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The in vi tro pro tein biosynthesis has the po ten tials to be come a pow er ful tech nol ogy
for bio chem i cal re search. Be side the de ter mi na tion of struc ture and func tion the in vi -
tro evo lu tion of pro teins is also of great in ter est.

The sys tem de scribed was used to pro duce bo vine heart fatty acid bind ing pro tein
(FABP) and bac te rial chloramphenicol acetyltransferase (CAT) with and with out fu -
sion of the Strep-tag II af fin ity pep tide. The pro teins were pu ri fied af ter and dur ing
pro tein biosynthesis by us ing a StrepTactin Sepharose ma trix. No sig nif i cant in flu -
ence of the Strep-tag and the con di tions dur ing the af fin ity chro ma tog ra phy on mat u -
ra tion or ac tiv ity of the pro tein was ob served.

The in vi tro evo lu tion of pro teins is fea si ble by means of ri bo some dis play. The se lec -
tion of a spe cific mRNA cod ing for a short ened FABP with a N-terminal His-tag via the
ac com pa ny ing pro tein prop erty was shown. Goal of the se lec tion was to bind the
FABP via the His-tag on Ni(II)-IDA-agarose. Af ter nine cy cles of tran scrip tion, trans la -
tion, af fin ity se lec tion and RT-PCR the pro tein with the His-tag could be en riched
108-fold.

In or der to cor re late a pos si ble re la tion ship be tween changes in pro tein pop u la tion
and bi o log i cal func tion stud ies were ini ti ated in which 2-dimensional pro tein pat terns
of the to tal in vi tro sys tem were com pared af ter 0 and 2 h re ac tion time. The very in ter -
est ing find ings are that a num ber of pro teins dis ap pear, while oth ers are newly
formed dur ing pro tein syn the sis.
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The po ten tials of the in vi tro pro tein bio -
synthesis sys tem in clude not only the pro duc -
tion of pro teins, but es pe cially the syn the sis of 
cytotoxic, reg u la tory or un sta ble pro teins
which can not be ex pressed in liv ing cells
(Stiege & Erdmann, 1995). An other ad van -
tage is the la bel ing with iso topes at spe cific
po si tions which fa cil i tates their de tec tion or
al lows to study their struc ture and func tion by 
NMR spec tros copy. Fur ther ad van tages are
the pu rity of the syn the sized pro teins, it is
eas ier to iso late them (Hauakanes & Kvam,
1993) and in gen eral their su pe rior bi o log i cal
ac tiv i ties. The sys tem can also be used for the
in vi tro evo lu tion of pro teins with se lected bi o -
log i cal prop er ties and it is pos si ble to cre ate
pro teins with im proved or even new bi o log i cal 
ac tiv i ties by in tro duc ing un nat u rally mod i fied 
amino ac ids into spe cific po si tions of a pro -
tein.
The use of a spe cific in vivo or in vi tro syn the -

sized pro tein for ex am ple for crys tal li za tion
or NMR stud ies is to a great ex tent de pend ent
upon its pu rity. For this pur pose the re com bi -
nant pro duc tion and pu ri fi ca tion of pro teins
with short af fin ity tails have gained wide -
spread ap pli ca tion in bio tech nol ogy (Nygren
et al., 1994). In most ex am ples in ves ti gated so
far it was found that these short pep tide ex -
ten sions, be tween three and twelve amino ac -
ids in length, did not in ter fere with the bi o log -
i cal func tion of the pro tein and there fore need 
not be re moved via pro te ol y sis. The Strep-tag
II is an eight-amino-acid pep tide that dis plays
in trin sic bind ing af fin ity to wards re com bi -
nant core streptavidin (Schmidt et al., 1996),
named StrepTactin (Voss & Skerra, 1997). A
spe cific ad van tage for pro tein pu ri fi ca tion is
that com pet i tive elu tion of the bound
Strep-tag fu sion pro tein from the StrepTactin
ma trix can be ac com plished in the na tive state 
un der very mild buffer con di tions by com pe ti -
tion with the bi o tin an a log desthiobiotin. We
have tested if the Strep-tag af fin ity pu ri fi ca -
tion is prac ti ca ble and com pat i ble with our
cell-free pro tein biosynthesis sys tem.

