable protein.

Although the protein stability-evolvability relationship is not

absolutely clear yet, the reports sufficiently provided the insight

that the protein engineering and design tasks can be facilitated

using stable protein folds with high stability. Indeed, the concept

was successfully employed in some typical protein engineering

PLOS ONE | www.plosone.org 1 December 2012 | Volume 7 | Issue 12 | e51510



studies based on canonical amino acid mediated substitution

mutagenesis [19,20,21]. We also demonstrated that the concept

could be applied to non-canonical amino acid mediated protein

engineering approach [22], which permitted the generation of

functional proteins with unnatural properties efficiently [23,24].

In this study, we show that the protein stability-evolvability

concept can also be used to overcome the drawback of the deletion

mutagenesis method mentioned above. Our idea is that the use of

a more stable fold may allow for more deletions without

perturbing the protein’s native structure too much, which may

confer us more chances to generate deletion mutants with

functional and varied properties. To demonstrate this, green

fluorescent proteins (GFP) with different stabilities were mutated

by deletion mutations as a model system. We systematically

investigated the effect of GFP stability on the tolerance to N-

terminal, C-terminal, and internal loop sequence deletions. From

the deletion study using a highly stable GFP fold, some interesting

variants which cannot be obtained from GFP fold with normal

stability could be generated, and their biophysical properties were

studied. To understand the properties of generated variants, in

silico studies on the structural changes of the variants were also

performed.

Materials and Methods

Materials
The reagents for molecular cloning work were purchased from

New England Biolabs (Tokyo, Japan) and chemicals were from

Sigma chemicals (St. Louis, MO, USA). pET30b(+) from Novagen

was used for the expression of target proteins. The cloning host

Escherichia coli strain DH5a was used for plasmid DNA preparation

in this study. E. coli BL21 (DE3) was used as the host for expression

of target protein.

Construction and Expression of s-GFP, n-GFP and
Variants

Primers were designed for specific deletions and their

sequence details were provided in Supporting Information
S1 along with target genes. The genes of n-GFP variants and s-

GFP variants were respectively PCR amplified from pQE80-

GFP [25] and pQE-80L-GFPhs1 [22] using the designed

primers and cloned into Nde I and Xho I restriction sites of

pET30b(+). The internal deletions were made using overlap

extension PCR [26]. The constructs had N- or C-terminal

hexahistidine tag for affinity purification. The PCR amplified

genes were cloned into pET30b(+) and over-expression of s-

GFP, n-GFP and deletion variants were carried out in E. coli

BL21 (DE3). E. coli BL21 (DE3) harboring the variants were

grown at 37uC and induced at 0.6–0.8 O.D600 with 1 mM

IPTG for 5 hrs. For SDS-PAGE analysis, 3 O.D600 nm of over

expressed cells were collected by centrifuging at a speed of

5000 rpm for 10 min at 4uC and lysed using BugBusterTM

Protein Extraction Reagent (Novagen). The lysate was centri-

fuged at 13,000 rpm for 30 min to separate soluble and

insoluble fractions, and analyzed on SDS-PAGE gel. For affinity

column purification of protein, cells were grown at 37uC and

induced at 0.6–0.8 O.D600 nm for 18–48 hrs at 15u. The cells

were collected by centrifugation at 5000 rpm for 10 min at 4uC
after overexpression and lysed using French press (Thermo

Scientific). The soluble protein fractions were purified by Ni-

NTA column chromatography (GE Healthcare Bio-Sciences,

Sweden) by standard protocol. Elution fractions were analyzed

by SDS-PAGE and dialyzed against phosphate buffered saline

(PBS) pH 7.4.

Measurement of Fluorescence Intensity
The fluorescence of s-GFP, n-GFP and deletion variants were

recorded on Perkin Elmer/Wallac Victor 2 Multilabel Counter

(1420–011) by measuring the fluorescence intensity by exciting at

485 nm and emission at 515 nm with excitation/emission slits of

5.0 nm. The whole cell fluorescence assay was performed by

suspending the cell pellet of 200 ml over expressed culture in PBS

for measurement. The excitation/emission spectra of protein were

recorded on PerkinElmer LS-55 Fluorescence spectrometer

attached with FL WinLabTM software for spectral analysis. For

excitation scan, the emission wavelength was set at 560 nm with

slit of 2.5 nm except for s-C225 (10 nm). In emission scan, the

emission wavelength was scanned by exciting at 440 nm, between

450–600 nm with excitation slit of 2.5 nm except for s-C225

(10 nm). The scan speed for both spectral scanning was 50 nm/

min.

Denaturation and Refolding of GFP Variants
Purified GFP variant proteins (30 mM) each were denatured

under harsh condition in PBS (pH 7.4) containing 8 M urea and

5 mM DTT unfolded at 95uC for 5 min. Urea denatured samples

were renatured at room temperature by 100 fold dilution into PBS

containing 5 mM DTT without urea. The concentrations of

denatured proteins were adjusted to 0.3 mM and recovered

fluorescence was measured using PerkinElmer LS 55 Fluorescence

spectrometer (490 nm excitation, 511 nm emission, 2.5 nm

(10 nm for s-C225) excitation/emission slit) for 30 min with an

interval of 3 sec. The recovered fluorescence was normalized by

dividing with maximum fluorescence value of the spectra. The

normalized values were fitted with Sigma Plot (Systat Software

Inc., CA) using equations as described by previous report [27].

