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In Vitro Combinatorial Mutagenesis of the 65th and 222nd Positions

of the Green Fluorescent Protein of Aequarea victoria
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Abstract By the in vitro combinatorial mutagenesis, which is a sequential reaction of PCR
mutagenesis and in vitro coupled transcription/translation with Escherichia coli S30 extract, 565 and
E222 of green fluorescent protein of Aequarea victoria were comprehensively changed to all possible
combinations of amino acids, thus totally 400 mutant (including a wild type) proteins were si-
multaneously produced and their fluorescent properties were analyzed. Although a few mutations
had been reported so far at the 222nd position, replacement E222 to all other19 amino acids gave
fluorescent signal to the mutants by changing Ser 65 to Ala together. Among the mutants, re-
placement to G, A, S, Q, H and C gave relatively high fluorescence. The in vitro combinatorial
mutagenesis, therefore, has been proved valuable for comprehensive structure-function studies of
proteins.
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INTRODUCTION

Site-specific introduction of mutations into a protein
of which three-dimensional structure is known is a
powerful tool especially to investigate the function of
each residue in proteins scientifically. In order to engi-
neer proteins to fit a particular purpose, such as an in-
crease in thermal stability, activity for a specific sub-
strate, etc, however, the site-directed method has not
been so effective, although a number of successes have
been reported so far. This is because the current under-
standing of structure, function, and folding of proteins
is not enough for precise prediction of the effect of mu-
tations, and making a mutant protein with even one
amino acid replacement is actually a labor-intensive
work. It needs an in vitro mutation of a target gene on
an expression vector by usually single-stranded tem-
plate or by PCR, transformation of E. coli cells with the
mutated ones, cultivation of several candidates, selec-
tion by DNA sequencing, and finally expression in
appropriate host cells. Since the whole step is necessary
for each mutant protein, relatively a long time is needed
to prepare a mutant protein. Therefore to get a success-
ful mutant is a laborious work.

The most excellent method to reduce the task for the
construction of site-specific mutant proteins is, as far as
we know, the direct combination of i# vitro mutagenesis
mediated by PCR, overlap extension to reconstruct the
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whole DNA sequence, and in vitro coupled transcription/
translation. By using thus reconstituted template as
bulk, the labor-intensive cloning and sequencing steps
can be omitted. The scanning introduction up to 19
amino acid replacements at a unique site has been re-
ported by Burks et al. [1]. They analyzed the binding
pocket of an antibody by means of this method inten-
sively and thoroughly.

We have modified their method to enable the intro-
duction of multiple mutations intc a protein in a
combinatorial manner, and successfully changed a
substrate specificity of Burkholderia cepacia KWI-56
lipase by the combinatorial introduction of mutation
into the substrate binding site [2].

Here to analyze the relationship between 565 in the
fluorophore and E222 of green fluorescent protein (GFP)
of Aquarea victoria, which is fluorescent without any
cofactor and has become an inevitable tool for biological
and biotechnological research [3], totally 400 mutant
GFPs that includes one wild type were produced in vitro,
and their fluorescent characters were analyzed. Finally,
the potential application of this method especially for
protein design is discussed.

MATERIALS AND METHODS

The outline of the in vitro combinatorial mutagenesis
is shown in Fig. 1. Plasmid pRSET-GFP-1, which was
constructed by inserting the green fluorescent protein
gene of pGFP (Clonetech, USA) into pRSETb vector
(Invitrogen, USA), was used as the source of the gfy
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gene [4]. To decrease the contamination of the wild
type gene in mutant, template DNA was first digested
by restriction enzymes into two fragments. Each frag-
ment was purified from 1% agarose gel by the GeneE-
lute agarose spin column (Sigma, USA). In Step 1, three
DNA fragments, f1, 2, and 3 were independently am-
plified by primer sets, F1T1-S65overlap, S65X-E220ver-
lap, and E222X-R1T1, respectively. ‘S65X’ means prim-
.ers replacing 65th Ser to other 19 amino acids, and
‘E222X’ means E222 to other 19 amino acids. The PCR
was done in 20 pL of 1xExTaq DNA polymerase buffer
containing 0.2 uM each primer, 0.05 U/uL ExTaq DNA
polymerase (Takara Shuzo, Japan), 0.2 mM dNTPs, in
the following temperature sequence; 94°C for 2 min, 25
cycles of 95°C for 30 sec, 55°C for 30 sec, and 72°C for 2
min, followed by additional extension at 72°C for 10
min, using GeneAmp PCR system 2400(PerkinElmer).
After estimation of each amplification by agarose gel
electrophoresis, in Step2, totally 2 pL of the three frag-
ments covering the full gfy gene, T7 promoter, and its
terminator was joined by overlap extension PCR as fol-
lows. First, the fragments was joined in 25 pL of 1x Ex-
Taqg DNA polymerase buffer containing 0.05 U/uL Ex-
Tag DNA polymerase and 0.2 mM dNTPs by the fol-
lowing temperature sequence: 94°C for 2 min, 5 cycles
of 95°C for 30 sec, 46°C for 30 sec, and 72°C for 2 min.
Then after addition of 2 uM T1 primer, in Step3 exactly
the same temperature sequence of step 1 was carried
out again. The reconstitution of the fragment was con-
firmed by agarose gel electrophoreses. In addition, DNA
sequence of the fragment thus amplified was analyzed
directly from the amplified fragment as template, con-
firming the expected mutation.

