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A new method for fast separation of the main func-
ional complexes of the elongation factor Tu from
hermus aquaticus has been developed. Binary com-
lexes EF-Tu p GDP and EF-Tu p GDPNP as well as the
ernary complex EF-Tu p GDPNP p Leu ; tRNA were
eparated from each other by means of HPLC on a
ydrophobic sorbent TSK-Gel Phenyl 5PW in a reverse
radient of ammonium sulfate. This technique is suit-
ble for monitoring EF-Tu activity, characterisation of
he ratio between different EF-Tu forms in cell ex-
racts, and isolation of individual EF–Tu complexes
or structural and functional investigations. In order
o illustrate the potentials of the method, we used
PLC on a TSK-Gel Phenyl 5PW matrix to determine

he ratio between affinities of GDP and GDPNP for
F-Tu. We found that Ka(GDP) is about 27 times higher

han Ka(GDPNP) at 37°C, the value being close to the
ne reported for Thermus thermophilus EF-Tu. © 2001

cademic Press

Key Words: elongation factor Tu; Thermus aquaticus;
inary complexes with GDP and GDPNP; ternary com-
lex; chromatographic separation.

Bacterial elongation factor Tu is one of the main
articipants of the ribosomal peptide elongation pro-
ess. It promotes the binding of aminoacyl-tRNAs to
he mRNA-programmed ribosome. During the elonga-
ion cycle EF-Tu consecutively forms a few different
unctional complexes depending on the type of cofactor
GTP or GDP) bound in the nucleotide binding site.
ydrolysis of bound GTP to GDP plays a regulatory

ole: It results in drastic decrease of EF-Tu affinity
owards aminoacylated tRNA. Spontaneous GDP ex-
hange for GTP is slow even if GTP is in significant
xcess over GDP. However, another elongation factor,
F-Ts, accelerates the exchange reaction (1).
Since the discovery of EF-Tu several techniques have

een developed to purify this protein. EF-Tu is one of

1 To whom correspondence should be addressed. Fax: (145) 8612
178. E-mail: jnb@imsb.au.dk.
108006-291X/01 $35.00
opyright © 2001 by Academic Press
ll rights of reproduction in any form reserved.
rable amount of it can be isolated from bacterial cells
y conventional methods. Such a “wild-type” protein
an be heterogeneous because in many bacteria EF-Tu
s encoded by two unlinked genes (1, 2); another source
f heterogeneity is posttranscriptional modification
phosphorylation (3, 4) and methylation (5, 6)). Cloning
nd overproduction of EF-Tu in a convenient host is a
ay to overcome this problem, however a complicating

actor during purification of the recombinant protein is
he presence of large amounts of host-encoded EF-Tu.
herefore, cloned EF-Tu should possess some special
roperties in order to separate it from host EF-Tu. For
xample, Thermus thermophilus and Thermus aquati-
us EF-Tu’s overproduced in E. coli cells are both sta-
le at 65°C when E. coli EF-Tu is completely denatured
7, 8). Overproduced E. coli EF-Tu with a C-terminal
is-tag can be separated from wild-type E. coli EF-Tu

n a Ni-nitrilotriacetic acid-agarose column (9). A more
ophisticated technique is based on different affinities
f cloned and host EF-Tu’s to the antibiotic kirromycin
nd on subsequent EF-Ts complex formation with
irromycin-free EF-Tu (10). Finally, EF-Tu can be syn-
hesized as a fusion product with a protein-carrier (11–
4); in this case, the recombinant EF-Tu should be
eleased by cleaving the chimeric protein with an ap-
ropriate protease.
All existing methods of EF-Tu purification are ori-

nted generally towards the isolation of the EF-Tu p
DP complex because EF-Tu p GTP is intrinsically
nstable due to spontaneous GTP-to-GDP hydrolysis
15); at the same time, nucleotide-free EF-Tu may loose
ts activity (as shown for the elongation factor from E.
oli (16)). Purified EF-Tu p GDP can be converted to
F-Tu p GTP in presence of pyruvate kinase/
hosphoenolpyruvate. An alternative method to obtain
F-Tu in the GTP-conformation is to treat EF-Tu p
DP with alkaline phosphatase in presence of GDPNP,
non-hydrolysable analogue of GTP. Then a ternary

omplex can easily be formed simply by addition
f aminoacylated tRNA to EF-Tu p GTP (or EF-Tu p
DPNP).
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nitial components of the reaction mixtures, one can
se gel-filtration or preparative native gel-electro-
horesis. Separation of EF-Tu in the GTP-form from
F-Tu p GDP is much more complicated and in fact,

here is no satisfactory technique to resolve these two
omplexes. Here we describe a simple and efficient
ethod to separate all three complexes from each other

nd from such components of the reaction mixtures as
nbound aminoacyl-tRNA, GTP (GDPNP), GDP etc.
he method can also be used as a final step of EF-Tu
urification yielding homogeneous and fully active
rotein.