Equilibrium Refolding Plot
Column purified proteins at a concentration of 100 mM in

1xPBS (pH 7.4) were diluted 5 fold in 10 M urea dissolved in

refolding buffer (25 mM Tris pH 7.5, 0.2 M NaCl, 5% Glycerol,

1 mM DTT) to get final concentration of 8 M urea and unfolded

at 95uC for 5 min. Fraction refolded was measured by diluting

urea denatured proteins into refolding buffer containing 5 mM

DTT to various concentration of urea (1 M–6 M) by allowing to

refold for 24 hrs at 15uC. Fluorescence was measured by exciting

at 485 nm and emission at 515 nm with excitation/emission slits

of 5.0 nm and was recorded on Perkin Elmer/Wallac Victor 2

Multilabel Counter (1420–011). The concentration of urea at

which the 50% of initial fluorescence was recovered after 24 hrs

incubation is termed C0.5. C0.5 was determined by sigmoidal fit

using sigma plot (Systat Software Inc., CA) [27].

Fluorescence Microscope Imaging
Liquid culture of s-GFP and its variants of N-terminal and C-

terminal deletions were spread with loop on clean glass slides and

air dried for 5–10 min. The slides mounted with samples were

observed under 406magnification with 106objective using Zeiss

Axioplan 2 Fluorescence Microscope. The fluorescent cells were

captured with digital imaging system and analyzed using

Axiovision Rel. 4.8.2, software equipped with microscope.

Measurement of Circular Dichroism Spectrum
Protein samples were buffer exchanged to 10 mM sodium

phosphate (pH 7.4) and the concentration was adjusted to

0.2 mg/ml. CD experiments were performed on JASCO J-715

Spectropolarimeter with a Jasco PTC 348WI temperature

controller. The Far-UV spectra (240–200 nm) were measured in
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0.1 cm path length quartz cuvette filled with 0.2 mg/ml protein

solution. The secondary structure content from the Far-UV

spectra was estimated through DichroWeb [28,29] server with 7

set of reference in Contin program.

Molecular Modeling of s-GFP and its Variants
The three dimensional structure of the GFP variant, s-GFP was

modeled using the template structure of superfolder GFP (PDB ID

2B3P) [27]. The Build mutant protocol from the Protein modeling

module of the Discovery Studio 2.0 (Accelrys Inc., San Diego, CA,

USA) was used to model the s-GFP structure with the following

steps. In the first step, the mutations required to represent the s-

GFP were incorporated by replacing those amino acids of the

template superfolder GFP structure. Second, the modified

structure was optimized using the simulated annealing algorithm

only for the mutated residues and its surrounding atoms within the

radius of 4.5 Å so that the newly introduced amino acid positioned

properly without any steric clash with the surrounding amino

acids. Finally, energy minimization was performed for the entire s-

GFP structure in order to optimize the overall structure for the

introduced mutations. The conditions used for energy minimiza-

tion were as follows; the atoms were typed with Momany & Rone

CHARMm force field, non-bonded interactions cutoff were set to

10 to 12 Å, solvent conditions used were distance-dependent

dielectrics with a dielectric constant set to 4 to mimic the screening

effects of the solvent at the crude level, energy minimization cycles

were carried out until the RMS gradient tolerance was #0.1 kcal

mol 21Å 21. This modeled s-GFP structure having chromophore

was used as the template for modeling the terminal deletion

variants of GFP by deleting the corresponding residues mentioned

in the Table 1 for each variant. For the modeling of internal

deletion variants, the primary sequences after deleting the residues

mentioned in the Table 1 for each variant were prepared and

modeled using the s-GFP as the template structure with the help of

Build homology module of the Discovery Studio 2.0. All the

deletion variant structures were energy minimized using the same

procedure mentioned above for the energy minimization of s-GFP.

The solvent accessible surface area were predicted using the 1.4 Å

probe radius, and the amino acid side chains with more than 25%

accessibility to this probe radius were considered to be surface

exposed residues in this study. The bond distance between N-O

for an electrostatic pair to form a strong salt-bridge was considered

to be #4 Å, and for the hydrogen bond, the distance between the

donor and the acceptor atom was considered to be #2.5 Å

[30,31].

Molecular Dynamic Simulation of s-GFP and s-DL4
The three dimensional structure of s-GFP and s-DL4 were

modeled with template crystal structure of GFP (PDB ID 1GFL)

[32] which does not contain the chromophore using the same

procedure mentioned above for modeling the s-GFP with

chromophore. The MD simulation was performed using the

GROMACS 4.5.5 with GROMOS96 53a6 as the force field [33].

