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The unique behavior of green fluorescent protein (GFP) on SDS-PAGE was applied to
the detection of a single amino acid substitution in GFP-tagged polypeptides. This sim-
ple detection method using SDS/urea gels was designated GFP-display. The N-terminal
18 or 37 amino acids of K-Ras was used as a model GFP-tagged polypeptide. K-ras exon 1
was fused to a gfp cDNA at each end and expressed in Escherichia coli. Amino acid num-
ber 12 of K-Ras (wild type; Gly) was changed to Ser, Arg, Cys, Asp, Ala, or Val, and the
mobility shift of the greenish fluorescent bands in the SDS/urea gel was analyzed. These
mutants were easily detected by GFP-display; however, detection depended strongly on
the urea concentration and electrophoresis temperature. Subsequently, GFP-display
was applied to the 36 amino acids encoding human p53 exon 7. Amino acid number 248
(wild type; Arg) was changed to Gly, Trp, Gin, Pro, or Leu, and similar mobility shifts
were observed. GFP-display could be coupled with an in vitro translation system. Fluo-
rescent active GFP and GFP-Ras fusion proteins were synthesized within a few hours.
GFP-display shows potential as a modern approach to gene mutation analysis at the
protein level, and is a useful method for protein engineering studies.
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SDS-PAGE is one of the most basic and important tech-
niques used in biological and biochemical studies. Here we
present a useful SDS-PAGE technique for gene mutation
analysis using green fluorescent protein (GFP). GFP from
Aequorea victoria is now widely used in cell biology as a
marker for gene expression and a fusion tag for studying
protein localization and secretion systems in living cells (1,
2). GFP is also a useful tool employed in in vitro studies. In
previous reports on GFP-tagged proteins, we demonstrated
that a fluorescence active GFP migrated to a different posi-
tion from the inactive GFP in SDS-PAGE (3,4). This mobil-
ity shift is thought to be the result of a tight, compact
barrel-like structure that possesses unusual resistance to
denaturation by SDS (5, 6). In this study we applied this
property to the electrophoretic detection of K-ras codon 12
and p53 codon 248 mutants.

K-ras is a very useful genetic marker employed in the
study of several cancers (7-9). Codon 12 of K-ras is known
to be a unique hot spot for mutation, and several sensitive
detection systems targeting this position have been devel-
oped (10-13). Codon 248 of p53 is also a known hot spot.
However, in the case of p53, the mutation points are not
limited and are found in many codons (14, 15). Therefore,
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the detection ofp53 mutation is relatively complicated and
difficult to perform. A point mutation in a gene of interest
is usually detected by DNA level analysis coupled with
PCR, eg., single strand conformational polymorphism
(SSCP) (16), denaturing gradient gel electrophoresis
(DGGE) (17), or cleaved fragments length polymorphism
(CFLP) (18), and, of course, direct sequencing. However, a
gene mutation is not directly linked to the mutation of a
gene product. Our objective was to develop a new and sim-
ple method to detect a point mutation at the protein level.
Only the protein truncation test (PTT) (19) is used for pro-
tein level analysis; however, this method measures the
molecular mass change of a gene product resulting from a
nonsense mutation. GFP-display, described in this report,
detects one amino acid change resulting from a missense
mutation.

MATERIALS AND METHODS

Plasmid Construction—Aequorea gfp cDNA was cloned
into pKK223-3 (Amersham Pharmacia Biotech, Uppsala,
Sweden), and, to improve the fluorescent activity at high
temperatures, serine 147 was changed to proline as de-
scribed by Kimata et al. (20). The resulting plasmid,
pGFP147P, was used as a base for all further constructs.
Thus, the GFP referred to in the text indicates S147P GFP.

K-ras exon 1 was amplified using standard PCR with the
ras Mutant Set for c-Ki-ras codon 12 (Takara Shuzo, Tokyo)
as the template. A total of seven kinds of fragments were
modified using the following primers: 5'-AAAGAATTCAT-
GACTGAATATAAACTTGT-3' and 5'-AAACTGCAGCTCT-
ATTGTTGGATCATATT-3' (EcoBI and Pstl sites are under-
lined). After digestion with .EcoRI and Pstl, the fragments
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were placed on the 5' end of gfp cDNA. The resulting plas-
mids were named pKRAS37(X)G (X = G, S, R, C, D, A, or
V). Subsequently, seven kinds of fragments were modified
using the following primers: 5'-CCGCGCTGCAGATGACT-
GAATATAAACTTGTGGTA-3' and 5-CGACGAAGCTTTT-
ATCACTCTATTGTTGGATCATA-3' (Pstl and Hindm sites
are underlined); and placed at the 3' end of gfp cDNA. The
resulting plasmids were named pGKRAS37(X).

