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Abstract Green fluorescent protein (GFP) variants with higher
expression efficiencies have been generated by mutagenesis.
Favorable mutations often improve the folding of GFP. However,
an effect on protein folding fails to explain the efficiency of
several other GFP mutations. In this work, we demonstrate that
mutations of the GFP open reading frame and untranslated
regions profoundly affect mRNA transcription and translation
efficiencies. The removal of the GFP 5’ untranslated region
halves the transcription rate of the GFP gene, but hugely
improves its translation rate. Mutations of the GFP open reading
frame or the addition of peptide sequences differentially reduce
the GFP mRNA transcription rate, translation efficiency and
protein stability. These previously unrecognized effects are
demonstrated to be critical to the efficiency of GFP mutants.
These findings indicate the feasibility of generating more
efficient GFP variants, with optimized mRINA transcription
and translation in eukaryotic cells. © 2001 Federation of Euro-
pean Biochemical Societies. Published by Elsevier Science B.V.
All rights reserved.
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1. Introduction

Green fluorescent protein (GFP) is a spontaneously fluores-
cent protein that is widely used as a recombinant protein tag
in living cells [1-3]. However, the expression of GFP is sub-
optimal in several experimental systems [4], often because of a
low folding efficiency at high temperatures [4,5]. Several GFP
mutants have thus been produced that demonstrate better
fluorescence and generate higher protein levels than the
wild-type (wt) [6-11]. Quite a few of these also show an im-
proved protein folding [6,8,10,11]. However, it was open to
question if all of the mutations with major effects on GFP
expression levels affected protein folding or protein stability,
or if they acted through other, as yet unrecognized, mecha-
nisms [4-6,8].

Little is known about the effects of structural alterations of
the GFP gene on its transcription and translation abilities
[12]. In most genes, the latter are influenced by the 5’ and
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3’ untranslated regions (UTs) of the mRNA [13-18], and by
sequences surrounding the translation start site, such as the
Kozak motif [19-23]. Sequence elements in the coding region
also affect the efficiency of transcription, the mRNA stability
and the mRNA translation rate [24-29]. Thus, we investigated
if alterations in the GFP UT and open reading frame (ORF)
(deletions, point mutations and added peptide tags, as test
sequences for fusion to heterologous proteins [30,31]) could
significantly modify the GFP mRNA transcription and trans-
lation rates, or mRNA stability. Our findings demonstrate
that mutations of the GFP ORF and UT have major conse-
quences on mRNA transcription and translation. These pre-
viously unrecognized effects are demonstrated to be critical to
the efficiency of GFP mutants. These results indicate the fea-
sibility of more efficient GFP expression constructs, and of
specific mutagenesis and screening programs aimed at opti-
mizing mRNA transcription and translation in eukaryotic
cells.

2. Materials and methods

2.1. Vector construction

The full-length wtGFP ¢cDNA (p10.1 plasmid) [12] was utilized to
generate the wtGFP expression constructs with or without UTs. The
wtGFP, and the S65T [6], Bex] and Vex1 [7,32] mutants were ampli-
fied by PCR and subcloned in the pRK-5 expression vector [33] (Fig.
1). N-terminal (wtGFP-myc) and C-terminal (wtGFP-SB) tagged
wtGFP were also generated. All constructs were sequenced to ascer-
tain the absence of PCR-induced mutations.

2.2. Transfection of the GFP expression constructs

293T cells were cultured in DMEM with 10% fetal calf serum
(Gibco-BRL, Paisley, UK) and 200 pg/ml geneticin (Sigma Chemical
Co., St. Louis, MO, USA). Cells were seeded in 10 cm diameter dishes
(Nunclon, Nunc, Denmark), and transfected by calcium phosphate
co-precipitation, as previously described [34].