The protein was solvated using the SPC/E water and the system

was neutralized with Na+ as counter ions. The system was energy

minimized before simulation to avoid bad contacts and in-

appropriate geometry using the steepest descent algorithm for

2000 steps. Position restrained simulation was performed for

equilibrating the system using the NVT and NPT ensemble, each

for 100 ps. Unrestrained simulation was performed for 10 ns with

Berendsen thermostat of 300 K and the pressure was maintained

at 1.0 bar with Parrinello-Rahman pressure coupling factor. The

trjconv, g_rms, and g_rmsf utilities of GROMACS 4.5.5 were

used to analyze the MD results.

Results

GFP Folds Used in this Study
Two different GFP sequences, i.e. GFPmut3.1b and GFPhs1, with

different stabilities were employed to compare the effect of

tolerance to deletion mutation. GFPmut3.1b, a S65G/S72A mutant

of wild type GFP, is one of the rapid folding GFPs engineered by

directed evolution [34] and has been used in various studies

[35,36]. GFPhs1 is a derivative of superfolder GFP constructed by

introducing 11 superfolder GFP mutations [27] and other 2

mutations known to stabilize GFP structure into GFPmut3.1b [22].

The GFPhs1 exhibited higher stability and mutational robustness

compared to GFPmut3.1b, and their detailed sequences and

biophysical properties were described in our previous report

[22]. In this study, the GFPmut3.1b and GFPhs1 were used as a GFP

fold with normal stability (n-GFP) and a GFP fold with higher

stability (s-GFP), respectively.

Tolerance of s-GFP and n-GFP for Deletion
Figure 1 shows the representative secondary structure of GFP,

a single chain polypeptide of 238 amino acids with 7 a-helices, 11

b-strands and some connecting loop regions [27], and the primary

sequence of s-GFP. The residues at position 65–67 in GFP form

fluorophore on spontaneous oxidation and this characteristic

spectral signal directly marks the structure and activity of the

protein [37]. First, we generated various N-terminal, C-terminal,

and internal sequence deletion variants of s-GFP using designed

primers, expressed in E. coli, and measured their whole cell

fluorescence. Based on the results, we constructed corresponding

n-GFP deletion variants, and conducted same experiments.

Table 1 presents the representative results comparing the

relative whole cell fluorescence of s-GFP variants with those of n-

GFP variants. The dissection of the N-terminal deletions of s-GFP

allowed us to identify that the deletion of N-terminus up to 14th

amino acid retains the fluorescent activity of s-GFP despite the

decrease of fluorescence and the deletion of 2–15 amino acids

completely abolished the activity. C-terminal deletion studies

revealed that the C-terminal can be eliminated up to the 225th

amino acid with fluorescence activity. On the other hand, the

deletion variants of 2–11, 2–14 and 225–238 for n-GFP lost their

activities completely. We didn’t further dissect the N- and C-

terminal deletions for n-GFP, but the results clearly indicate that

the higher the protein stability is, the more we can delete the

terminals of target proteins.

For the study on the elimination of internal sequences, we

deleted four internal sequences (76–81, 83–88, 132–139, 191–196)

of s-GFP which generated the mutants of s-DL1, s-DL2, s-DL3,

and s-DL4. The 76–81 and 83–88 residues are the sequences that

form small a-helices and the 132–139 and 191–196 are the

sequences involving large loops of GFP. The sequences are known

to be essential in the formation of proper structure of GFP and the

deletions of these sequences led to the complete inactivation of

GFP [6]. As shown in Table 1, among the s-GFP variants

individually devoid of four internal loops, s-DL1, s-DL2 and s-

DL3 were completely inactivated, but the deletion mutant of 191–

196 residues (s-DL4) exhibited about 81% of fluorescent activity of

s-GFP. On the other hand, the 191–196 deletion mutant of n-GFP

(n-DL4) was completely inactivated. The combinatorial deletions

of the internal loop (191–196), N-terminal (2–11 or 2–14), and C-

terminal (227–238) for s-GFP were also carried out. Among the

variants, only the mutant of 2–11 and 227–238 deletions (s-

N11C227) showed about 36% fluorescence activity of s-GFP, and

other mutants such as s-N11C227DL4 and s-N14C227 showed

4% and 7% of fluorescence activity respectively. s-N14C227DL4

Truncating Protein Structure Based on Stable Fold
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showed almost complete inactivation (Figure S1). On other hand,

the deletion mutation of 2–11 and 227–238 for n-GFP (n-

N11C227) showed no fluorescence. All these results also clearly

suggest that s-GFP is more tolerant than n-GFP against various

deletion mutations.

Expression Analysis of the Deletion Variants
The SDS-PAGE analyses of the soluble and insoluble

fractions for the above mutants were performed and the results

are shown in Figure S2. In the analyses, we could observe

some interesting points. First, most non-fluorescent variants of s-

GFP and n-GFP showed insoluble expression of the target

protein, but the inactive s-DL1 and s-DL2 mutants showed

almost the same soluble expression level of s-GFP (Fig. S2,
(a)). It is presumed that the deletions of 76–81 or 83–88 for s-

GFP didn’t significantly perturb the global structure of s-GFP

fold despite the slight structural change that can inactivate

fluorescence. Second, the N- or C- terminal deletion variants of

s-GFP, i.e. s-N11, s-N14, s-C225, and s-C224, showing

decreased fluorescence compared to s-GFP (Table 1) showed

similar soluble expression levels to s-GFP (Fig. S2, (b) and
(c)). These results suggest that the decreased fluorescent levels

of the mutants were not from the decreased soluble expression

levels, but from the decreased spectral intensities of the variants.