Human p53 exon 7 was amplified using following the
primers: 5'-AAACIG£AiKJTTGGCTCTGACTGTACCACC-
3' and 5'-TTTAAGin3XX!ATGTAGCTCACTATTAGGAGT-
CTTCCAGTGTGATGA-3'. One microgram of genomic
DNA prepared from human placenta was used as the tem-
plate. Codon 248 (CGG) was changed to GGG, TGG, CAG,
CCG, and CTG by PCR, and these six fragments were
placed at the 3' end of gfp cDNA. The resulting plasmids
were named pGP53EX7(X) (X = R, G, W, Q, P, or L).

Enzymes were purchased from Gibco BRL, Life Technol-
ogies (Rockville, MD, USA) or Nippon Gene (Toyama), and
all reactions were performed as specified by the manufac-
turers. Plasmids were transformed into E. coli JM109 with
CaCL,, and transformants were selected on LB agar plates
containing 50 ng ampicillin/ml. Plasmids were purified by
the boiling method. The DNA was sequenced using a fluo-
rescence imaging analyzer FMBIO-100 (Takara Shuzo,
Tokyo).

Sample Preparation— E. coli strains harboring each plas-
mid were grown at 37 °C in 10 ml of LB broth until the mid-
log phase. After the addition of 0.3 mM (final concentra-
tion) isopropyl-p-D-thiogalactopyranoside (TPTG; Wako
Pure Chemical Industries, Osaka) and further incubation
for 10 h at 25"C, the cells were harvested, suspended in 1

ml of 20 mM Tris-HCl buffer (pH 8.0) containing 30 mM
NaCl and 10 mM EDTA, and disrupted by sonic oscillation.
The cell extract prepared was used for electrophoretdc anal-
ysis. In vitro translation was performed according to the
coupled system (E. coli S30 Extract System for Linear Tem-
plate; Promega, Madison, WI, USA) using 1 ng of plasmid
DNAat30'C.

Electrophoresis and Detection of GFP—Proteins were
separated in native, SDS, or SDS/urea polyacrylamide gels
(7 X 8 X 0.15 cm). Native PAGE was perfomed in the stan-
dard Tris-glycine system using 7.5% gels. SDS-PAGE was
performed in 12% gels containing 0.2% SDS at room tem-
perature (20-22"C) or in a chromato-chamber (10°C) ac-
cording to Laemmli, using a broad range molecular mass
standards kit (Bio-Rad Laboratories, Hercules, CA, USA).
The separated proteins were stained with 0.25% Coomassie
Brilliant Blue (CBB) R-250 and recorded using the gel
imaging system "Archiver Eclipse" (Fotodyne Inc., Hart-
land, WI, USA). The greenish fluorescent bands were de-
tected under UV light (NLMS-20E; UVP, Upland, CA,
USA) at 365 nm and recorded on Polapan 3200B (Polaroid,
Cambridge, MA, USA) using a green filter.

RESULTS

GFP and Ras37(G)-GFP—The initiation methionine
codon of gfp cDNA was deleted by PCR and cloned into
pKK223-3; subsequently, the DNA fragment encoding the
N-terminus with 37 amino acids of wild type K-Ras was
amplified and inserted at the 5' end of gfp cDNA (Fig. la).
The resulting plasmid, pKRAS37(G)G, encoded a fusion
protein between K-Ras1-37 (amino acid #12 = Gly) and GFP

