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Abstract

A method for high throughput screening of Green Fluorescent Proteins carrying metal binding tags in bacteria was developed. A random
f acid
s eptide tags
l etal ions
s libraries.
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our amino acids tag-peptide library was successfully generated inE. coli. A 96-microtiter plate assembled with metal-iminodiacetic
mall cryogel columns was used for library screening. For the first time we were able to simultaneously screen a metal binding p
ibrary obtained fromE. coli against different metal ions. From screening 25 different tags, three clones were able to bind to all m
tudied (Ni2+, Zn2+, Co2+ and Cd2+). It was clearly demonstrated that the new construct could facilitate the screening of large peptide
2005 Elsevier B.V. All rights reserved.
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. Introduction

The Green Fluorescent Protein (GFP) was first extracted
rom the jellyfish Aequorea victoria for the study of
ioluminescence in photobiology[1,2]. Recently, GFP has
een widely used as a reporter protein since it provides a
uorescent phenotype upon UV excitation[3,4]. GFP has
lso been used as fusion partner, together with different
ffinity tags at the N- or C-terminus (or both), providing
molecular recognition site for selective interaction with

igands immobilised onto a suitable matrix. Particularly,
mmobilised metal affinity chromatography (IMAC) makes
se of matrix-bound metals, to purify biomaterials on the
asis of their interaction with the immobilised metal ions

Abbreviations: E. coli, Escherichia coli; IPTG, isopropyl-�-d-
hiogalactopyranoside; LB, Luria–Bertani medium; IDA, iminodiacetic
cid; NTA, nitrilotriacetic acid; CV, column volume; GFP, Green Fluores-
ent Protein; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel elec-
rophoresis; BSA, bovine serum albumin; SPR, Surface plasmon resonance
∗ Corresponding author. Tel.: +46 46 2228264; fax: +46 46 2224713.
E-mail address:bo.mattiasson@biotek.lu.se (B. Mattiasson).

[5–10]. Six histidine tags (His6) have been frequently us
to facilitate protein purification. However, various availa
literature reports, describe the purification of a target pro
using metal binding tails other than His6 [11–13]. Advances
in peptide and protein library technology have made it po
ble to select new ligands with novel binding specificities
high endurance to chemical and physical conditions. I
odiacetic acid (IDA) is by far the most widely used chela
ligand. Matrices with coupled IDA are commercia
available from many producers, although in the past se
years, other chelators have also been tried for immobilis
to chromatographic media. In general, tetradentate liga
such as NTA, have higher affinities for metal ions t
the tridentate chelator IDA, but they exhibit lower prot
binding due to the loss of one coordination site for the m
ion [14]. When using IDA, the affinities of many retain
proteins and their respective retention times are in
following order: Cu2+(II) > Ni 2+(II) > Zn2+(II) ≥ Co2+(II)
[10]. Several screening methods have been develope
selection of molecules with high affinity and specificity fr
different proteins, peptides or nucleic acids libraries[15,16].
021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2005.04.029
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In this paper, we constructed a random peptide library fused
to GFPuv, an enhanced mutant of GFP, expressed inE. coli
cells. Using IMAC in a novel miniature chromatographic
mode, the fused peptides could be screened against different
metals immobilised with IDA ligands. The chromatographic
step was developed into a 96-well format allowing process-
ing of samples without the need for artificial pressure drop
as the matrix is supermacroporous[17]. The matrix used
to pack the column presents also the advantage of being
protected against running dry.

2. Material and methods

2.1. Bacterial strains and plasmids

E. coli strain TGI (supE thi-1�(lac-proAB) �(mcrB-
hsdSM)5 (rK– mK

–) [F′ traD36 proAB lacIqZ�M15]) was
used as a host in all experiments and plasmid pTrc99a (GE
Healthcare, Uppsala, Sweden) was used as expression vector.
The construction of plasmids pTGFP and pTH6GFP, express-
ing GFPuv and a hexa-histidine tagged GFPuv, respectively,
were described previously[18,19].