In vi tro se lec tion ex per i ments us ing DNA or
RNA, where the mol e cules are si mul ta neously 
ge no type and phe no type, have shown that nu -
cleic acid mol e cules with spe cific mo lec u lar
rec og ni tion and cat a lytic prop er ties can be
iso lated from com plex pools of ran dom se -
quences (Osborne & Ellington, 1997). Be cause 
pro teins carry out a wider range of struc tural
and cat a lytic roles in bi ol ogy and are much
more ex ten sively used in di ag nos tics, ther a -
peu tic, and in dus trial ap pli ca tions, the se lec -
tion and di rected evo lu tion of pro teins is of
great in ter est. Most of the meth ods used for
the se lec tion of pro teins as car rier of the phe -
no type have been based di rectly or in di rectly
on liv ing cells. Ex am ples of such ap proaches
in clude phage dis play (Smith & Petrenko,
1997), plasmid dis play (Schatz et al ., 1996),
and com pletely in vivo ge netic ap proaches
(Zhang et al., 1997; Moore & Ar nold, 1996;
Peled-Zehavi et al ., 2000). How ever, in vivo ap -
proaches are lim ited by trans for ma tion ef fi -
ciency to 1–10 × 109 dif fer ent mol e cules.
This lim i ta tion can be over come by us ing in vi -
tro sys tems based on cell-free trans la tion. Pro -
teins un for tu nately are not ge netic mol e cules
and can not be cop ied by any known en zy matic 
ac tiv ity. There fore, to con struct an in vi tro
pro tein se lec tion cy cle, the amplifiable geno -
mic in for ma tion (mRNA) must be phys i cally
linked to the selectable in for ma tion (pro tein).
Two dif fer ent ap proaches have been pub -
lished which make such a cou pling pos si ble.
The mRNA-protein fu sion tech nique is a co va -
lent link age be tween the 3′ end of the mRNA
and the car boxyl ter mi nus of the pro tein via a
puromycin (Rob erts & Szostak, 1997). The ri -
bo some dis play is based on the pos si bil ity of
ex press ing pro teins from mRNA lack ing a
stop codon and the di rect use of the ter nary
com plex, con sist ing of a protein, a ribosome
and an en cod ing mRNA (PRM-complex), for
af fin ity en rich ment (Hanes & Plückthun,
1997). One lim i ta tion of the ri bo some dis play
is that li brar ies must be screened un der con di -
tions in which the PRM-complex is sta ble
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(high Mg2+ and low tem per a ture). Here we de -
scribe the es tab lish ment of the ri bo some dis -
play tech nique in our lab.
Con cern ing the cell-free pro tein biosynthesis 

there are still a num ber of ques tions to be an -
swered, in or der to ex plain the fact that the in
vi tro sys tem is much less ef fi cient than the in
vivo sys tem (Spirin et al., 1988; Ryabova et al ., 
1989; Stiege & Erdmann, 1995). One in ter est -
ing ob ser va tion with the closed in vi tro sys -
tem, called the batch sys tem, is that af ter an
ini tial very ac tive phase the re ac tion stops af -
ter 1 to 2 h. This has been ob served in our E.
coli trans la tion sys tem with the syn the sis of
FABP (Stiege & Erdmann, 1995). Sim i lar re -
sults are ob tained for the dihydrofolate
reductase (DHFR) and CAT (our un pub lished
data) and green flu o res cence pro tein (GFP)
(Siemann et al., 2000). Thus ques tions arise:
Which causes have been lead ing to the ter mi -
na tion of pro tein syn the sis in the batch sys -
tem? So far sev eral rea sons could be ex cluded: 
mRNA hy dro ly sis can not be the rea son be -
cause in the cou pled tran scrip tion/trans la -
tion sys tem T7-RNA poly mer ase per ma nently
syn the sizes new mRNAs. This sys tem is sta -
ble as dem on strated by Siemann et al. (2000)
and they were also able to elim i nate en ergy
short ages as a prob lem. There fore we set up
the hy poth e sis that the deg ra da tion and mod i -
fi ca tion of en zymes and fac tors re quired for
pro tein biosynthesis are the rea son in loss of
ac tiv ity. Thus we de cided on the ba sis of a
batch syn the sis of FABP to mon i tor the pro -
teins of the re ac tion mix ture af ter 0 and 120
min re ac tion time by high res o lu tion
two-dimensional gel elec tro pho re sis (2-DE).