K-Ras(1-37) S147P GFP
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Fig. 1. Construction of
pKRAS37(X)Gs and the ex-
pression of Ras37(X)-GFPs.
(a) The wild type ras fragment
encoding the N-terminal 37
amino acids or the six DNA frag-
ments with mutations at codon
12 were placed at the 5' end of
gfp cDNA (see Table I for de-
tails), (b) Cell extracts (5 pJ) pre-
pared from the strain harboring
pGFP147P or pKRAS37(G)G
were heat-denatured (95*C for 5
min) and resolved in a 0.2%
SDS-12% polyacrylamide gel.
The loaded samples are as fol-
lows: lane 1, molecular mass
markers; 2, pKK223-3 (negative
control); 3, pGFP147P; 4,
pKRAS37(G)G. The gel was
stained with CBB. The positions
of GFP and Ras37(G)-GFP are
indicated by the arrow and ar-
rowhead, respectively, (c) The
same samples, 0.5 \tl of pGFP-
147P and 5 JJJ of pKRAS37(G)G,
and other cell extracts (5 (J) pre-
pared from strains harboring
pKRAS37(X)Gs, X = S, R, C, D,
A, or V, were resolved without
heating in a 12% gel containing 0.2% SDS or a 7.59fc native gel. The fluorescent bands were detected by UV light at 365 nm. The bands in
each lane are as follows: lane 1, GFP; lanes 2-8, Ras37(X)-GFPs (2, G; 3, S; 4, R; 5, C; 6, D; 7, A; 8, V). The apparent molecular masses of GFP
(arrow) and Ras37(G)-GFP (arrowhead) are shown on the left.
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[denoted Ras37(G)-GFP] composed of 276 amino acids.
GFP or GFP-tagged proteins expressed in E. coli often
migrate as two individual bands on SDS-PAGE (one fluo-
rescent active, the other inactive) (3, 4, 21). To confirm
these phenomena, the cell extracts prepared from E. coli
strains harboring pGFP147P or pKRAS37(G)G were re-
solved by SDS-PAGE. GFP produced by pGFP147P was
mainly active in the fluorescent form. However, Ras37(G)-
GFP produced by pKRAS37(G)G largely formed a non-fluo-
rescent inclusion body. The heat-inactivated GFP and
Ras37(G)-GFP migrated to positions corresponding to the
originally inactive molecules, and were visible as major
bands with molecular masses of 31 and 34 kDa, respec-
tively (Fig. lb). These molecular masses are almost identi-
cal to the theoretical values [27 kDa for GFP and 31 kDa
for Ras37(G)-GFP]. Although the fluorescent active GFP
and Ras37(G)-GFP were not readily identified as major
bands by CBB-staining, they were clearly visible by UV-

irradiation at the 44 and 30 kDa positions, respectively
(Fig. lc). These findings clearly indicate that the active and
heat-inactivated molecules differ in mobility on SDS-PAGE
as in the case of GFP and Ras37(G)-GFP.

Bas37Q0-GFPs—The plasmid set of K-ras codon 12
mutants was constructed by replacement of the ras frag-
ment of pKRAS37(G)G (Table I). Active Ras37(X)-GFPs (X
= G, S, R, C, D, A, or V) were compared by SDS- and native
PAGE (Fig. lc). On SDS-PAGE, Ras37(X)-GFPs migrated
to identical positions. However, on native PAGE, the
migrating positions depended mainly on their isoelectric
points, and Ras37(E)-GFP together with Ras37(D)-GFP
bands were different from the wild type.

More notable mobility shifts were observed in SDS gels
containing high concentrations of urea (Fig. 2a). Urea
reduces the effective pore size of a gel and leads to a
decrease in the mobility of proteins (22). All proteins were
affected by the addition of urea and their mobilities

TABLE I. Ras-GFP fusion proteins examined by GFP-display
Plasmid

pGFP147P
pKRAS37(G)G
pKRAS37(S)G
pKRAS37(R)G
pKRAS37(C)G
pKRAS37(D)G
pKRAS37(A)G
pKRAS37(V)G

K-ras codon 12
_

GGT (wild = Gly)
AGT (Ser)
CGT (Arg)
TGT (Cys)
GAT (Asp)
GCT(Ala)
GTT(Val)

Protein name"
G F P

Ras37(G)-GFP
Ras37(S)-GFP
Ras37(R)-GFP
Ras37(C)-GFP
Ras37(D)-GFP
Ras37(A)-GFP
Ras37(V>GFP

M.W.b

26,895
31,024
31,054
31,123
31,070
31,082
31,038
31,066

pl<

5.64
5.38 (4.32)
5.38 (4.32)
5.50 (4.74)
5.38 (4.32)
5.27 (4.10)
5.38 (4.32)
5.38 (4.32)

Hydrophilicityd

0.07
0.04 (-0.19)
0.04 (-0.19)
0.05 (-0.11)
0.04 (-0.22)
0.05 (-0.11)
0.04 (-0.21)
0.03 (-0.23)