2.2. Enzymes, chemicals and reagents
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Table 1
Colony-PCR programme

Cycle Temperature (◦C) Time Number of cycles

1 94 10 min 1

2 94 30 s 25
50 30 s
72 1 min

3 72 10 min 1

TCTGCGTTCTGATTTAATCTGTATCAGGC-3′. The PCR
reaction was performed using the “Expand High Fidelity
PCR System”.

The amplified PCR product was isolated after elec-
trophoresis on 1% agarose gel. Bands corresponding to the
amplified PCR product were extracted using QIAquick,
Gel Extraction Kit from Qiagen, (Basel, Switzerland).
Plasmid DNA pTrc99a and DNA originating from the
amplification step were restricted using the enzymes
EcoRI and PstI. The restricted DNAs were then isolated
as described above and finally fused overnight at 4◦C.
The new constructed plasmids were used to transform
competentE. coli cells and spread over LB agar plates con-
taining 100�g/ml ampicillin and 1 mM IPTG. All cloning
procedures were performed as described by Maniatis et
al. [20]. The fluorescent clones were checked for correct
insertion by colony PCR. Colonies were directly picked
from agar plates and mixed in PCR tubes with primer
pTrc (5′-CATCCGGCTCGTATAATGTGTGGAATT-3′),
which anneals upstream to the random insert, the antisense
primer described previously andTaq polymerase. The
mixture was subjected to the following PCR programme
(Table 1) and PCR products were isolated by 1% agarose gel
electrophoresis to check for amplification. Clones having a
correct insert were streaked on LB agar plates for further
investigation.
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Restriction endonucleases, T4 DNA ligase, D
olecular weight marker III, “Expand High Fidelity PC
ystem” andTaq DNA polymerase were obtained fro
oche (Mannheim, Germany). The Qiaprep, spin mini
it and the QIAquick, Gel Extraction Kit was obtain
rom Qiagen (Basel, Switzerland). PopCulture rea
rom Novagen (Madison, WI, USA). Chelating Sephar
ast Flow was from Amersham Biosciences (Upps
weden). Ni2+-NTA Sepharose was obtained from IB

Göttingen, Germany).N,N-Dimethylacrylamide (DMAA
9%), ammonium persulfate (APS) and allyl glyci
ther (AGE, 99%) were bought from Aldrich (Steinhe
ermany). N,N′-Methylenebis(acrylamide) (MBAAm
as from Acros (Geel, Belgium); iminodiacetic a

IDA) was from Fluka (Buchs, Switzerland).N,N,N′,N′-
etramethylethylenediamine (TEMED) and imidazole w
urchased from Sigma (Stockholm, Sweden). All o
hemicals were of analytical grade and commerc
vailable

.3. Library construction

Amplification of thegfpuvgene was performed using tw
rimers, obtained from MWG Biotech AG (Ebersberg, G
any) and plasmid pTGFP as a template. The sense prim

dentical to the coding strand ofgfpuvgene but includes a′
verhang containing the random sequence, sense prim′-
TTAGAATTCCACNNSNNSNNSNNSACCATGAGTAA-
GGA GAAGAACTTTTCACTGG-3′, where N stand

or (G, C, A, T) and S for (G, C), antisense primer:′-
.4. Cell culture and protein purification

Cells were cultivated in 100 ml flasks containing 20 m
odified LB broth (10 g/L peptone, 10 g/L NaCl, and 5

east extract) supplemented with 100�g/ml ampicillin and
mM IPTG. Flasks were incubated overnight (12–18 h
7◦C in a shaking incubator (170 rpm). Cells were harve
y centrifugation at 3000×g for 5 min. The cell pellets wer
ashed and reconstituted in 5 ml of 20 mM Tris–HCl, 0.
aCl, pH 8.0 (buffer A). Cells were then sonicated us
W380 Heat System Ultrasonic, output 5 (1 s pulses
s intervals) for 15 min. The cell homogenate was div

nto two parts, one part was left without further treatmen
onicated lysate. In the other part, the cell debris wer
oved by centrifugation at 20,000×g for 15 min. The crud
omogenate obtained was heated at 70◦C for 15 min and
entrifuged as above to remove denatured proteins, g
clarified extract. The supernatant was stored at 4◦C until

urther used.
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2.5. Protein expression in 96-well plates

LB medium (0.1 ml supplemented with 100�g/ml ampi-
cillin and 1 mM IPTG) was inoculated with individual clones
in 96 deep-well microtiter plate with 2 ml cavities and incu-
bated overnight in a shaking incubator at 37◦C at 200 rpm.
0.9 ml of LB (100�g/ml ampicillin, 1 mM IPTG) was added
to each well and the plate was incubated for an additional
3 h.