2.3. Northern blot analysis

RNA for Northern hybridization was extracted from transfected
293T cells. The GFP mRNA stability was quantified as described
previously [33]. Briefly, transfected cells were treated with 10 pg/ml
actinomycin D to stop RNA polymerase I transcription. Total RNA
was extracted at different times after the treatment and analyzed by
Northern blotting. The levels of the GFP transcripts were measured
by densitometry, and analyzed with NIH Image 1.62, using a Kodak
gray scale for internal standardization (http://www.kodak.com/coun-
try/US/en/motion/postProduction/tools/taf.shtml). mRNA levels were
plotted against time (Fig. 2), and used to determine the mRNA half-
life (Table 1). The ratio between steady-state mRNA levels and RNA
stability was used to quantify the mRNA transcription rate. Since the
mRNA stability of the different constructs was found to be essentially
identical, the levels of mRNA were used as direct indicators of
mRNA transcription rates (Table 1).
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2.4. Western blot analysis

Pre-cleared cell lysates were run on 12% SDS-PAGE and trans-
ferred to nitrocellulose filters. The filters were treated with rabbit
anti-GFP (Clontech) and peroxidase-conjugated anti-rabbit antisera
(Calbiochem, La Jolla, CA, USA) essentially as described previously
[35]. Antibody-binding was revealed by chemiluminescence (ECL,
Amersham, Buckinghamshire, UK) (Fig. 3). The GFP protein stabil-
ity was quantified after blocking protein synthesis with cycloheximide
(25 pg/ml). Cells were lysed at different times after the treatment, and
analyzed by Western blotting (Fig. 3). The GFP levels (P) at the
different time points were measured by densitometry, analyzed with
NIH Image 1.62, and used to determine the protein half-life (Table 1).

The mRNA translation rates of the different constructs (how many
molecules of GFP are synthesized per mRNA molecule) were
calculated as the ratio between corresponding protein and mRNA
levels. To correct for the different stabilities of the encoded pro-
teins, the protein levels were normalized versus the protein half-lives
(PIP ty;). As for the mRNA transcription rates, there was no need to
normalize for mRNA stability, since this was constant among the
different constructs (Fig. 2).

2.5. Fluorescence analysis

The GFP fluorescence analysis was performed by flow cytometry
[34] (FACStar and Vantage, Becton-Dickinson, Synnyvale, CA, USA)
(Fig. 3), and by spectrofluorimetry (CM1T111 Spex spectrofluorime-
ter, Spex Industries, Edison, NJ, USA). Blue-excited GFPs are better
chromophores [36] than the wtGFP by 1.7-fold. However, the wtGFP
is excited about 3.5-fold less at 488 nm than at 396 nm [37,38]. Thus,
blue-excited GFPs emit around 6-fold more light than wtGFP when
excited at 488 nm in flow cytometry. Fluorescence half-lives essentially
coincided with those of the corresponding peptides reported in Table
1.

3. Results and discussion

The wtGFP, and first (S65T) [6] and second (Bexl and
Vex1) [7] generation GFP mutants were expressed in mamma-
lian cells and analyzed. These constructs were designed to
include either or both the 5’ and 3" UTs of the GFP gene,
N- or C-terminal GFP amino acidic tags, different Kozak
initiation of translation sequences [21], and different muta-
tions of the GFP ORF (Fig. 1 and Table 1). The S65T con-
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struct bears this single mutation [6], whereas Bex1 and Vexl
bear multiple ORF mutations (S65T, V163A for Bexl;
V163A, S202F, T203Y for Vexl) [7,32]. All constructs were
transiently transfected into mammalian cells. The GFP
mRNA transcription and translation rates and stabilities
were measured, together with the GFP protein and fluores-
cence levels and stabilities (Figs. 2 and 3). The ratio between
steady-state mRNA levels and RNA stability was used to
quantify the GFP mRNA transcription rates. Since the
mRNA stability was found constant for the different GFP
variants, the mRNA levels were used as direct indicators of
the efficiency of mRNA transcription (Table 1). The ratio
between steady-state protein and mRNA levels was used to
quantify the mRNA translation rates. This ratio was normal-
ized versus the protein half-life, to correct for the differential
effects of each mutation on protein stability. Table 1 presents
the results obtained in transfected 293T cells. Analogous re-
sults were obtained in transfected COS-7 and 293 cells, sup-
porting the widespread validity of these findings.