•GFP or Ras-GFP fusion proteins encoded by each plasmid. bMolecular weight (M.W.) of each protein was deduced from the corresponding
DNA sequence. 'Isoelectric point (pi) of the Ras segment is shown in parenthesis ''Hydrophilicity was calculated according to Hopp and
Woods (26), and shown as the average. Hydrophilicity of the Ras segment is indicated in parenthesea °GFP used in this study was S147P
GFP.
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Fig. 2. SDS-PAGE of Ras37(X)-
GFPs using urea-containing
gels, (a) Cell extracts were re-
solved at room temperature in
0.2% SDS-12% polyacrylamide
gels containing 2, 4, or 6 M urea.
Samples are as described for Fig.
lc. The apparent molecular mass
of Ras37(G)-GFP is shown on the
left in kDa. (b) The apparent mo-
lecular masses of GFP (o) and
Ras37(X)-GFPs (•, G; A, R; A, D)
changed with the urea concen-
tration in the gels. Molecular
models of GFP and Ras37(X)-
GFPs are also illustrated. DS",
dodecyl sulfate ion. (c) A hybrid
gel was prepared as shown using
0.2% SDS-12% polyacrylamide
gels containing 0 and 6 M urea.
Cell extracts (50 (J of each) pre-
pared from the strain harboring
pKRAS37(G)G or pKRAS37(D)G
were mixed and resolved without
insertion of the sample combs.
The discontinuous line is indi-
cated by arrowheads. The appar-
ent molecular mass is shown on
both sides in kDa. G, Ras37(G)-
GFP; D, Ras37(D)-GFP (d) Elec-
trophoresis was performed at
10'C using the same samples.
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decreased. However, the behavior of Ras37(X)-GFPs in
SDS/urea gels was clearly different from that of GFP.
Although the relative position of GFP to the molecular
markers was mostly constant (41^44 kDa), the mobility of
Ras37(X)-GFPs decreased markedly with increasing urea
concentration (Fig. 2, a and b). As shown in Fig. lc,
Ras37(X)-GFPs migrated to the same position on the SDS
gel without urea. However, the band positions were notably
different with increasing urea concentration (Fig. 2a). The
migrating shifts that occurred on 0.2% SDS gels were
slightly greater than those on 0.1% SDS gels (data not
shown). All fusion proteins, with the exception of Ras37(S)-
GFP, migrated to different positions compared to the wild
type Ras37(G)-GFP in 4 M urea gels. However, in 6 M urea
gels, Ras37(X>GFPs migrated to almost the same position
with the exception of Ras37(R)-GFP. This SDS-PAGE tech-
nique using GFP-tagged polypeptides and the urea-con-
taining gel was named GFP-display.

The molecular models of GFP and Ras37(X)-GFPs are
shown in Fig. 2b. Ras37(X)-GFPs may move in SDSAirea
gels as GFP-labeled "Ras-polypeptides" rather than GFP-
fusion proteins. SDS/urea gels allow for the electrophoretic
analysis of small polypeptides (22, 23), and it is also com-
monly known that the electrophoretic mobilities of small
polypeptides are strongly influenced by their tertiary struc-
tures, which are altered by urea and SDS (24, 25). The ter-
tiary structural change in the "Ras-polypeptides" in SDS/
urea gels may be one of the reasons for their remarkable
mobility shift. As seen in Fig. 2b, two types of Ras37(X)-
GFPs, for example G and D, can be separated as "duplica-
tion lines" on a horizontal urea gradient gel (left side, 0 M;
right side, 6 M). However, these species were also separated
on a more simple hybrid gel composed of 0 and 6 M urea
(Fig. 2c). These "duplication lines" probably develop due to
the structural changes of the "Ras-polypeptide" with de-
creasing urea concentration (from 6 to 0 M). The migration
positions of Ras37(X)-GFPs were affected not only by urea
but also by the electrophoresis temperature (Fig. 2d). This
result also suggests that the tertiary structural change of
"Ras-polypeptide" influences electrophoretic mobility.