ATERIALS AND METHODS

Materials. Thermus aquaticus EF-Tu was overproduced in E. coli
CS1 carrying plasmid pTacTU2 with a Thermus aquaticus tufA
ene. Homogeneous EF-Tu p GDP was obtained generally according
o (7, 8). The purification procedure included thermal denaturation of
. coli proteins, followed by chromatographies on DEAE-Sephadex
-50 and Sephacryl S100 HR. The final purification was done on the
ydrophobic matrix TSK-Gel Phenyl 5PW (TosoHaas GmbH, Ger-
any) in a reverse gradient of ammonium sulfate. The eluent con-

ained 300 mM GDP. After the last purification step EF-Tu p GDP
as precipitated by addition of ammonium sulfate to 65% of satura-

ion, the pellet was collected by centrifugation, redissolved in 25 mM
ris–HCl (pH 7.1), 0.2 M NH4Cl, 0.5 mM GDPNP, 0.5 mM DTT and
fter flash-freezing kept at 280°C prior to use. Escherichia coli
F-Tu was overproduced as a fusion product with glutathione-S-

ransferase and purified according to (11, 29); native EF-Tu was
btained by cleavage of the chimeric protein with Factor Xa (Protein
ngineering Technology ApS, Denmark). tRNALeu was purified from

otal Thermus thermophilus HB8 RNA by chromatographies on
epharose 4B and BND-Cellulose generally according to (17–19); the
nal acceptor activity was 600 pmol/A260. Thermus thermophilus

eucyl-tRNA synthetase was partially purified by successive chro-
atographies on Q-Sepharose and TSK-Gel Phenyl 5PW, was
Nase-free and had specific activity 4.9 U/mg at 20°C (1 U corre-
ponds to 1 nmol of L-leucine incorporated in TCA-insoluble fraction
n 1 min). Alkaline phosphatase (bovine calf intestine, 6510 U/mg at
7°C) was from Sigma.

L-[U-14C]Leucine (11.2 TBq/mol) and [8-3H]Guanosine 59-
iphosphate (477 TBq/mol) were products of Amersham Life Science.
9-Guanylylimidodiphosphate (GDPNP) was purchased from Sigma
nd additionally purified to homogeneity on Q-Sepharose. All other
hemicals were from Sigma.

Preparation of EF-Tu p GDPNP and EF-Tu p GDPNP p

eu;tRNA. Unless otherwise mentioned, EF-Tu p GDP was con-
erted to EF-Tu p GDPNP by incubation of 15 mM EF-Tu p GDP in
0 mM Tris–HCl (pH 7.1), 0.2 M NH4Cl, 1 mM GDPNP, 1 mM DTT
or 3–5 h at 25–37°C. In some experiments alkaline phosphatase has
een added (4–20 U/ml) in order to increase the yield of EF-Tu p

DPNP. tRNALeu was aminoacylated in a reaction mixture, contain-
ng 5 mM ATP, 50 mM Tris–HCl (pH 7.6), 10 mM MgCl2, 50 mM
-leucine (or 10 mM L-[U-14C]Leucine), 6.0 A260 units/ml tRNA and 0.5
/ml leucyl-tRNA synthetase at 37°C for 5 h. EF-Tu p GDPNP p

eu;tRNA was usually formed upon addition of the EF-Tu p

DPNP-containing conversion mixture directly to the tRNALeu ami-
oacylation mixture without prior isolation of EF-Tu p GDPNP and
eu;tRNA. After incubation for 30 min at 37°C ice-cold 3.8 M

NH4)2SO4 was added to a final concentration of ammonium sulfate
f 1.2–1.3 M and the reaction mixture was kept on ice prior to
hromatographic analysis.
109
HPLC separation of EF-Tu functional complexes. Samples con-
aining EF-Tu p GDP, EF-Tu p GDPNP, or EF-Tu p GDPNP p

eu;tRNA were mixed with 3.8 M (NH4)2SO4 to achieve a final con-
entration of ammonium sulfate of 1.2–1.3 M and loaded on a TSK-Gel
henyl 5PW column (0.75 3 7.5 cm) equilibrated with 1.25 M