Then the amplified fragment was served as template
for coupled transcription/translation using E. coli S30
extract as described previously with minor modifica-
tions [5]. Typically the reaction mixture of the coupled
transcription/translation contained 56.4 mM Tris-
acetate (pH 7.4), 1.76 mM dithiothreitol, 1.22 mM ATE,
0.85 mM GTP, CTE and UTP, 0.7 mM 20 amino acids,
40 mM creatine phosphate, 4% (w/v) polyethylene gly-
col 6000, 34.6 pg/mL folinic acid, 0.17 mg/mL E. cols
tRNA, 359 mM ammonium acetate, 0.15 mg/mL
creatine kinase, 6.7 mM Mg(OAc),, 120 mM KOAc, 10
pg/mL T7 RNA polymerase, 10% of the PCR reaction
mixture, and 28.3% S30 extract.

For the direct measurement of in vitro synthesized
GFP mutants, the reaction mixture of /n vitro transcrip-
tion/translation incubated for 2 h at 37°C was diluted
20-fold with 100 mM sodium phosphate buffer (pH 7.0),
and its fluorescence was measured by using a spectro-
flurometer F4500 (Hitachi, Japan).

To purify thus in vitro synthesized GFP, 200 pL of re-
action was incubated for 1 h at 4°C after the addition of
20 pL of Ni chelate beads solution (Ni-NTA Magnetic
Agarose Beads, Qiagen, USA). Then it was washed
twice with 200 mL of 50 mM Na-phosphate buffer (pH
6.3), once with 200 uL of the above buffer additionally
containing 10 mM imidazole and eluted with 50 uL of
the buffer containing 250 mM imidazole.
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Fig. 1. Schematic representation of construction of mutant
genes by PCR mutagenesis and overlap extension T7p, T7t,
(His)6, and Ap” represent T7promotor, T7 terminator, hexa-
histidine tag, and B-lactamase, respectively.

RESULTS AND DISCUSSION

Methodological Improvements in the In Vitro
Combinatorial Mutagenesis

Elimination of the amplification of the original se-
quence in overlap extension PCR is important to assure
reliability of changes in phenotype obtained by the in
vitro method, because no cloning step is included. In
previous reports [1,2], gel purification of the PCR frag-
ments obtained in the first step (Fig. 1) was employed
to remove the original sequence. On the other hand,
herein template DNA was digested by restriction en-
zyme and purified from agarose gel. This treatment
reduces the amplification of original sequence greatly.
In addition, the use of single primer (T1) in the step 3
guarantees that newly synthesized fragments would be
amplified exclusively. These modifications made possi-
ble to reduce the number of gel purification of PCR
fragments, which was relatively time-consuming step,
and to construct more than 20 mutant gfy genes in one
day by a single researcher.

In addition, the reaction conditions of the in vitro
transcription/translation were improved; for example,
amino acid concentration was increased from 0.32 mM
each to 0.7 mM each, which increased the amount of
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Table 1. List of primers

S650L 5’-CAAACTAGTCACAACTCGTTCGCGC-3
"E220L 5’-AAGAAGCACCATGTGGTICTICTICTITTITC-3

F1T1 5-GCGTACTAGCGTACCACGTGTCGACTATCTC
GATCCCGCGAAATTAATACG-3

RIT1 5-GCGTACTAGCGTACCACGTGTCGACTTCCGG
ATATACTTCCTCCTTTCAG-3

T15-GCGTACTAGCGTACCACGTGTCGACT-3

E222X primers

5-CAAAACACACACCACATGGTCCTTCTTNNNTTTG
TAACAGCTGCTGGG-3’