MATERIAL AND METHODS

Con struc tion of plasmids 

For the con struc tion of plasmids, which
served as tem plates for the in vi tro tran scrip -
tion, we fol lowed stan dard pro to cols
(Sambrook et al., 1989).

In vi tro tran scrip tion

The mRNA tran scripts were ob tained by in
vi tro run off tran scrip tion from linearized
plasmids or from PCR-products with T7 RNA
poly mer ase (Stratagene) fol low ing the pro to -
col of Triana-Alonso et al. (1995) with mi nor
mod i fi ca tions. The syn the sized mRNA can be
la beled with [α-35S]CTP (Amersham). Tran -
scripts were an a lyzed by agarose gel elec tro -
pho re sis and in some cases by auto radio -
graphy af ter sep a ra tion on 6% de na tur ing
polyacrylamide gel.

In vi tro trans la tion

We used an op ti mized procaryotic lysate
which was pre pared by the method of Cro -
nenberger & Erdmann (1975) with some mod -
i fi ca tions and com posed of com po nents de -
scribed by Merk et al. (1999). The syn the sized
pro teins were la beled with L-[U-14C] leucine
with a spe cific ac tiv ity of 304 mCi/mmol
(Amersham). Af ter trans la tion pro tein quan ti -
fi ca tion was done by mea sur ing the in cor po -
rated ra dio ac tiv ity pres ent in trichloroacetic
acid-precipitated aliquots of the re ac tion mix -
tures. The pro teins were an a lyzed by
autoradiography af ter sep a ra tion on 15%
polyacrylamide gels (Laemmli, 1970).

Strep-tag af fin ity pu ri fi ca tion

Af ter in vi tro pro tein biosynthesis. Pu ri fi -
ca tion of the Strep-tag fu sion pro teins was
done by af fin ity chro ma tog ra phy ac cord ing to 
the man u fac tur ers pro to col (IBA Göttingen,
Ger many) ex cept that the vol ume of the af fin -
ity col umn (StrepTactin Sepharose) was re -
duced to 230 µl to pu rify 150 µl re ac tion mix -
ture. The wash and elu tion vol umes were
230 µl and 130 µl, re spec tively. Re ac tion
mix tures from cou pled tran scrip tion/trans -
la tion were shortly cen tri fuged and sub -
jected to the col umn. The iso lated frac tions
were an a lyzed by TCA-precipitation and by
an auto radiography af ter SDS/PAGE as de -
scribed.
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Dur ing in vi tro pro tein biosynthesis. The
StrepTactin Sepharose ma trix (50 µl) was
equil i brated with trans la tion buffer and then
the re ac tion mix ture (100 µl) for the cou pled
tran scrip tion/trans la tion was added. The
trans la tion re ac tion was car ried out with con -
stant shak ing in or der to keep the ma trix in
sus pen sion. The ma trix was col lected by
centrifugation for 1 min at 220 × g af ter pro -
tein syn the sis and be tween the pu ri fi ca tion
steps. Af ter re mov ing the supernatant the ma -
trix was washed three times with 100 µl wash -
ing buffer fol lowed by elu tion of the Strep-tag
fu sion pro tein with four times 100 µl elu tion
buffer.

CAT-assay

The ac tiv ity from in vi tro syn the sized CAT
was de tected with the FAST CAT® (deoxy)
chloramphenicol acetyltransferase as say kit
ac cord ing to the man u fac tur ers pro to col (Mo -
lec u lar Probes, U.S.A.) with some mod i fi ca -
tions. The supernatant of a trans la tion re ac -
tion af ter centrifugation at 15000 × g for 5
min was di luted 500-fold with buffer (50 mM
Tris/HCl, pH 7.8, 2 mM dithiothreitol/ 0.03%
bo vine se rum al bu min) and be tween 1 µl and
17 µl were used in a to tal vol ume (same
buffer) of 24 µl. From each of the FAST CAT
sub strate so lu tion and the 9 mM acetyl CoA
4 µl were used. The re ac tion was stopped by
add ing 400 µl of ice-cold ethyl ac e tate. Af ter a
short centrifugation the top 300 µl ethyl ac e -
tate were trans ferred to a clean tube. The sol -
vent was then evap o rated and the dry sam ple
was taken up in 20 µl ethyl ac e tate. Three  µl
of this so lu tion were used for thin-layer chro -
ma tog ra phy.