Third, s-DL4, the 191–196 deletion mutant of s-GFP, with an

81% fluorescent level of s-GFP, showed a very intriguing result

that the most expressed GFP was detected in insoluble fractions

(Figure 2a). This suggests that the s-DL4 variant is expressed

as insoluble form but functionally active, which was confirmed

Table 1. Comparison of relative whole cell fluorescence of s-GFP, n-GFP and deletion variants.

Deleted sequences
Name & Relative fluorescence/au (%) of s-GFP
variants[a]

Name & Relative fluorescence/au (%) of n-GFP
variants[b]

No deletion s-GFP 100 n-GFP 100

2–11 s-N11 80 n-N11 0

2–14 s-N14 35 n-N14 0

2–15 s-N15 0 n-N15 0[c]

225–238 s-C225 18 n-C225 0

224–238 s-C224 5 n-C224 0[c]

223–238 s-C223 0 n-C223 0[c]

76–81 s-DL1 5 n-DL1 -[+]

83–88 s-DL2 0 n-DL2 -[+]

132–139 s-DL3 2 n-DL3 -[+]

191–196 s-DL4 81 n-DL4 0

2–11, 227–238 s-N11C227 36 n-N11C227 0

The relative fluorescence (in arbitrary units) is defined as the whole cell fluorescence compared with fluorescence of cells expressing s-GFP[a] and n-GFP[b] respectively.
All the fluorescence values were normalized by the O.D600 nm of expressed cells. [c]Deletion of preceding residues in primary structure of n-GFP resulted in loss of
fluorescence and experiments were not carried out. [+]Reported elsewhere [6] that these loop deletions makes the protein non-functional.
doi:10.1371/journal.pone.0051510.t001

Figure 1. The primary structure and secondary structure map of GFP [27]. Single-letter amino acid codes are used for representing the
primary structure. Green color boxed residues ‘GYG’ represents the chromophore of GFP. Strands are represented in blue arrowhead and helices are
indicated in red. The connecting black lines represent the turns and loops which conjoins the adjacent strands. The sequence of s-N14 is devoid of
residues in box I. For s-C225, the residues in box VI are deleted. Residues in boxes II, III, IV and V are deleted in s-DL1, s-DL2, s-DL3 and s-DL4
respectively.
doi:10.1371/journal.pone.0051510.g001
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by detecting the fluorescence predominantly in the insoluble

fraction (Figure 2b).

Biophysical Properties of s-N14 and s-C225
Among the variants generated in above studies, the two

deletion variants of s-GFP, s-N14 composed of 225aa and s-

C225 composed of 224aa, were interesting because, as suggested

in the previous reports [5,6], the N-terminal or C-terminal

deletion mutants of GFP with reduced size can efficiently be

utilized in some biochemical studies. To examine the possibility

that s-N14 and s-C225 can be employed in biochemical studies,

the biophysical properties of the two mutants were compared

with those of n-GFP, one of the GFP variants which have been

used in various studies as a folding reporter [35,36]. Specifically,

we investigated the whole cell fluorescence, specific fluorescent

activities, fluorescent spectral properties, refolding rates and

tolerance to denaturant during refolding of the mutants. s-GFP

was also characterized as a control. Table 2 summarizes the

biophysical properties of the selected mutants and the brief

description of the results is followed.

The whole cell fluorescence activities of s-N14 and s-C225 were

approximately 35% and 18% of s-GFP, but slightly higher and

comparable to that of n-GFP, respectively. The specific activities

of the purified s-N14 and s-C225 were about 70% and 22% of s-

GFP, which corresponded to approximately 1.5 fold higher and

two fold lower values of n-GFP, respectively. Here, the lower

specific activities of s-N14 and s-C225 than s-GFP support the

decreased whole cell fluorescence activities of the mutants despite

the comparable soluble expressions described above. When the

excitation and emission wavelengths were scanned, the s-N14

mutant showed almost the same properties as that of s-GFP, but

the s-C225 exhibited the slight shift in wavelength of the ex/em

spectra (Figure 3). An in vitro refolding study showed that the

refolding rates of the two deletion mutants were almost the same as

s-GFP and higher than n-GFP (Figure 4). This result is correlated

with the SDS-PAGE analysis almost showing the similar soluble

expression levels of the s-GFP, s-N14 and s-C225 described above.

In order to test the tolerance of variants to urea during refolding,

we performed the experiment of renaturation equilibrium plot

against different concentrations of urea and measured the C0.59s of

the variants (Figure 5). The refolding stability of s-N14 and s-

C225 were superior to n-GFP but exhibited reduced stability than

s-GFP.

Taken together, the biophysical properties of s-N14 and s-

C225 were worse than s-GFP, but better or at least comparable

to those of n-GFP. These results suggest that the variants

generated by the truncation of terminal sequences can be

employed in biochemical studies. To confirm the possibility of

employment of the deletion variants in biochemical studies, we

expressed the variants in E. coli and captured the images using

fluorescence microscope. It was observed that the fluorescence

levels of the deletion mutants were sufficient to perform in vivo

imaging studies (Figure 6).