Primer Sequence|Primer Sequence| Primer Sequence] Primer Sequence

E222A GCG |E222C TGC |E222D GAT | E222E GAG
E222F TTT |E222G GGC |E222H CAT || E2221 ATT
E222K  AAA |E222L CTG ([E222M  ATG ||E222N  AAC
E222P CCG |E222Q CAG |E222R CGT || E222S AGC
E222T ACC |E222vV GIT |[E222W TGG | E222Y TAT

S65X primers
5-GCCAACACTTGTCACTACTTTCNNNTATGGTGTT
CAATGCTTTTC-3

Primer Sequence|Primer Sequence|Primer Sequence [Primer Sequence

S65A GCG |S65C  TGC [S65D GAT | S65E GAG
S65F TTT |[S65G GGC |[S65H CAT | S6531  ATT
S65K  AAA | S65L  CTG |[S65M  ATG [S65N  AAC
S65P  CCG |S65Q CAG |S65R CGT | S65S  AGC
S65T ACC ||S68V  GTT [S65W TGG | S65Y  TAT

produced protein in viiro (data not shown). Since PCR
product can be used directly for the in vitro coupled
transcription/translation reaction, mutant proteins was
able to be obtained instantly, allowing a rapid and com-
prehensive examination of combinatorial mutations in
proteins.

Measurement of Fluorescence of In Vitro Synthesized GFP

565 and E222 are hydrogen bonded in the wild type
GFP. This interaction is considered important to the
protonation of chromophore, neutral and anionic,
which corresponds to excitation peaks of 395 nm and
475 nm, respectively, of the wild type GFP [3]. To get
more information of the effect of the mutual relation-
ship between these residues on the fluorescent property,
the two sites were mutated comprehensively.

Totally 400 proteins synthesized in vitro were ana-
lyzed fluorometrically. By the direct measurement using
the reaction mixtures, 11 mutants: S65 changed to A
(S65A), S65T, S65C, S635G, double mutation of S65
changed to T and E222 changed to Q (S65T1-E222Q),
S65A-E222A,-E222G, -E222C, -E222H, -E222S, and -
E222Q) were found fluorescent. Most of the mutants
lost an excitation peak of around 395 nm except for
S65G mutant. Since some mutants having weak fluo-
rescent signal might be undetectable due to relatively
high background, the series of mutants having replace-

313

E222

GAVLIFPSTYNQKRWHCMD E
G|~~~ == = - - mm e — e e o - ++
A|+++ £ 24 T4+ 2 b+t 2 bbb bt
V|- === - o - - - - oo - - -t
L|====- === === =« «--- 4
[T T T
[ T
Pl - === - - - -~ &
s|++----- - -t +-- - ++ -t WT
T+ 4= - =+ - - t4t- =t + 4 - E bt
Y | = === o o5 e o - oo -y
S65 | - - - ___ ____._._._._%
Q|- - - - s e e a e - +
S
R| = === m-mmmmmmm o o - -k
L
P
Lol T i =
Y e T -
O
S T

Fig. 2. Summary of GFP mutants. Relative fluorescent inten-
sity against the wild type (the intensity of the wild type is
expressed as 1) is indicated by +++, more than 1; ++, 0.5 to
1; 4+, 0.05t0 0.5; #, less than 0.05, - undetectable.

Table 2. Emission and excitation peaks of GFP mutants

Mutants Excitation Emission
WT 397 507
477 502
S65G 393 507
485 506
S65A 476 507
S65V 480 506
S65L 485 506
S65C 481 506
S65T 490 510
S65A-E222G 480 502
S65A-E222A 481 502
S65A-E222C 480 503
S65A-E222H 477 500
S65A-F222S 477 501
S65A-E222Q 473 502
S65T-E222Q 483 505
E222C 480 500

ments of E222 together with S65S, A, or T, all of which
showed relatively high fluorescence with the wild type
residue E222, were purified and their fluorescence were
analyzed. When combined with S65T mutation, E222 A,
C,D,G HN,Q,S,V, or Wmutant was found fluores-
cent additionally. When combined with S65A mutation,
all replacements of E222 to any amino acids were found
fluorescent, even though some of them showed a very
weak signal. These results are summarized in Fig. 2.
Among them, several mutants that had relatively high
fluorescent signal were further analyzed, and the excita-
tion and emission peaks were determined as listed in
Table 2. Typical two-dimensional fluorescence plots are
shown in Fig. 3. From the results of these experiments,
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Fig. 3. Two-dimensional measurement of fluorescence of GFP
mutants. Each were produced i vitro and purified as described
in the text. Vertical and horizontal axes represent wave
lengths of excitation and emission, respectively. Contour lines
represent fluorescent intensity.

many mutant GFPs with fluorescence were found when
combinatorial mutations were introduced at both 65th
and 222nd position.