Af fin ity se lec tion of PRM-complexes and
iso la tion of mRNA

The trans la tion was stopped by add ing
Mg(OAc)2 to a fi nal con cen tra tion of 50 mM
and cool ing on ice (Holschuh & Gassen, 1982). 
The sam ples were cen tri fuged for 5 min at 4 °C 

at 15000 × g to re move in sol u ble com po -
nents. The supernatant was ap plied on a
Ni(II)-IDA-agarose col umn. Af ter six washes 
with ice cold wash ing buffer (Tris/HOAc,
pH 7.5, 150 mM NaCl, 50 mM Mg(OAc)2,
5–10 mM imidazole), the re tained PRM-
com plexes were eluted with ice-cold elu tion
buffer (wash ing buffer with 300 mM
imidazole). The re leased PRM-complexes
were treated with EDTA and the mRNA was
re cov ered by pre cip i ta tion with isopropanol
and gly co gen.

Re verse tran scrip tion-PCR

Re verse trancription was per formed us ing
Su per script II re verse tran scrip tase (GIBCO/
BRL) ac cord ing to the sup plier’s rec om men -
da tion. Thirty cy cles of PCR were per formed
us ing Taq DNA poly mer ase (GIBCO/BRL) ac -
cord ing to the sup plier’s rec om men da tion.
PCR prod ucts were an a lyzed by agarose gel
elec tro pho re sis and pu ri fied from the gel and
di rectly used for tran scrip tion.

Sam ple prep a ra tion for 2-DE from cell-free
pro tein biosynthesis re ac tion

Pro tein con cen tra tion in S30-lysate was de -
ter mined as de scribed by Brad ford (1976).
Plasmid pHMFA con tain ing the struc tural
gene for FABP and all el e ments for in vi tro
tran scrip tion/trans la tion was con structed as
de scribed and added to ob tain a fi nal con cen -
tra tion of 2 nM. The biosynthesis re ac tion was 
car ried out as de scribed above with out any la -
bel ing in a vol ume of 200 µl. Af ter 0 and 2 h in -
cu ba tion 100 µl of the sam ples were re moved.
The first sam ple was im me di ately frozen in
liq uid ni tro gen. The 2-h sam ple was cen tri -
fuged (5 min, 15000 × g, room tem per a ture)
in or der to re move a pre cip i tate. The super -
natant was then frozen in liq uid ni tro gen un til 
the 2-DE was per formed. For use in 2-DE the
sam ples were thawed on ice and pre pared as
de scribed by Klose & Kobaltz (1995). Equal
vol umes of 25 µl were loaded on to first-di -
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men sional gels. The pro tein amount loaded on 
each gel was equiv a lent to 80 µg.

High res o lu tion 2-DE

We per formed the high res o lu tion 2-DE as
de scribed by Klose & Kobaltz (1995) with mi -
nor mod i fi ca tions. The first di men sion was
run with car rier ampholytes in a pH-range
from 4–11. The glass tubes con tained gels of
23.5 cm length and with a 1.5 mm di am e ter
(first di men sion equip ment from WITA,
Teltow, Ger many). Rod gels where in cu bated
for 10 min in so lu tion (WITA) be fore they
were ap plied on the tops of the sec ond di men -
sion gels. The homogenuous 15% SDS/poly -
acrylamide gels were 27 × 35 cm in size, with
0.9 mm spac ers. The gels were sil ver stained
ac cord ing to Heukeshoven & Dernick (1985).