Figure 2. Expression and fluorescence activity of s-DL4. (a) Expression profiles of Escherichia coli BL21 (DE3) that produces s-DL4 variant which
is devoid of internal loop (191–196). Lane M-Marker, Lane T-total cell protein, Lane S-Soluble fraction, Lane I-Insoluble Fraction. The expressed protein
is indicated by arrow (b) UV irradiation of soluble and insoluble fraction of lysed s-DL4 variant to show the activity of the protein.
doi:10.1371/journal.pone.0051510.g002

Table 2. Comparison of biophysical properties of s-GFP, n-
GFP and variants.

Property s-GFP s-N14 s-C225 n-GFP

Relative whole cell
fluorescence/au (%)[a]

100 35 18 24

Specific activity (%)[b] 100 70 22 45

lex/em
[c] 490/511 490/511 467/506 501/511

Refolding rate61022s21[d] 2.0 1.8 2.0 0.8

C0.5(M)[e] 3.6 2.3 2.1 1.9

[a]The relative fluorescence (in arbitrary units) is defined as the whole cell
fluorescence compared with fluorescence of cells expressing s-GFP. All the
fluorescence values were normalized by the O.D600 nm of expressed cells.
[b]Specific activity (in arbitrary units/mM of purified protein) is the fluorescence
of purified protein compared with the fluorescence of purified protein of s-GFP.
[c]The excitation and emission maxima in units of nanometers.
[d]The refolding rate constant for the fast phase calculated by fitting refolding
curve in sigma plot.
[e]Concentration of urea (M) at which 50% of the initial fluorescence is
recovered during refolding of urea denatured protein.
doi:10.1371/journal.pone.0051510.t002
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Study on the Structural Perturbations of s-N14 and s-
C225

To investigate whether or not there were any significant

structural changes occurred due to the deletion of N-terminal and

C-terminal of s-GFP, we performed CD spectral analyses of s-

GFP, s-N14, and s-C225 (Figure 7). Although the analyses of the

secondary structure content of the variants from the CD spectral

data showed a slight variation of secondary structure amounts

which may be caused by N- or C- terminal deletions (Table S1),

we could not observe prominent structural changes between the s-

GFP and the variants. These results indicate that the main b-

barrel structure of s-GFP required for the fluorescent activity was

almost maintained despite the elimination of the fractions of

secondary structures in terminals.

Structural Analysis of s-GFP and Deleted Variants by
Molecular Modeling

As shown in the Table 1 and Figure S2, the N- or C-terminal

deletion mutants, i.e. s-N11, s-N14, s-C225, s-C224, s-N11C227,

showed similar soluble expression levels but reduced whole cell

fluorescence activities compared to s-GFP. In the case of loop

deletion mutants, s-DL1 and s-DL2, significant fluorescent

Figure 3. Fluorescence excitation and emission spectra. a) Excitation and b) Emission spectra of s-GFP, s-N14, s-C225 and n-GFP, measured
using fluorescence spectrometer. All amplitudes were arbitrarily normalized to a maximum value of 1.0 to show the difference in spectral wavelength
not the spectral intensity.
doi:10.1371/journal.pone.0051510.g003
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activities were not detected despite the soluble expression of the

variants. Especially, s-C225 exhibited the shift in em/ex wave-

length (Figure 3). These results suggest the possibility that the

variants folded and formed proper b-barrel structure as demon-

strated for s-N14 and s-C225 in the Figure 7, but their fluorescent

properties were substantially changed. In general, the spectral

properties of GFP are known to be sensitively influenced by the

arrangement of amino acids and their interactions such as

Figure 4. Representative plot of refolding kinetics for s-GFP, s-N14, s-C225 and n-GFP. Refolding kinetics was measured after
denaturation in urea (8 M) followed by renaturation by dilution. Normalized fluorescence in arbitrary units (au) was plotted against time. Insert table
showing the fast phase and slow phase rates of refolding process.
doi:10.1371/journal.pone.0051510.g004

Figure 5. Equilibrium refolding plot for s-GFP, n-GFP, s-N14 and s-C225. Protein samples were denatured in 8 M urea and diluted to
different concentration of urea in refolding buffer. Recovered fluorescence normalized by dividing by fluorescence of corresponding non-denatured
samples diluted in similar fashion.
doi:10.1371/journal.pone.0051510.g005
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hydrogen bonding and ion pair around chromophore

[32,37,38,39]. Therefore, to understand the reduced or lost

fluorescence activities of the variants, three dimensional structures

of the deletion variants (s-N11, s-N14, s-C225, s-C224, s-

N11C227, s-DL1 and s-DL2) were predicted by in silico modeling

and their structural differences from s-GFP were analyzed.

Superfolder GFP (2B3P) was used as the template structure to

model the s-GFP because s-GFP is the variant that includes mostly

superfolder GFP mutations. Detailed procedures for the structure

modeling are described in Materials and Methods section. The root

mean square deviations of the modeled structures of s-GFP and its

variants were found to be less than 1Å compared to their

corresponding template.