Common characters of the amino acid residues (S, G,
AV, L, T, C) that gave fluorescence to GFP at 65th posi-
tion have small and non-charged side-chain, suggesting
that spatial environment determines acceptability of
each amino acid. In addition, S65A gave much higher
fluorescence than S65G, which would suggest the
importance of the methyl or the ethyl group of the side
chain for the formation of the fluorophore.

Since S65 is involved in the fluorophore of GEL, it is
likely that all mutations would have been already tried
by other researchers. Actually if E222 was the wild type,
mutants such as S65T and S65A were literally available.
If S65 was changed to T, however, E222Q was also fluo-
rescent. Interestingly, when S65 was replaced by A, the
222nd position was found to be tolerant to the re-
placements by all 20 amino acids, although the fluores-
cent intensity was strongly dependent on the character
of amino acids: hydrophobic residues gave low signal
but small and hydrophilic ones (G, A, S, Q, H, C) gave
relatively high signal. All of these mutant proteins
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showed a similar emission maximum (around 505 nm)
and a shifted excitation maximum at 480 nm. The high
acceptability would be possibly explained by that the
small side chain of A gives an enough space for a variety
of side chains at 222nd position.

The hydrogen bond between E222 and S65 are sup-
posed to be required to the excitation around 395 nm
[3]. In our study, the all mutant except for S65G that
potentially has no hydrogen bond lost the excitation
but retained the excitation around 480 nm. Since the
fluorescent intensity of S65G was relatively week, fur-
ther analysis would be required to make any conclusion
from this result. _

By using the in vitro combinatorial mutagenesis, 399
mutants were comprehensively constructed by a se-
quential reaction only on a microplate exclusively
without living cells in a high throughput manner. After
purification of the first PCR fragment, only 3 to 4 h for
PCR reaction and 1 h for transcription/translation were
needed. As a result, a large number of mutants could be
obtained within a day. Furthermore, the whole process
can be automated since no laborious and complex step
that needs human hands are included. The method pre-
sented here is a powerful tool to analyze the structure-
function studies of proteins based on comprehensive
mutations, which would give valuable information to
design useful proteins.

Here in vitro coupled transcription/translation system
was used instead of conventional i# vivo expression sys-
tems. Although the expression level is not so high as the
in vivo system, the obtained amount is enough for most
of biochemical assay methods. More importantly, pro-
teins that are difficult to produce as active form, such
as a single-chain antibody [6], a Fab fragment [7], bacte-
rial lipases [8,9] and phospholipase D [10], have been
successfully synthesized avoiding the formation of ag-
gregate by controlling oxidation conditions of the pro-
tein synthesis reaction of the E. coli S30 system. In addi-
tion, the in vitro expression system can be easily modi-
fied adjusting to target proteins. For example, addition
of minor arginine and leucine tRNA increased produc-
tion of proteins containing many such rare codons [11],
and the use of protease-deficient mutant helped the
stabilization of some proteins produced in vitro [12].
These reports clearly demonstrate the feasibility and
usefulness of the in vitro expression system.

We have also developed another in vitro technology:
the Single-Molecule PCR (SM-PCR), which enables a
direct amplification from single DNA molecule [4,13,
14]. By direct combination of the SM-PCR and in vitro
transcription/translation reaction, protein library can
be constructed exclusively by the cell-free system only
on micro-titer plates. In this case, introduction of ran-
dom mutation is possible because each single DNA
molecule is a start template for the PCR and the follow-
ing protein synthesis reaction. This system is free from
both transformation efficiency and the use of agar
plates, which limit the library size of the conventional
in vivo screening method. In addition, the obtained pro-
tein library is much more uniform than that obtained
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by the in vivo methods [15].

The two systems we have developed are complemen-
tary, one is site-specific and targeted, but the other is
rather compatible with random-mutation. They will
provide, therefore, powerful tools with scientific and
engineering fields of protein research by assisting com-
prehensive and high-throughput analysis.

CONCLUSION

We have demonstrated in this report that the 7# vitro
combinatorial mutagenesis enables a rapid construction
and analysis of all possible combinations of two specific
sites of proteins, and provides comprehensive structure-
function information easily. Combinatorial mutational
analysis of 65th and 222nd positions in GFP using this
methodology revealed that all possible amino acids were
acceptable in place of E222 together with S65A, but not
with S65G, suggesting the importance of the combina-
tion between these two sites. The results obtained here
highlight the importance of comprehensive mutational
analysis of function center of proteins and the useful-
ness of the in vitro system.
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