RESULTS AND DISCUSSION

Af fin ity pu ri fi ca tion of cell-free syn the sized
Strep-tag II fu sion pro teins

The ne ces sity to es tab lish a one-step pu ri fi -
ca tion sys tem for in vi tro syn the sized pro teins 
is ob vi ous. In gen eral short af fin ity pep tides
do not in ter fere with the bi o log i cal func tion of 
the pro tein and there fore need not be re -
moved by pro te ol y sis. This is a very im por tant 
ob ser va tion, be cause the con di tions dur ing
pro te ol y sis and the pro teas es it self have in
many cases a neg a tive in flu ence to the ac tiv ity 
and the sta bil ity of the pu ri fied pro tein. In ad -
di tion, the af fin ity chro ma tog ra phy should be
un der phys i o log i cal con di tions so that the fu -
sion pro tein can be ob tained in the na tive
state. The Strep-tag af fin ity pep tide was
tested with re gard to these re quire ments to in -
ves ti gate if it is a use ful tool for pro tein pu ri fi -
ca tion in an in vi tro trans la tion sys tem.
First of all we have ex am ined the qual ity of

the Strep-tag pu ri fi ca tion. There fore we fused
the Strep-tag II to the C-terminus of the FABP- 
and the CAT-gene and cloned them into

plasmids con tain ing all el e ments for an ef fi -
cient in vi tro tran scrip tion and trans la tion.
These plasmids showed in a cou pled tran scrip -
tion/trans la tion re ac tion no dif fer ence in ac -
tiv ity when com pared to the con structs with -
out Strep-tag. The re com bi nant pro teins were
sub jected to af fin ity pu ri fi ca tion. About 87%
of the FABP+StII and 79% of the CAT+StII
were re cov ered from the col umn. 82% and
72%, re spec tively, could be iso lated as pure
prod ucts in the elu tion frac tions as cal cu lated
by TCA pre cip i ta tion of frac tions of the af fin -
ity chro ma tog ra phy. The prog ress of the chro -
ma tog ra phy from FABP+StII is shown in the
Coomassie stain (Fig. 1A) and in the
autoradiogram of the pro tein gel (Fig. 1B).
The pu ri fied prod uct was iso lated mainly
within one elu tion frac tion vis i ble in the
Coomassie stained gel as one band. These re -
sults in di cate the qual ity of the Strep-tag pu ri -
fi ca tion.
The next ques tion was if the Strep-tag in ter -

feres with the bi o log i cal func tion of the fused
pro tein. To get an an swer to this ques tion we
tested the ac tiv ity of the in vi tro syn the sized
CAT with and with out Strep-tag, be fore and
af ter af fin ity chro ma tog ra phy. In com par i son
to the com mer cial avail able CAT (Sigma) the
ac tiv ity of the cell-free trans lated pro teins
were usu ally sig nif i cantly higher. Nei ther the
Strep-tag nor the con di tions of the chro ma tog -
ra phy lead to de crease in ac tiv ity (not shown).
Af ter the pu ri fi ca tion sys tem met our sat is -

fac tion we tried to sep a rate the Strep-tag fu -
sion pro teins dur ing syn the sis. For that rea -
son the in flu ence of the StrepTactin
sepharose ma trix to the cou pled tran scrip -
tion/trans la tion re ac tion was ex am ined. To
one out of two iden ti cal 60 µl cou pled re ac tion
mix tures were added 20 µl StrepTactin
Sepharose and we used a plasmid cod ing for
FABP with out Strep-tag to de ter mine the to tal 
amount of syn the sized pro tein af ter trans la -
tion. The prod ucts were an a lyzed by TCA pre -
cip i ta tion and SDS/PAGE fol lowed by auto -
radiography in a phosphorimager (Mo lec u lar
Dy nam ics). The amount of the syn the sized
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pro tein in the pres ence of the ma trix was re -
duced to 94 ± 2% com pared with the un -
changed re ac tion but also the by-products

were de creased. The rest of the re ac tion mix -
ture with ma trix was treated with 0.5 % SDS
(30 min, 50°C) and an iden ti cal vol ume was
an a lyzed by SDS/PAGE to find out if some
prod uct was bound to the ma trix. The
autoradiogram re vealed that the by-products
in this sam ple were in creased but not the
main prod uct (Fig. 2). The FABP it self seem
to have no af fin ity for the ma trix and the
slightly re duced per for mance is a con se -
quence of the ma trix pres ent in the sys tem.
The by-products are prob a bly un folded, in sol -
u ble pro teins with some un spe cific af fin ity for 
the ma trix.
The in sig nif i cant in flu ence of the