NH4)2SO4, 50 mM Tris–HCl (pH 7.6), 10 mM MgCl2, 1 mM EDTA, 1
M DTT. Elution was performed with a nonlinear gradient of

NH4)2SO4 from 1.25 M to 0.01 M in 50 mM Tris–HCl (pH 7.6), 10 mM
gCl2, 1 mM EDTA, 1 mM DTT, and a flow rate 0.5 ml/min. The

radient was determined by breakpoints ((NH4)2SO4 concentration/
ime): 1.25 M/0 min; 1.25 M/20 min; 0.88 M/35 min; 0.50 M/65 min; 0.01
/85 min; 0.01 M/150 min. All chromatographies were done identically

t room temperature on a LKB/Pharmacia HPLC-2150 system with a
SD-2140 diode array detector. UV-absorption has been recorded in the
ange 190–360 nm throughout the chromatographic run. Protein in
ollected fractions was analysed by SDS/PAGE according to (20). The
3H]GDP-binding activity of the protein in fractions was determined
enerally according to (21). Protein concentration has been determined
y Bradford’s method with bovine serum albumin as a standard accord-
ng to (22).

ESULTS

The purification procedure of Thermus aquaticus
F-Tu overproduced in E. coli included a thermal de-

FIG. 1. Chromatographic separation of the components of nucle-
tide exchange reaction mixtures on a TSK-Gel Phenyl 5PW column.
.5 mM EF-Tu was incubated for 2 h at 27°C in 20 mM Tris–HCl (pH
.1), 0.2 M NH4Cl, 1 mM DTT with 0.5 mM GDPNP (A), 0.5 mM
DPNP and 20 U/ml alkaline phosphatase (B) or 0.5 mM GDPNP
nd 4 mM GDP (C). Then cold 3.8 M (NH4)2SO4 was added to a final
oncentration of 1.2 M and the reaction mixture was chromato-
raphed as described under Materials and Methods.
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aturation step, chromatography on anion-exchange
esin, and gel-filtration. Protein obtained by this way is
lectrophoretically pure and migrates as a single peak
n an appropriate gel-filtration column. At the same
ime hydrophobic interaction chromatography of this
F-Tu preparation on a TSK-Gel Phenyl 5PW column

esults in two peaks, the ratio between these two peaks
arying from one purification to another. In order to
stimate whether such a heterogeneity appertains to
he ability of EF-Tu to fall into two different conforma-
ions, the GDP- or the GTP-induced state, we made the

TAB

Comparison of the Retention Time of Thermus aquaticus a

GDP

Retention
time, min

N
inde

Thermus aquaticus EF-Tu 64.2 6 0.8
Escherichia coli EF-Tu 78.7 6 1.9

Note. Prior to the chromatographic run EF-Tu p GDP was preincub
TT for 2 h at 25°C. EF-Tu p GDPNP was obtained by incubation of
ris–HCl (pH 7.1), 0.2 M NH4Cl, 1 mM GDPNP, 1 mM DTT for 2 h

FIG. 2. Chromatography of EF-Tu after spontaneous GDP-to-GD
eaks. 15 mM EF-Tu was incubated with 0.5 mM GDPNP for 4 h at
TT. Then cold 3.8 M (NH4)2SO4 was added to a final concentration of
0 ml aliquotes from collected fractions were mixed with 1 ml of Bra
lank sample (bold line). 10 ml aliquotes from fractions were mixed w
t 60°C for 30 min and filtered through a GN-6 acetylcellulose filter (G
ris–HCl (pH 7.6), 50 mM KCl, 5 mM MgCl2 and the retained radio
in (line 1) and 80 min (line 2), control - EF-Tu prior to the exchange
ith Coomassie Brilliant Blue R-250.
110
omplex of EF-Tu with GDPNP (a stable analog of
TP) by different ways and compared the chromato-
raphic behaviour of these preparations (Fig. 1). When
F-Tu p GDP was incubated in presence of 0.5 mM
DPNP for 2 h at 27°C (the conditions of spontaneous

xchange of GDP for GDPNP), two protein peaks of
pproximately equal size have been detected after sep-
ration of the mixture on a TSK-Gel Phenyl 5PW col-
mn, with a retention time of about 65 and 80 min (Fig.
A). No protein has been found in the flow-through by
radford’s method. The group of peaks appearing right

1

Escherichia coli EF-Tu Complexes with GDP and GDPNP

GDPNP

ber of
dent runs

Retention
time, min

Number of
independent runs

12 80.6 6 0.6 11
4 109.6 6 0.2 2

d in 20 mM Tris–HCl (pH 7.1), 0.2 M NH4Cl, 1 mM GDPNP, 1 mM
30 mM EF-Tu p GDP with alkaline phosphatase (30 U/ml) in 20 mM
25°C.