The lost and new electrostatic interactions of the N-terminal

deletion variants (s-N11 and s-N14) were shown in Table S2. The

modeled structure of s-N11 has one new hydrogen bond, but it lost

2 salt bridges and 12 hydrogen bonds. About 5 residues of the lost

interactions were located within 10Å distance of chromophore.

The modeled structure of s-N14 had 2 putative hydrogen bonds

besides the loss of original interactions of s-GFP which includes 12

hydrogen bonds and 2 salt bridges. Among the 24 residues

involved in the lost hydrogen bonds, 10 residues were found in the

10Å distance of chromophore, and I47 which forms putative

hydrogen bonding with T49 was also located within 10Å distance.

The interaction map of s-GFP, s-N11 and s-N14 showed that the

Phe8 residue and F8–G4 interaction was lost due to the deletion in

s-N11, and Phe8, Val12, Pro13, Ile14 residues and their related

interactions were lost due to the deletion in s-N14 (Figure 8(a)).

The interactions of C-terminal deletion variants (s-C225 and s-

C224) were also analyzed using the modeled structures and the

changes in interactions were shown in Table S3. The energy

minimized model of s-C225 was found to lose 9 parent hydrogen

Figure 6. Fluorescence microscope image of s-GFP and deletion variants. s-GFP, s-N14 and s-C225 were employed in live cell imaging by
expressing in E. coli. The images were captured using fluorescence microscope equipped with digital image analyzer.
doi:10.1371/journal.pone.0051510.g006

Figure 7. Structural validation by Circular Dichroism spectroscopy. CD spectral analysis of s-GFP, s-N14 and s-C225. Comparison of Far-UV
(200–240 nm) CD spectra of s-GFP, s-N14 and s-C225 showed the major peak for secondary structure of b-sheet.
doi:10.1371/journal.pone.0051510.g007
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bonds and to have one putative salt bridge and 4 putative

hydrogen bonds. Among the residues involved in the lost hydrogen

bonds, newly generated hydrogen bonds, and newly generated

salt-bridges, 9 residues, 5 residues, and 2 residues were found

around the chromophore in 10Å distance, respectively. The

modeled structure of s-C224 had 3 putative hydrogen bonds and 2

new salt bridges besides the loss of 8 original interactions. When

the interactions within the 10Å area of chromophore of s-GFP, s-

C225 and s-C224 were compared (Figure 8(b)), in addition to

the lost and altered hydrogen bond network mentioned in Table
S3, two residues Thr225 and Ala227 were eliminated in the

interaction map of s-C225, and three residues Val224, Thr225

and Ala227 were deleted in s-C224.

Table S4 shows the lost and new interactions of combined

deletion variant s-N11C227. The s-N11C227 was found to lose 14

parent hydrogen bonds and 2 parent salt bridges besides 8 new

interactions, which included 6 hydrogen bonds and 2 salt bridges.

Among the residues involved in lost interactions, 6 of lost

hydrogen bonds, 4 of newly generated hydrogen bonds and 4 of

new salt bridges were located within 10Å distance of chromo-

phore. In s-N11C227, the interactions of residues within 10Å

distance of the chromophore were mapped and compared with s-

Figure 8. Computational analysis of changes in structural interactions of s-GFP variants. Comparison of lost hydrogen bonding network
between s-GFP and deleted variants a) In s-N11 variant, deletion of F8 disrupted the hydrogen bond interaction with G4 along with loss of other
interactions as compared with s-GFP. In s-N14 mutants, deletion of V12, P13 and I14 were shown clearly by comparing with s-GFP which resulted in
loss of hydrogen bond interaction with G35, L119 and G33 respectivley. b) The interaction map of s-C225 showed the deleted residues T225 and
A227, and the lost hydrogen bonds. Deletion of V224, T225 and A227 were shown in the interaction map of s-C224. c) The combined deletion variant
s-N11C227 interaction map shows the deleted residues Phe8, Gly4, Gly10 and Ala227 and the interactions they were involved.
doi:10.1371/journal.pone.0051510.g008
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GFP, highlighting the elimination of Gly4, Phe8, Gly10 and

Ala227 (Figure 8(c)).

Table S5 shows the lost interactions of loop deleted variants (s-

DL1 and s-DL2), and Figure 9 presents their interaction maps

around chromophore. The analysis informed that the residues of

the deleted loops resulted in the loss of some amino acid residues

and their related interactions around chromophore. In s-DL1, the

residues Lys79 and His81 were missing along with their

interactions with Tyr74 and Phe83 due to the loop deletion

within 10Å distance of chromophore. In s-DL2, the missing of two

amino acids (Phe83 and Met88) and loss of 3 hydrogen bonds were

found within the 10Å distance of chromophore due to the deletion.

Above molecular modeling analysis gave following probable

clues for the changed spectral properties of the variants. First, the

structural analysis revealed that some hydrogen bonds, salt bridges

and amino acid residues of the s-GFP were lost and reoriented due

to the deletions. The loss of electrostatic interactions as well as

some amino acid residues was also observed around chromophore

in the deletion variants (Figure 8 and 9). As mentioned above,

the chromophore of fluorescent proteins exhibits different

fluorescent characteristics depending on the microenvironment

around the fluorophore [32,37,38,39]. It is presumed that the

deletions changed the packing interactions around the fluorophore

environment and led to the reduced fluorescence of the variants.