StrepTactin Sepharose upon the trans la tion
sys tem gave us the chance to sep a rate a pro -
tein with Strep-tag II dur ing a cou pled
transcritpion/trans la tion re ac tion. CAT with
Strep-tag II was syn the sized in a 150 µl re ac -
tion in the pres ence of 50 µl StrepTactin
Sepharose. The trans la tion re ac tion was
stopped af ter 90 min and the supernatant was
re moved. An af fin ity pu ri fi ca tion in a batch
man ner was car ried out. About 71% of the syn -
the sized prod uct could be iso lated at rea son -

able pu rity in the elu tion frac tions as cal cu -
lated by TCA pre cip i ta tion of the dif fer ent
frac tions. The prog ress of the chro ma tog ra -

phy is shown in the Coomassie stain (Fig. 3A)
and in the autoradiogram of the pro tein gel
(Fig. 3B).

Se lec tion of a de sired pro tein prop erty by
means of ri bo some dis play

The ri bo some dis play tech nique (Fig. 4) was
first de scribed by Mattheakis et al. (1994).
Since we have a well work ing in vi tro trans la -
tion sys tem we de cided to test rather the ri bo -
some dis play sys tem than the mRNA-protein
fu sion tech nique. One rea son is that the
puromycin-mRNA fu sion, which has to be re -
peat edly con structed for each se lec tion cy cle,
is not only a time con sum ing fac tor but also a
sys tem in which the prod ucts are pro duced at
lower yields.
For the rea son to do in vi tro evo lu tion of pro -

teins in the fu ture we tried to es tab lish the ri -
bo some dis play tech nique on the ba sis of a
model sys tem. The used mRNA bears the un -
trans lated re gion of phage T7 gene 10, which
en codes a stem-loop struc ture di rectly at the
be gin ning of the mRNA, fol lowed by the cod -
ing se quence for FABP. The se quence cod ing

458 T. Lamla and oth ers 2001

Fig ure 1. Pu ri fi ca tion of FABP
with Strep-tag II us ing a
StrepTactin af fin ity col umn. 

The same per cent age of ev ery iso -
lated frac tion was an a lyzed by
SDS/PAGE. (A) Coomassie stain and 
(B) auto radiography of the ra dio ac -
tively la beled prod ucts. The sam ples
in the num bered lanes are as fol lows:
(1) mo lec u lar mass stan dards; (2) re -
ac tion mix ture; (3) flow-through of
the sam ple load ing; (4–6) wash frac -
tions 1–3; (7–12) elu tion frac tions
1–6 and (13) 14C-labeled mo lec u lar
mass stan dards.



for the last ten amino ac ids of FABP and the
stop codon were re placed by the li po pro tein
ter mi na tor of E. coli, which en codes a  3′
stem-loop at the RNA level. This first mRNA
(des ig nated mFA) acts on the one hand as a
con trol and was the ba sis for a sec ond mRNA
(des ig nated mFAHis) cod ing for a N-terminal
His-tag (six con sec u tive histidine res i dues) on
the other hand. A mix ture of these two
mRNAs served as start ing pool and fea ture of
the test se lec tion was to bind on Ni(II)-

IDA-agarose. Using ri bo some dis play the
mRNA cod ing for the FABP with His-tag
should be en riched.
The mRNAs showed only a low level of un -

spe cific bind ing to the NI(II)-IDA-agarose and
nei ther of them was fa voured in the RT-PCR
(not shown). Sev eral steps of op ti mi za tion in -
creased the yield of mFAHis af ter one round
of af fin ity se lec tion up to 8% of in put mRNA
cal cu lated by TCA pre cip i ta tion of radio -
labelled mRNA. The in teg rity of the mRNA
was an a lyzed by denaturating poly acrylamide
gel elec tro pho re sis fol lowed by auto radio -
graphy in the phosphorimager sys tem. As a
re sult the amount of full length mRNA could
be de tected and came to 5% (Fig. 5). The back -
ground of the sys tem could be de tected on the
same way with mFA as tem plate and was
about 0.3%.
A fi nal ex per i ment should re veal the qual ity