The production of tagged GFP was confirmed by moni-
toring the fluorescence under UV. The cells were harvested
and the pellets were reconstituted in 250�l of buffer A.
The cells were then lysed either by sonication or addition
of 40�l of PopCulture and let to incubate at room tempera-
ture for 15 min.The samples were stored at 4◦C until further
used.

2.6. Preparation of 96-well IMAC plate

Holes of 0.3 cm diameter were drilled in 96-well plates
(Deep Well Plate, Masterblock, round bottom, polypropy-
lene obtained from Greiner Bio-One, Germany) and the wells
were packed with poly(dimethylacrylamide)-based superma-
croporous monolithic columns containing IDA ligands. The
preparation of supermacroporous gels is described in details
in [17,21]. Briefly, DMAA (2.1 ml) and MBAAm (0.75 g)
w 5 ml
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Columns were washed with 5 CV water and equilibrated with
6 CV of buffer A. Cell homogenates obtained by either Pop-
Culture reagent or sonication (250�l) were applied and the
columns were washed with 6 CV of buffer A. Elution was
carried out with a stepwise gradient of 10, 20, 30, 40, and
200 mM imidazole. Columns were then regenerated by ap-
plying 5 CV of 50 mM EDTA and followed by washing with
6 CV of water. The presence of GFP protein in flow-through,
washing or elution was detected by monitoring fluorescence
under UV irradiation.

2.8. DNA sequencing

pTrc primer was used as template for DNA sequencing
using BigDye-terminators version 3.0 from Applied Biosys-
tems (Warrington, UK), according to the supplier’s instruc-
tions. The results were analysed on an ABI 3100 DNA se-
quencer by the BM unit at Lund University.

2.9. Comparison of the binding strength of selected
tag-GFPs

The chromatographic experiments were performed using
a Tricorn column (0.5 cm× 10 cm) coupled to a Biologic
DuoFlow Chromatographic System (Bio-Rad, Hercules, CA,
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ere dissolved in 40 ml of deionised water. Then 0.27
GE was added to the mixture under continuous stirring

he volume was adjusted to 50 ml with deionised water.
ixture was degassed under vacuum for 10 min. Free

al polymerisation was initiated by adding TEMED (35�l)
nd APS (30 mg) and the reaction mixture was stirred

ly for 30 s. A half milliliter of the reaction mixture wa
hen added very quickly into each well of a 96-well c
ould. The solution in the mould was frozen at−10◦C within
0 min in a cooling chamber, maintained at that tempera
vernight and thawed at room temperature. The supe
roporous cryogel columns were washed by passing 10
eionised water through each well. The monoliths were tr

erred from the mould to a 96-well plate. Iminodiacetic a
as coupled to cryogel columns as described in[17]. Briefly,
ml of 0.5 M Na2CO3 solution was applied through ea
ell filled with cryogel column, equilibrated with 0.5 M ID

n 1.0 M Na2CO3, pH 10.0, then the 96-well plate was plac
nto a vessel containing 400 ml of the same solution an
ubated overnight at room temperature with gentle sha
inally, the modified cryogels were washed with water u
H became neutral.