Second, above analysis informed us some correlations between

spectral properties of variants and their structural changes around

chromophore. An observed trend was that the variants showing

almost complete loss of fluorescence lost more amino acid residues

and electrostatic interactions around chromophore compared to

the variants showing reduced fluorescence. In particular, deletion

of C-terminal residues close to the catalytic residue E222 [40]

would have affected the electrostatic microenvironment around

chromophore more significantly, which might contribute to the

shift of lem/ex wavelengths in addition to the reduced fluorescent

activity of s-C225.

In silico Analysis of the Structure and Stability of s-DL4
An interesting result in our study was that the s-DL4 obtained

from the internal loop deletion showed active but insoluble

production (Figure 2). In general, the expression of GFP in E. coli

leads to the soluble active expression and insoluble inactive

expression. Although the insoluble fraction can include active

GFP, the ratio is known to be very low [41]. On the other hand, in

the case of s-DL4, approximately more than 95% of the expressed

insoluble GFP was active when estimated based on the whole cell

fluorescence and the amount of expressed protein. Although

further detailed studies are needed, it is presumed that the protein

sequences for s-DL4 folds into the proper structure of GFP for

fluorescence, but the folded structure is prone to be aggregated or

multimerized.

To understand the fluorescence activity of s-DL4 showing

almost same activity with s-GFP, the structure of s-DL4 was

modeled likewise the other variants. The modeled s-DL4 structure

showed that only one hydrogen bond interaction was lost due to

deletion of internal loop (191–196). Residue Leu195 had hydrogen

bond interaction with Arg80, which was lost due to loop deletion

(Figure 10(a)). The loss of only one hydrogen bond in the

deleted sequences for s-DL4 might be the plausible explanation for

retaining its fluorescence activity with less structural perturbation.

In addition, the lost L195 and related hydrogen bond are not

within 10Å distance of chromophore, which also supports the non-

changed fluorescent activity of s-DL4.

To find the possible explanation for the aggregation behavior of

s-DL4, the structure of s-DL4 was compared with the structure of

s-GFP, and structural changes were examined. In this analysis, we

focused on examining the structural changes of the exposed

hydrophobic amino acids in GFP surface and the amino acids in

the GFP dimer interface [32]. Any major structural differences

between s-GFP and s-DL4 were not observed in the hydrophobic

residues on surface and the residues in dimer interface, which

might be caused by the current limitations in the computational

structure modeling. To probe the structural perturbations of s-

DL4 induced by the loop deletion further, molecular dynamic

(MD) simulations study was performed. MD simulations of s-GFP

and s-DL4 showed that the main chain of s-DL4 was more

dynamically fluctuated than s-GFP (Figure 10(b)), which suggests

that the loop deletion may destabilize the structure of the folded s-

GFP. The analysis of the time-average fluctuations of the

individual residues suggested that there were some specific regions

showing high fluctuations in the primary sequence of s-DL4

(Figure 10(c)). In particular, it was identified that 30 residues of s-

DL4 showed fluctuations with the difference of more than 0.5 Å

compared to the corresponding residues of s-GFP (Table S6). In

addition, 9 exposed residues which were reported to be in the

dimer interface of GFP [32] and 17 other exposed hydrophobic

amino acids of s-DL4 were showing higher fluctuations than s-

GFP (Table S6). These results suggested the possibility that these

30 highly fluctuating residues along with some hydrophobic and

dimer interface residues in surface exhibit dynamic nature by the

deletion. A hypothesis is that the fluctuation of these unstable

residues might induce the formation of locally unfolded states,

which can initiate aggregation or multimerization of s-DL4.

Discussion

In this study, it has been shown that the deletional protein

engineering approach can be more efficiently performed by using

a more stabilized protein structure. This was demonstrated by

comparing two GFP sequences with different stabilities, n-GFP

and s-GFP. In addition, the deletion mutagenesis of s-GFP with

high stability also enabled us to generate deletion mutants such as

s-N14, s-C225 and s-DL4, which cannot be obtained from normal

GFP fold. s-N14 is the 2–14 residues deleted mutant of s-GFP

without the small turn, one helix and a part of first b-strand in N-

terminus of GFP. To our knowledge, s-N14 is the first GFP mutant

showing fluorescent activity without the amino acid residues

forming the first turn and helix. The deletion of 8 residues in the

GFP N-terminus has been known to abolish the GFP activity

completely so far [6]. The C-terminus deletion mutant of 225–

238, s-C225, is also likely to be the first deletion mutant without

a part of the last b-strand and complete tail sequence but showing

fluorescence activity. In the previous study, the maximum deletion

for C-terminus was the deletion of 229–238 residues while

retaining its functional activity [6]. In the study, internal loops

deletions were made but none of the loop deleted variants were

found to be fluorescent, whereas deletion mutant of internal loop

(191GPVLLP196), s-DL4, showed fluorescent activity in our

study. Various types of split GFPs and truncated circularly

permuted GFPs were reported to fluoresce [42,43]. However, in

those studies, only excisions were made to prepare two fragments

and the two fragments were reassembled to form complete b-

barrel structure, whereas the variants were functionally active after

true deletions in our study.