3.1. UTs

The deletion of the 5" UT from wtGFP caused a 50% re-
duction in the GFP mRNA levels (Table 1). Since the stability
of the AS"” UT mRNA was not affected (Table 1 and Fig. 2),
this indicated that the removal of the 5’ region of the gene
reduced the GFP mRNA transcription rate by 50%. On the
other hand, the deletion of the 5 UT led to a 200-fold in-
crease in the GFP protein levels (Table 1 and Fig. 3; wtGFP-
AS" UT versus wtGFP) [12]. The wtGFP-AS" UT and wtGFP
constructs expressed identical, native GFP proteins, and these
were confirmed to have an identical half-life (Table 1). Thus,
wtGFP-AS" UT mRNA possesses a 200-fold higher transla-
tion rate than wtGFP mRNA. The wtGFP-A5" UT and
wtGFP share identical Kozak initiation of translation sequen-
ces (Table 1 and see below) [21]. Thus, potent translation
regulatory elements other than the Kozak motif exist within
the 5" UT of GFP. These may impair ribosome scanning [39]
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Fig. 1. Engineered GFP variants. wtGFP: full-length wtGFP cDNA in germline configuration. This includes the 5’ and 3’ UTs. wtGFP-AS5’
UT: wtGFP that includes the 3" UT, but is devoid of the 5" UT; GFP-myc: N-terminal myc-tagged GFPs (wt, S65T, Vexl or Bexl), devoid
of the 5’ and 3’ UTs; GFP-SB: C-terminal streptavidin-binding tagged wtGFP, devoid of the 5" and 3" UTs. UT: untranslated region; bent
arrow: ATG translation start codon; stop: stop codon; MYC: myc tag; SB: streptavidin-binding tag.
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Fig. 2. GFP mRNA stability in transfected 293T cells. mRNA syn-
thesis was blocked with actinomycin D and the relative residual
amounts of GFP mRNA were quantified at different time points.
wtGFP: squares; wtGFP-A5" UT: triangles; wtGFP-myc: circles.

or bind negative modulators of GFP translation [29,40], and
their removal allows the efficient translation of the GFP
mRNA. On the other hand, all of the mRNA devoid of a
3" UT displayed a lower translation rate than the wtGFP-
A5" UT, suggesting a translation-enhancing effect of the 3’
UT of GFP [16,18].

3.2. Point mutations

Mutations in the GFP ORF were found to affect the trans-
lation rate of the corresponding mRNA. The V163A mutation
was shown to cause a reduction in the translation rate of the
GFP mRNA by almost one-half (Table 1: compare Bex1-myc
with S65T-myc). This result was rather unexpected, since
Bex1-myc is an efficient V163A mutant [7]. However, a sim-
ilarly low translation rate was demonstrated by Vexl-myc
(Table 1). The finding that a single codon change in the
GFP OREF is sufficient to profoundly affect the GFP trans-
lation rate is novel. It would be of interest to determine if this
single codon mutation directly affects translation, e.g. by
translation pausing due to RNA secondary structures [28],
or if it induces the binding of translation-inhibitory factors
[29].

Table 1
GFP mRNA stabilities and transcription/translation rates

153

3.3. GFP tags

GFP is routinely used as a fusion partner to heterologous
proteins, and these have been demonstrated to heavily affect
GFP function [5,30,41]. GFP tags known to affect the folding
of GFP [41] were used in this work as examples of heterolo-
gous fusion partners. Remarkably, the SB tag was found to
affect both mRNA transcription and translation rates, con-
firming the role of coding sequences in regulating the mRNA
transcription efficiencies [24] and translation rates [28,29].