GFP-Rasl8P0s, GFP-Ras37(X)s, and GFP-p53ex7(X)s-
The ras fragments were then inserted at the 3' end of gfp
cDNA (Fig. 3). The resulting plasmids, pGKRAS37(X)s,
encode GFP-Ras1"37 fusion proteins composed of 277 amino

acids. The electrophoretic characteristics of the GFP-
Ras37(X)s are mainly identical to those of Ras37(X)-GFPs,
while GFP-Ras37(X)s requires a higher urea concentration
for a shift on the gels to be apparent (Fig. 4). This result

GFP-Ras37(X)s
1 2 3 4 5 6 7

GFP-Ras18(X)s
1 2 3 4 5 6 7

24

GFP-p53ex7(X)s
1 2 3 4 6

30-

37-

Fig. 4. Expression of GFP-Ras37(X)s, GFP-Rasl8(X)g, and
GFP-p53ex7(X)s. Cell extracts (5 |il) prepared from strains harbor-
ing pGKRAS37(X)s, pGKRAS18(X)s, or pGP53EX7(X)s were re-
solved in SDS/urea gels at room temperature The bands in lanes 1-
7 of GFP-Ras37(X)s and GFP-Rasl8(X)s are as follows: 1, G; 2, S; 3,
R; 4, C; 5, D; 6, A; and 7, V. The bands in lanes 1-6 of GFP-
p53ex7(X)s are as follows: 1, R; 2, G; 3, W; 4, Q; 5, P; and 6, L. The
apparent molecular masses of GFP-Ras37(G), GFP-Rasl8(G), and
GFP-p53ex7(R) are shown on the left in kDa. The "urea supersensi-
tive" and "urea resistant" derivatives are indicated by arrows and
arrowheads, respectively.

pGKRAS37(X)9
S147P GFP K-Ras(1-37) PKK223-3

2 3 238
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air

-OOT •

2771
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Fig. 3. Construction of pGKRAS37(X)s, pGKRAS-
18(X)s and pGP53EX7(X)s.The ras fragment set en-
coding the N-terminal 37 or 18 amino acids was
placed at the 3' end of gfp cDNA. The fragment set of
human p53 codon 248 mutants was placed at the
same position. The mutation points are indicated by
arrowheads.
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suggests that the tertiary structures of the "Ras-polypep-
tide" at the C terminal are slightly more resistant to
changes in urea concentration. To investigate the influence
of the polypeptide length on the GFP-display, codon 19
(TTG) of the ras fragment was changed to a stop codon
(TAG) and inserted at the Pstl-Hindm site (Fig. 3).
Although the band patterns of GFP-Rasl8(X)s were basi-
cally identical to those of GFP-Ras37(X)s, the mobility shift
of each band was more dynamic. In addition, although the
reason(s) remains unclear, "urea supersensitive" and "urea
resistant" derivatives were also observed (Fig. 4).

The plasmid set of human p53 codon 248 mutants was
constructed by replacement of the ras fragment of
pGKRAS37(G). The resulting plasmids, pGP53EX7(X)s (X
= R, G, W, Q, P, or L), encoded GFP-P53225-260 fusion pro-

teins [denoted GFP-p53ex7(X)s] composed of 276 amino
acids (Fig. 3). The mutation point (p53 codon 248) corre-
sponded to amino acid #264 of GFP-p53ex7(X)& All mu-
tants migrated to different positions compared with wild
type GFP-p53ex7(R) in 4 M urea gels. However, in 6 M
urea gels, all GFP-p53ex7(X)s migrated to position near
that of Ras37(X)-GFPs (Fig. 4).

GFP-display was coupled with the ire vitro translation
technique. Active GFP was synthesized in a microtube and
clearly visible as a greenish fluorescent band in SDS-PAGE
(Fig. 5a). The GFP-Rasl8(G) band was considerably weaker
than GFP, although somewhat stronger than Ras37(G)-
GFP or GFP-Ras37(G). The band positions of GFP and
GFP-Rasl8(G, D, and R) were identical to those prepared
from E. coli cells on 0 or 6 M urea gels (Fig. 5b), indicating

44-

2 6 -

DNA fragment with point mutation

DNA level
analysis

I
SSCP
DGGE
CFLP
(Sequencing)