.7. Screening for peptide ligand from the library

Five column volumes (CV = 0.5 ml), of 100 mM me
hloride (Cu2+, Ni2+, Zn2+, Co2+, Cd2+) solution in wate
ere applied to the columns. The columns were subsequ
ashed with 6 CV water and 6 CV of 200 mM imidazole

emove the excess of unbound and loosely bound metal
SA). The column was filled with either 1.2 ml IDA or NT
epharose gel loaded with Ni2+-ions and equilibrated wit

unning buffer A at a flow rate of 1 ml/min. One millilitre
eat-treated samples was applied to the columns. Wa
as performed with running buffer A, elution was carr
ut using a continuous imidazole gradient (0–100 mM)

ractions of 1 ml were collected. The presence of GFP
onitored in a fluorescence system from Photon Techno

nternational (West Sussex, UK), using a photomultiplier
ection system model 814. The fluorescence intensity
easured at 508 nm (excitation at 400 nm) and express
rbitrary units. For each clone, the three most fluores

ractions collected from the IDA columns, were combi
nd dialysed overnight in water using a 3.5 kDa cut-off S

ra/Por dialysis membrane from Spectrum Laboratories (
ho Dominguez, CA, USA). Proteins were then concentr
y lyophilisation, re-suspended in 200�l deionised water an
nalysed by SDS-PAGE using a 15% slab gel[20].

.10. Protein expression level

Cell lysate from selected clones were obtained as p
usly described for flask cultures, but in this case the
ere re-suspended to the same density after harvesting
uorescence intensities of the supernatant were determ
oth before and after heat-treatment. The different sam
ere analysed by SDS-PAGE by determining the GFP

ent in the bands found at 30 kDa on the gel using Alpha
otech Corporation gel documentation system equipped

he AlphaImager 2200 software (San Leandro, CA, USA
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2.11. Surface plasmon resonance measurements

All surface plasmon resonance (SPR) measurements were
performed in a BIAcore 3000 system (Uppsala, Sweden) us-
ing a NTA sensor chip immobilised with nickel ions. Proteins
extracts purified on a Ni2+-NTA Sepharose column and pre-
dialysed in running buffer (0.01 M HEPES, 0.15 M NaCl, pH
7.4). In the case of native GFP, the protein was purified by
extraction with organic solvent as described in[22]. The pro-
teins were injected onto the chip at a concentration 200 nM
for 6 min at a flow rate of 30�l/min and then allowed to
dissociate. Between each run, the chip was regenerated and
re-immobilised with nickel ions, according to the manufac-
turer’s instructions.

3. Results and discussion

The peptide library was generated by the addition of the
amino acid sequence MEFHXXXXH (where X represents
any amino acid) at the N-terminal of the GFP. Twenty-three
clones were selected for further studies. To screen the ex-
pressed proteins, a recently developed chromatographic for-
mat comprising of 96 monolithic supermacroporous IMAC
columns has been used. Poly(dimethylacrylamide)-based su-
permacroporous monolithic columns were produced by poly-
m tem.
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Fig. 1. (a) Photo of a 96-microtiter plate (Deep Well Plate, polypropylene,
round bottom, with 3 mm holes drilled at the bottom) packed with super-
macroporous poly(dimethylacrylamide)-based monoliths immobilised with
nickel ions, after application of the protein extracts. Columns 1 and 2 rep-
resent respectively, the cells treated by PopCulture and the sonicated lysate.
(b) Photo of a 96-microtiter plate containing the flow-through and wash
fractions from the columns in picture a. (c) Photo of a 96-microtiter plate
containing the eluted fractions from the columns in picture (a).
erisation of the monomers in a moderately frozen sys
hen freezing the initial solution, the solutes are con

rated in a small non-frozen part of the sample despite
he whole sample looks as a solid block. The polymerisa
roceeds in these non-frozen zones, resulting in the form
f polymer network around ice crystals, which act as t
lates. When the ice is melted, a system of large (1–10�m

n size) interconnected pores is left in place of the ice c
als. The entire polymer in the system is expelled in a
tively small volume of the pore walls. Hence the poly
oncentration in the walls is fairly high, above 20% (w/v
he initial total concentration of monomers used was a
% (w/v) [23]. A high polymer content in the pore wa
akes them strong and endorses the whole monolith
lasticity. Thus, it was possible to compress monoliths
meter of 0.71 cm) slightly and insert in the wells (diam
f 0.69 cm) of the plastic 96-well plate. The degree of c
ression (i.e. the diameter of the well in the plastic plate)
ptimised so that the compressed monolith is kept tight