of the sys tem. There fore mFA and mFAHis
were mixed in dif fer ent ra tios and used for ri -
bo some dis play (Ta ble 1). Their PCR prod ucts
dif fer slightly in length (21 basepairs), be -
cause of the His-tag with a linker codon and
can thus be dis tin guished af ter agarose gel
elec tro pho re sis. De pending on the ra tio of di -
lu tion dif fer ent num bers of cy cles ac cord ing
to Fig. 4, un der go ing se lec tion on Ni(II)-IDA-
agarose, were nec es sary to en rich the PCR
prod uct cod ing for FABP with His-tag (Ta -
ble 1). Even out of a ra tio of 1 :108 (one
mFAHis- be tween 10 mil lion mFA-molecules)
“one mol e cule” could be se lected af ter nine cy -
cles (Fig. 6). The PCR prod ucts which went
through nine cy cles of se lec tion were cloned
and an a lyzed. Of 10 clones se quenced, 8 had
the full His-tag se quence and the other two a
short ened His-tag se quences cod ing for 5 and
4 his ti dines, re spec tively. The se quence anal y -
sis showed that the clones con tained be tween
5 and 13 base changes. At the pro tein level,
the se lected clones car ried be tween 0 and 5 ex -
changed amino ac ids.
The re sults dem on strate that even the

108-fold en rich ment was suc cess ful. With our
model sys tem we have shown that it is pos si -
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Fig ure 2. In flu ence of StrepTactin sepharose to a
cou pled tran scrip tion/trans la tion re ac tion of
FABP.

One out of two iden ti cal 60 µl re ac tions was car ried out
in the pres ence of 20 µl af fin ity ma trix. The prod ucts of 
both re ac tions were an a lyzed by TCA pre cip i ta tion and
SDS/PAGE. The rest of the re ac tion mix ture with ma -
trix was treated with 0.5% SDS and iden ti cal vol umes
were an a lyzed. (A) Autoradiogram of the SDS/PAGE
and (B) amount and dis tri bu tion of the prod ucts. Lanes 
1, re ac tion in the ab sence of ma trix; 2, in the pres ence
of ma trix; 3, rest of the re ac tion mix ture.
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Fig ure 4. Prin ci ple of in vi tro ri -
bo some dis play for screen ing
pro tein li brar ies for ligand
bind ing.

(1) A DNA li brary con tain ing a T7
pro moter, ri bo some bind ing site
and stem-loops is first tran scribed
into RNA. (2) Af ter pu ri fi ca tion,
mRNA is trans lated in vi tro  in an E. 
coli S-30 sys tem. Trans la tion is
stopped by cool ing on ice, and the
“PRM-com plexes” are sta bi lized by
in creas ing the mag ne sium con cen -
tra tion. (3) The de sired “PRM-com -
plexes” are af fin ity se lected from
the trans la tion mix ture by bind ing
to the im mo bi lized ligand. (4) The
“PRM-com plexes” can be eluted
with a spe cific com pet i tor. (5) Dis -
so ci a tion of the com plexes by add -
ing EDTA. (6) Re verse tran scrip -
tion of the iso lated mRNA. (7) Am -
pli fi ca tion of the cDNA by PCR.
This DNA is then used for the next
cy cle of en rich ment and (8) can be
an a lyzed by clon ing and se quenc -
ing.

Fig ure 3. Re moval of CAT with Strep-tag
II dur ing in vi tro pro tein syn the sis via
StrepTactin Sepharose. 

The same per cent age of ev ery iso lated frac -
tion ex cept of the elu tion frac tions was an a -
lyzed by SDS/PAGE. From the elu tion frac -
tions the four fold amount was sep a rated in
or der to check the pu rity. The sam ples in the
num bered lanes are as fol lows: (1) mo lec u lar
mass marker; (2–3) supernatant of the re ac -
tion be fore and af ter centrifugation (5 min,
15000 × g); (4–6) wash frac tions; (7–10) elu -
tion frac tions.



ble to carry out phenotypic se lec tion for
ligand bind ing with a pro tein mol e cule in vi tro
by us ing ri bo some dis play.