Protein level
analysis

Fig. 5. GFP-display coupled with in
vitro translation technique, (a) GFP
(lanes 1 and 2), Ras37(G)-GFP (3 and 4),
GFP-Ras37(G) (5 and 6), and GFP-
Rasl8(G) (7 and 8) were synthesized in
microtubes and resolved at room tem-
perature in a 0.2% SDS-12% polyacryl-
amide gel containing no urea. In vitro
translations were performed on a 25 JJLI
scale at 30'C for 3 h (lanes 1,3, 5, and 7)
or 6 h (2, 4, 6, and 8). Ten microliters of
each reaction mixture was precipitated
with acetone and loaded onto the gel.
The apparent molecular masses of GFP
and GFP-Rasl8(G) are shown on the left
in kDa. (b) GFP (lanes 1 and 2), GFP-
Rasl8(G) (3 and 4), GFP-Rasl8(R) (5
and 6), and GFP-Rasl8(D) (7 and 8) ob-
tained from living cells (1,3, 5, and 7) or
by in vitro translation (2, 4, 6, and 8)
were compared on gels containing 0 or 6
M urea. In vitro reactions were perform-
ed in a 25 JJLI volume at 30"C for 3 h, and all reaction mixtures were subsequently precipitated by acetone and loaded onto gela (c) Outline of
the GFP-display coupled with in vitro translation.

4 4 -

2 6 -

Clonlng

I
Expression

In cellsI
GFP-display

G, R, D

Recomblnant
PCR

\
gfp cDNA-f used

fragment

•
In vitro

translation
{

GFP-display

a Ras37(X>-GFP8 (4 M urea gel)

GFP-p53ex7(X)s (4 M urea gel)

2 4 6 8 10 12

small conformatlonal
change

potypepUd* segment

pl :X<Y
Hydroptinidty: X > Y

Concentration of urea

Fig. 6. A working hypothesis of GFP-di«-
play. (a) The upper two panels indicate the
typical patterns of GFP-display in this
study. The lower panel is the hydrophilicity
and isoelectric point of each amino acid cor-
responding to the mutation points. The di-
rection and thickness of arrows in the lower
panel show the tendency of increasing ap-
parent molecular mass, (b) The migration
position of the GFP-tagged polypeptide is in-
fluenced by the hydrophilicity and isoelec-
tric point of the polypeptide segment in the
SDS/urea gel. See text for details.
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that it is also possible to investigate the in vitro translated
samples using GFP-display. As shown in Fig. 5c, the combi-
nation of recombinant PCR and in vitro translation is a via-
ble alternative GFP-display. The combination of SSCP and
GFP-display may also be a powerful option.

DISCUSSION

In this report, we present a new SDS-PAGE technique
using a GFP-tag. This method, named GFP-display, detects
single amino acid changes in polypeptides tagged with
GFP. GFP-display is based upon the following unique be-
haviors of fluorescent active GFP on SDS-PAGE: (i) active
GFP and inactive GFP migrate to different positions, and
the GFP-tagged polypeptides also possess this property, (ii)
the apparent molecular mass of active GFP-tagged poly-
peptide is lower than that of intact GFP; and (iii) the posi-
tion of active GFP-tagged polypeptide migration varies on
urea-containing gels with one amino acid changes in the
polypeptide segment.

An interesting mobility shift on SDS-PAGE correspond-
ing to (i) and (ii) above has been already reported for intact
GFP (21) and GFP-tagged proteins (3, 4). It is clear that
these unique properties are caused by the compact and
tight barrel-like structure, named "(i-can," of GFP (6). This
structure may give GFP unusual resistance to denaturing
reagents or proteases. We consider (i) and (ii) as follows: the
(3-can structure of active GFP is not destroyed by SDS
when unheated; SDS, which can absorb active GFP, is
diminished, resulting in slow mobility, the active GFP-
tagged polypeptide moves forward from the intact GFP
molecule due to the negative charge of the dodecyl sulfate
ions absorbed on the polypeptide segment (Fig. 2b).

The reason(s) for (iii) is difficult to understand. From Fig.
2, c and d, although the migration shift may be caused by
tertiary structural changes in the polypeptide segment, the
apparent mechanism remains unclear. However, as shown
in Fig. 6a, it is likely that there is some relationship be-
tween the migration positions and amino acid changes. In
the upper two panels, the band positions of Ras37(X)-GFPs
and GFP-p53ex7(X)s are illustrated. The apparent molecu-
lar masses of Eas37(X)-GFPs and GFP-p53ex7(X)s are
D>C>G=S>A>V>R and G=Q=P>L>W>R, respectively. The
lower panel is the hydrophilicity index (26), and the isoelec-
tric point of each amino acid corresponding to the mutation
points. These results suggest that the migration positions
are controlled by at least these two factors and that the
change in the isoelectric point is more important for the
position shift. The apparent molecular mass tends to in-
crease with low isoelectric point and high hydrophilicity of
the polypeptide segment. Therefore, GFP-display may effi-
ciently detect an amino acid change which leads to the
large change in these factors. From these results, although
further studies are required, we consider (iii) as follows: the
active GFP region functions as an unchanged "anchor" on
the urea-containing gel; therefore, a GFP-tagged polypep-
tide behaves like a chemically labeled polypeptide on a gel;
the strong interaction between urea and the polypeptide
segment causes a change in its tertiary structure and
decreased mobility, this interaction increases with urea
concentration, especially in segments with a higher hydro-
philicity and lower isoelectric point (Fig. 6b). However,
under conditions of even higher urea concentration (6-8

M), the tertiary structure of any polypeptide may be simi-
lar and all may migrate to identical positions.