he well with no leakage occurring in between the mo
ith and the walls. Moreover, the monoliths in the wells
ain the liquid due to the capillary forces, no drainage
he liquid occurred. The application of 0.5 ml liquid into
ell packed with monolithic column resulted in displac
f 0.5 ml liquid from the bottom of the monolith. Thus t
onolithic columns have running-dry protected proper
ell debris can pass freely through the monolith colum
hich allows library screening without the need to cla

he cell extracts (Fig. 1). Both native-GFP and His6-GFP
ould be bound to Cu2+-IDA-monolith and eluted almost
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Table 2
Binding of proteins expressed by different clones to monolithic supermacro-
porous columns loaded with different metal ions (Ni2+, Zn2+, Co2+, Cd2+)

Name Tag sequence Ni2+-
IDA

Zn2+-
IDA

Co2+-
IDA

Cd2+-
IDA

Native-GFP MEFELGT
His6-GFP MGHHHHHHGT + + + +
A-GFP MEFHVRLK H +
B-GFP MEFHVCMH H +
C-GFP MEFHQETEH +
D-GFP MEFHPKLEH +
E-GFP MEFHNWMDH +
F-GFP MEFHFKSH + + + +
G-GFP MEFHNAIL H +
H-GFP MEFHNRSRH +
I-GFP MEFHANHM H + + + +
J-GFP MEFHWRSRH +
K-GFP MEFHNGSEH +
L-GFP MEFHTRSGH +
M-GFP MEFHNWMDH +
N-GFP MEFHEIDVH +
O-GFP MEFHWRARH +
P-GFP MEFHWGYL H +
Q-GFP MEFHTSMLH + + +
R-GFP MEFHSRLSH +
S-GFP MEFHQKVL H +
T-GFP MEFHALRGH +
U-GFP MEFHFQFDH +
V-GFP MEFHRSLAH +
W-GFP MEFHVWMR H

the same imidazole concentrations (20–30 mM imidazole),
therefore Cu2+–IDA cannot differentiate between, the native
and His6-tagged GFP, and was not used for screening. On
the other hand, apart from copper, all other metal-IDA could
differentiate between different tagged-GFPs. The screening
results are presented inTable 2. Out of the 23 tagged-GFPs
bound to Ni2+-IDA, seven GFP variants were eluted at 20 mM
imidazole, while the rest were eluted already at 10 mM im-
idazole. Three GFP variants (F, I and Q) could bind to Zn2+

and Co2+-IDA columns, but only two of them, F-GFP and
I-GFP, could even bind to Cd2+-IDA columns. The tag ex-
pressed by F-GFP had only three amino acids in the ran-
dom sequence instead of 4, resulting in a HXXXH sequence,
which according to Fujii et al.[24], may form an�-helix
which is properly oriented to bind to metals. Surprisingly,
the protein expressed by B-GFP bound only to Ni2+-IDA,
even though it had a HXXXH sequence, as well as three his-
tidine residues like the tag expressed by I-GFP. In the case
of I-GFP, two of the histidines may have the same orienta-
tion as they are separated by only one amino acid and there-
fore be available for binding with metal ions. The respective
chromatographic profile for the three proteins expressed by
I-GFP, Q-GFP and F-GFP, revealed differences in their bind-
ing strength. The proteins were eluted from Ni2+-IDA in the
following order Q-GFP, F-GFP and I-GFP in sharp peaks, but
at a lower imidazole concentration than His6-GFP (Fig. 2).
His6-GFP binds strongly to Ni2+-IDA and it is therefore dif-
ficult to elute it as a sharp peak, using this imidazole gradient.
Native-GFP did not bind to the Ni2+-IDA column and came
out in the flow-through fraction. Only His6-GFP and I-GFP
could bind to Ni2+-NTA in column format, which is due to
the difference in selectivity between IDA and NTA. Ni2+-
NTA is more selective than Ni2+-IDA, because in Ni2+-NTA
the nickel ion has less co-ordination sites available for the
p ns
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r
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p ty,
a tment
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p with
t
t tivity
o