Though the tendency of a protein to form aggregate under

physiological conditions is unpredictable yet, aggregation can

happen through thermal fluctuations occurring under physio-

logical conditions [44,45]. For example, an enzyme acylpho-

sphatase from Sulfolobus solfataricus have been studied extensively
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and found to form active native-like aggregates through partially

unfolded protein molecules [46,47,48]. These results support our

hypothesis for the aggregation of active s-DL4 variant that the

dynamic fluctuations of some hydrophobic residues in exposed

positions or dimer interface residues in GFP can induce such

aggregation. However, detailed structural characterization of the

s-DL4 by NMR spectroscopy or X-ray diffraction may be

needed to give the exact reason for the aggregation of the s-

DL4.

Our study focused on demonstrating that deletion mutagenesis

can be more efficiently performed using stable fold by performing

terminal deletions and loop deletions. We performed relatively

systematic deletion studies for N-terminal and C-terminal residues,

and found the important residues in respective terminals that are

essential for retaining the native structure of stable GFP. On the

other hand, the loop deletion mutagenesis strategy was not so

systematic and just adapted from the previous work to compare

the tolerance of deletion mutation between s-GFP and n-GFP.

Further systematic deletion studies for the loop regions are needed

to understand more exactly how such mutations have influence on

the protein structure. Different type of deletion studies such as

deletions in b-strands are also expected to provide chances to

generate different interesting variants.

Although the engineering of physical properties such as protein

size and protein aggregation were shown in our study, the

approach using stabilized protein may also facilitate the engineer-

ing of catalytic proteins through deletion mutagenesis. For

example, it has been reported that the aminopeptidase PepC

was engineered by deleting four amino acids in C-terminal, which

resulted in a new enzyme with altered property [49]. This

demonstrated that deletion mutagenesis can be used for changing

catalytic activities of protein. Therefore, in the case that the

deletions for catalytic activity changes are related with protein

structure formation, the improvement of protein stability may give

us more chance to achieve active protein with altered catalytic

properties.

In conclusion, this study demonstrated that the deletional

protein engineering approach can be more efficiently performed

Figure 9. Structural interactions of modeled structure of loop deleted variants. a) In s-DL1, the loop deletion eliminated hydrogen bonds
involved by the residues K79 and H81. b) The residues F83, K85, A87 and M88 were deleted in the loop sequence of s-DL2.
doi:10.1371/journal.pone.0051510.g009
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by using a more stabilized protein structure. This indicates that the

concept of protein stability-evolvability relationship can be applied

to overcome the problem of deletional protein engineering. Our

study also demonstrates that the deletion mutagenesis can generate

a sequence-structure space different from the space derived by

traditional substitution mutagenesis, which allows us to obtain the

variants that cannot be obtained from the usual substitution

mutagenesis. For instance, the functionally active insoluble s-DL4

looks like a unique GFP variant that has not been obtained from

the tremendous previous GFP engineering studies mainly based on

substitution mutagenesis. It is expected that our study can be

helpful to facilitate the use of deletion method in protein

engineering.

Supporting Information

Figure S1 Relative whole cell fluorescence activity of combina-

torial deletion. Relative whole cell fluorescence (in arbitrary units)

of combined deletion of N-terminal, C-terminal and internal loops

(191–196) of s-GFP. The fluorescence of E.coli BL21 (DE3)

expressing deletion variants was measured after the reached

O.D600 of 0.6 at 37uC was induced with 1 mM IPTG for 5 hrs.

The relative fluorescence (in arbitrary units) is defined as the whole

cell fluorescence compared with fluorescence of cells expressing s-

GFP. All the fluorescence values were normalized by the

O.D600 nm of expressed cells.

(TIF)

Figure S2 SDS-PAGE analysis of expressed protein. Expression

profiles of designed s-GFP and n-GFP variants. Solid head arrow

mark shows the expressed proteins in all images. T-Total cell

protein, S-Soluble fraction, I-Insoluble fraction. Expression and

solubility level of a) Internal loop deletions b) N-terminal deletions

c) C-terminal deletions and d) Combined deletions of s-GFP. SDS-

PAGE analysis and solubility level of e) N-terminal deletions f)

combined deletions and internal loop deletion (n-DL4) of n-GFP

variants.

(TIF)

Supporting Information S1

(DOC)

Table S1 Estimated Secondary structure content recovered

through DichroWeb server.

(TIF)

Table S2 Lost and new interactions of N-terminal deletion

mutants (s-N11, s-N14).

(TIF)

Table S3 Change in interactions of C-terminal deletion mutants

(s-C225, s-C224).

(TIF)

Table S4 Lost and new electrostatic interactions in both

terminals combined deletion mutants (s-N11C227).

(TIF)

Table S5 Lost Hydrogen bonds and salt bridges of internal loop

deletions s-DL1 and s-DL2.

(TIF)

Table S6 Fluctuating amino acids in s-DL4.

(TIF)
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