Of course, the most useful feature of GFP is the fluores-
cent activity. GFP-display harnesses this powerful advan-
tage in two ways, (a) First, is the easy detection and high
sensitivity of fluorescence. GFP-tagged polypeptides were
mainly expressed in E. coli as fluorescence inactive inclu-
sion bodies. These originally inactive molecules are de-
tected by CBB-staining as major bands on SDS-PAGE with
migration positions identical to heat-inactivated molecules.
On the other hand, the active molecules are relatively
minor components and it is difficult to identify their posi-
tions by CBB-staining. However, we could monitor the
migration position specifically with ease using only a UV
transilluminator. Since the limit of detection of active GFP
bands is almost 15 ng (data not shown), it is possible to per-
form GFP-display using a smaller culture, for example less
than 1 ml, or an in vitro translation system, (b) The other
advantage is the very stable "p-can" structure of the fluo-
rescent active GFP molecule. GFP-display is applicable
only to active GFP-tagged polypeptides. Because the active
GFP regions with unusual resistance to the denaturing
reagents function as an "anchor," and we can analyze struc-
tural changes in only the polypeptide segment. If the
"anchor" structure is destroyed by SDS or urea, it is impos-
sible to use this method.

GFP-display provides a potentially modern approach to
gene mutation analysis at the protein level. However, at
present, several problems remain to be resolved. First, we
do not have sufficient data concerning the applicable poly-
peptide length. As the polypeptide length increases, the gap
caused by a single amino acid change may decrease. How-
ever, this may be influenced not only by the kind and posi-
tion of the amino acid changed, but also by the concen-
tration of acrylamide or urea in the gel. Secondly, as shown
in Fig. 2, a and d, intact GFP appears as two bands in gels
containing high concentrations of urea. If some GFP mole-
cules are degraded by proteases at the N- or C-terminal,
they ought to be detected on a gel containing no urea. How-
ever, only GFP migrating as a single band was detected
(Fig. lc). Moreover, this phenomenon was not observed for
GFP-tagged polypeptides. The intact GFP may be express-
ed in E. coli as two (or more) types of molecules with slight-
ly different forms at their terminal ends. Thirdly, in case of
GFP-Rasl8(X)s, "urea supersensitive" and "urea resistant"
derivatives were observed. This suggests that GFP-Ras-
18(X)s form different tertiary structures, and their re-
sponses to urea differ. Currently, we have no concrete data
to explain this observation. Since these variants were not
detected among GFP-Rasl5(X)s, which are made by substi-
tuting the ras codon 16 for a stop codon (data not shown),
the shorter polypeptide length may not be a convincing rea-
son for this phenomenon. This aspect requires further clari-
fication. In this paper, we present the procedure and a
working hypothesis for GFP-display. We hope that amino
acid substitutions in many kinds of polypeptides will be
investigated by GFP-display and the various results will
accumulate through the efforts of many researchers. These
results will clarify the advantages and disadvantages of
GFP-display and confirm our speculations and bring to
light unknown problems.

K-ras and p53 mutations are closely related to many
kinds of cancers and various critical mutation points have
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been revealed. If DNA level analysis such as SSCP is sup-
plemented by GFP-display, more precise analysis is possi-
ble. In this study we used well known mutants (the codon
12 of K-ras and 248 of p53) as typical models. However, this
method, may be suitable for the screening of new or posi-
tion unknown mutations. In conclusion, while several prob-
lems remain to be resolved, GFP-display can be used as a
simple and useful method for gene mutation analysis and
protein engineering studies; for instance, for the screening
for site non-specific mutagenic experiments. The detection
of mutations depends strongly on the urea concentration
and electrophoresis temperature. However, the reproduc-
ibility is high, and under suitable conditions, many muta-
tions can be detected by basic and simple electrophoresis.
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