F triangle line and
o ls) gel c angin
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ig. 2. Comparison of native-GFP (rhombs), His6-GFP (cross), F-GFP (
pen symbols) and Ni-NTA Sepharose (straight-line and black symbo
to 100 mM (straight line). One millilitre of heat-treated extracts was
roteins to bind[14]. The SDS-PAGE, of the eluted fractio
rom Ni2+-IDA, reveals a significant increase in tag-GFP
ification, even though impurities are still present (Fig. 3).
he tags have great influence on the expression levels
roteins (Fig. 4) but no or little effect on the protein stabili
s the fluorescence intensity remains high after heat trea
Fig. 5). Furthermore, the comparison of the amounts o
ressed proteins determined by SDS-PAGE analysis,

he fluorescence intensities of the same samples (Table 3),
ends to prove that the tags do not influence the ac
f GFP.

), I-GFP (circle) and Q-GFP (square) on Ni-IDA Sepharose (dotted
olumns. Elution was carried out by a continuous imidazole gradient rg from
onto 1.2 ml of gel at a flow rate 1 ml/min.
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Fig. 3. SDS-PAGE of tagged GFPs before and after Ni2+-IDA column purification. Lanes 1, 3, 5, 7 and 9 contain the applied samples of native-GFP, His6-GFP,
F-GFP, I-GFP and Q-GFP, respectively. Lane 2 the flow-through fraction of native-GFP. Lanes 4, 6, 8 and 10 contain the concentrated purified fractions for
His6-GFP, F-GFP, I-GFP and Q-GFP, respectively. (Mr) protein molecular mass markers.

Fig. 4. SDS-PAGE of clarified and non-clarified protein samples. Lanes 1– P,
respectively. Lanes 6–10 clarified samples of native-GFP, His6-GFP, F-GFP, I-GF

His6-GFP and I-GFP, which both bind stronger to the
Ni2+-NTA Sepharose, were also tested for their binding to
a Ni2+-NTA bearing chips by SPR. As expected, His6-GFP
gave a much higher response as observed on the senso
gram (Fig. 6). But the very weak binding showed by I-GFP,

Fig. 5. Comparison of the fluorescence intensity of the different clones be-
fore (black) and after (grey) heat treatment. All values are normalised against
the fluorescence intensity of non heat-treated native-GFP.

c ig-
a , as
w re-
s nd
[

F -
G rams
f

5, non-clarified samples of native-GFP, His6-GFP, F-GFP, I-GFP and Q-GF
P and Q-GFP, respectively. (Mr) protein molecular mass markers.

-

ould be explained by a different chemistry of NTA l
nd coupling on NTA Sepharose column and NTA-chip
ell as the high dynamic flow used in SPR instruments
ulting in the different access of the I-GFP to NTA-liga
25].

ig. 6. SPR binding affinity comparison of native-GFP, His6-GFP and I
FP to a Ni2+-NTA sensor chip. The insert shows the enlarged sensog

or native-GFP and I-GFP.
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Table 3
Comparison of the relative GFP content in non heat-treated fractions deter-
mined by SDS-PAGE with the relative fluorescence intensity measured in
the same fractions

Construct name GFP relative content Fluorescence relative intensity

Native-GFP 100 100
His6-GFP 36 38
F-GFP 198 195
I-GFP 172 162
Q-GFP 176 167

All values are normalised against native-GFP.

4. Conclusion

The conventional procedures to screen a bacterial peptide
library involve individual picking, cultivation and expression
of selected clones. The developed 96-well chromatographic
format based on supermacroporous monolithic columns al-
lows simple parallel chromatographic processing of multiple
samples. As the monolithic columns are drainage-protected,
the system does not require any additional equipment to cre-
ate excessive pressure or vacuum (to ensure the flow-through
of the columns) or valves to prevent drainage of the columns
[17]. The performance of the system has been demonstrated
for the screening of a combinatorial library for metal binding
peptide tags co-expressed with GFP, but should be applicable
also for other systems.
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