Two-dimensional gel elec tro pho re sis

Al though we are at the be gin ning of our in -
ves ti ga tion of the dy nam ics of the pro tein
bioreactor, we would like to pres ent here our
first re sults. The fol low ing data il lus trated in
his to grams have been ob tained from 11 gels: 5 
gels (a–e) rep re sent the group ‘0 h’ (one ex am -
ple is shown in Fig. 7A) and 6 gels (f–k) rep re -
sent the ‘2 h’ (one ex am ple is shown in Fig.
7B) group at the end point of re ac tion.
The gels were an a lyzed with the MELANIE

soft ware (Ap pel et al., 1991). A syn thetic gel
was pre pared as a ref er ence on the ba sis of
both groups i.e. the 0 h and 2 h ex per i ments.
Only spots ob served at least in 3 gels were
matched against each other. The spots from
‘0 h’ group re sulted in av er aged 1743 (±6.8%)

spots against 1943 (±10.8%) in ‘2 h’ group.
This fact re quires fur ther val i da tion. The spot
num ber is po ten tially in creased due to
proteolytical ac tiv ity and/or mod i fi ca tion of
pro teins. In ves ti ga tions from Schindler et al.
(1999) with a dif fer ent type of pro tein
bioreactor (di al y sis sys tem) were op po site to
our find ings, in their ex per i ments the spot
num ber was re duced af ter 2 h.

Spot in ten si ties were mea sured as vol -
ume per cent. We de cided to con sider only
spots with a vol ume per cent value greater
than 0.01, be cause it is very dif fi cult to de ter -
mine small spots af ter Coomassie blue stain -
ing in or der to iden tify them later. We tested
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Fig ure 5. Anal y sis of mRNA dur ing one round of
af fin ity se lec tion. 

The radiolabeled mRNAs were iso lated from the re ac -
tion mix tures and the “PRM-complex”, re spec tively be -
fore and af ter Ni2+-IMAC. (1) Re ac tion mix ture, (2) re -
ac tion mix ture af ter in vi tro trans la tion, (3) eluted
“PRM-complexes”. The mRNAs were sep a rated on a 5%
de na tur ing polyacrylamide gel. Shown is the auto -
radiogram of the PAGE.

Fig ure 6. En rich ment of FABP+His from a mix -
ture with FABP by ri bo some dis play. 

The mRNA of FABP+His was mixed with the mRNA of
FABP at a ra tio of 1:108 and used for ri bo some dis play.
Af ter af fin ity se lec tion of “PRM-complexes” car ry ing a
His-tag, the mRNA was am pli fied by RT-PCR and an a -
lyzed by agarose gel elec tro pho re sis. Lane M is a 100 bp 
DNA lad der. The other lanes show the PCR prod ucts af -
ter dif fer ent se lec tion cy cles.

Ta ble 1. Num ber of se lec tion cy cles nec es sary
for en rich ment of the di luted mRNA. 

mFA and mFAHis were mixed at dif fer ent ra tios and 
used for ri bo some dis play.

Ra tio of 
mFAHis : mFA

Num ber of cy cles
nec es sary for 

se lec tion

1:102 3

1:104 4

1:105 5

1:108 9
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Fig ure 7A. Two di men sional
polyacrylamide gel from the
cell-free re ac tion mix ture at the
start point of pro tein bio -
synthesis.

Fig ure 7B. Two di men sional
polyacrylamide gel from the
cell-free re ac tion mix ture af ter
2 h of pro tein biosynthesis. The
prod uct FABP is la beled as 1, the
by-products as 2.



the sig nif i cance by which spots from one
group against the other were re duced (ex am -
ples are given in Fig. 8) or in creased (ex am -
ples are given in Fig. 9) with the Stu dent’s
t-test and se lected spots about 0.975 with the
vol ume per cent change by a fac tor 2.
The re sults ob tained can be sum ma rized as

fol lows and are documanted (Fig. 8A–E).

Spots dis ap pear af ter 2 h: 1

The in ten si ties of spots are re duced af ter 2 h: 9

New spots are formed af ter 2 h: 12

Spots are more in tense af ter 2 h: 5

Cur rently we are work ing on the iden ti fi ca -
tion of these 27 pro teins and their pos si ble in -
volve ment in the in vi tro pro tein biosynthesis
sys tem.
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