The wtGFP-SB and wtGFP-myc bear Kozak initiation of
translation sequences of different strength [21] (Table 1).
However, different Kozak sequences are unlikely to account
for major differences in GFP translation efficiencies. Indeed,
wtGFP-AS" UT demonstrates the highest translation rate
among the constructs tested in this work. In particular, it is
twice as efficient as wtGFP-myc, in spite of the largely sub-
optimal Kozak sequence of the former versus the ‘perfect’
Kozak motif in the latter [21,42]. The 200-fold better trans-
lation of wtGFP-A5" UT compared to that of the wtGFP, in
spite of an identical germline Kozak motif, is also consistent
with an overall minor role in GFP translation (Table 1, Fig. 3
and see above). Kozak motifs were first identified by compar-
ison of numerous eukaryotic mRNA sequences that surround
the AUG start codon [43]. However, the relative strength of
different Kozak sequences was experimentally assessed largely
in expression systems for preproinsulin or chloramphenicol
acetyl transferase [21]. Thus the strength of Kozak sequences
may vary depending on their sequence context [44]. In other
words, mRNA elements other than the Kozak motif contrib-
ute to the determination of their overall translation compe-
tence, and the relative importance of these different elements
probably varies among different mRNAs.

wtGFP-SB, Bex1-myc and Vex1l-myc demonstrate the high-
est folding levels (up to 80% of the GFP molecules) [41] and
the lowest translation rates among the GFP variants analyzed
(Table 1). This raised the possibility that high folding levels
were mechanistically linked to a ‘slow’ translation [45,46].
However, a comparison of wtGFP and wtGFP-AS5" UT, which
are identical wtGFP molecules with widely different mRNA
translation rates, demonstrates essentially identical protein
folding abilities (25% of the GFP molecules [41]). Thus, the
GFP folding efficiency appears to be a fundamental property
of specific peptide sequences, and is unlikely to be causally
related to translational ‘speed’.

GFP form mRNA levels? mRNA t‘l’ 12 P P t? 1’ Translation rate® Kozak sequencef
wtGFP 100 7 1 54 1 caaagATGa
wtGFP-AS" UT 50 7 170 54 210 caaagATGa
wtGFP-SB 80 30 33 38 cgcatATGa
wtGFP-myc 100 7 100 33 100 agaccATGg
S65T-myc 100 80 25 103 agaccATGg
Bex1-myc 100 60 32 62 agaccATGg
Vex1-myc 100 40 25 55 agaccATGg

The results are average of three independent experiments. All values, except for half-lives, are normalized versus wtGFP-myc and expressed as

percentage.

2GFP mRNA levels.

YGFP mRNA half-life expressed in hours.
°GFP protein levels (P).

dGFP protein half-life expressed in hours.
‘mRNA translation rates.

"Kozak ribosomal binding sequence [21]; the ATG start of translation is in capital letters.
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Fig. 3. Expression levels of the transfected GFP constructs. 293T cells were transfected with (A) wtGFP; (B) wtGFP-myc; (C) Bexl-myc; (D)
wtGFP-AS" UT; (E) wtGFP-SB; (F) S65T-myc. Panels show log fluorescence profiles of 5000 cells. Solid line: transfected cells. Dotted line:
vector-alone transfected cells. Insets: GFP protein levels, as determined by Western blot analysis. The GFP protein levels in (A) were too low

to be shown on scale with the other samples.

4. Conclusions

In the past, structural and functional analyses of GFP mu-
tants identified in screening programs have repeatedly raised
questions as to their actual mechanisms of action [4,6,8]. Our
results demonstrate that several commonly engineered altera-
tions in GFP structure have remarkable consequences on
mRNA expression parameters. The major affected mechanism
is the efficiency of mRNA translation, that was shown to span
a 200-fold range. Significant effects were also demonstrated on
protein stability and mRNA transcription rates. These previ-
ously unrecognized effects were found to be critical to the
overall efficiency of GFP mutants (Table 1; compare the
translation rates of the different constructs and the corre-
sponding GFP protein levels). Thus, a strategy of optimiza-
tion of GFP mRNA expression parameters may contribute
considerably to the improvement of GFP expression. The en-
gineering of the 5’ and 3’ UTs of GFP, in particular, might
permit the reaching of both higher transcription and trans-
lation rates. If GFP mutations are found to have similar con-
sequences on GFP mRNA transcription and translation rates
in lower eukaryotes, high throughput screening strategies for
more efficient GFP mutants could be efficiently designed in
commonly used yeast strains [47,48].
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