P exchange and characterisation of material from separated protein
°C in 20 mM Tris–HCl (pH 7.1), 0.2 M NH4Cl, 5 mM MgCl2, 1 mM

M and the mixture was separated on TSK-Gel Phenyl 5PW column.
d’s reagent and the absorbance was measured at 595 nm against a
90 ml of [3H]GDP-containing binding mixture as in [21], incubated
an Sciences). Then the filters were extensively washed with 10 mM

vity was counted (bars). Insert: SDS–PAGE of samples taken at 63
ction (line 3), molecular weight markers (line 4). The gel was stained
nd

um
pen

ate
15–
at
PN
27
1.2

dfor
ith
elm
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rea



a
w
(
s
p
r
t
2
p
p
c
2
E
t
P
S
k
n
o
t
p
p
(

assumed that the first peak corresponds to EF-Tu p
G

c
G
t
S
f
c
l
t
u
s
e
E
o
p
b
r
u
T
c
t
E
r
i

L
T
a
s
c
f
a

w
t
(
T
a
a

Vol. 282, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
fter the start of the gradient represents low molecular
eight components of the exchange reaction mixture

data not shown). Longer incubation (up to 6 h) at the
ame conditions does not change the ratio between the
eaks which means that the system reached equilib-
ium. Incubation of EF-Tu p GDP in the mixture con-
aining 0.5 mM GDPNP and alkaline phosphatase for
h (the conditions of selective GDP removal) results in
ronounced domination of the last of these two protein
eaks, with a retention time of 80 min (Fig. 1B). In a
ontrol experiment, after EF-Tu p GDP incubation for
h with 4 mM GDP and 0.5 mM GDPNP, when the
F-Tu p GDP complex should be predominant (1), only

he first of the two peaks can be detected (Fig. 1C).
rotein from both peaks migrates as a single band on
DS–PAGE, with a molecular weight of approx. 45
Da, which corresponds to the molecular weight of
ative Thermus aquaticus EF-Tu. This means that the
bserved changes in the chromatographic mobility of
he protein after incubation are not associated with
olypeptide chain degradation. Material from both
eaks was equally active in [3H]GDP-binding tests
Fig. 2). Taking into account all these observations, we

FIG. 3. Identification of the ternary complex EF-Tu p GDPNP p

eu-tRNA peak after chromatography of the reaction mixture on a
SK-Gel Phenyl 5PW column. (A) UV-absorbance profiles recorded
t 220, 260, 280, and 330 nm. (B) Presence of protein and [14C]Leu in
elected fractions. 5 ml aliquotes were taken for [14C] radioactivity
ounting (squares). 20 ml aliquotes were mixed with 1 ml of Brad-
ord’s reagent and the absorbance was measured at 595 nm against
blank sample (circles).
111
DP, and the second one is EF-Tu p GDPNP.
A dramatic decrease of Thermus aquaticus EF-Tu

hromatographic mobility after exchange of GDP for
DPNP may result from different hydrophobicity of

he EF-Tu p GDP and EF-Tu p GDPNP complexes.
tructural changes upon conversion of EF-Tu GDP-

orm to GTP-form have a profound functional signifi-
ance: the corresponding conformational alteration
eads to the formation of a high-affinity aminoacyl-
RNA binding site. This mechanism is considered to be
niversal among different organisms because of the
ame overall organisation of the translation machin-
ry and high level of sequence homology between
F-Tu’s. Therefore the observed difference in mobility
f EF-Tu p GDP and EF-Tu p GDPNP on the hydro-
hobic matrix may be expected for EF-Tu’s from other
acteria. We determined the retention time of Esche-
ichia coli EF–Tu complexes with GDP and GDPNP
nder the same conditions as we used to study the
hermus aquaticus EF–Tu complexes. The Escherichia
oli EF–Tu complex with GDP was eluted much earlier
han that with GDPNP (Table 1). Both Escherichia coli
F–Tu complexes were retained stronger than the cor-
esponding ones of Thermus aquaticus EF-Tu, reveal-
ng higher hydrophobicity of the Escherichia coli pro-

FIG. 4. Titration of a EF-Tu p GDP and EF-Tu p GDPNP mixture
ith Leu-tRNA. 4 nmoles of EF-Tu p GDP were partially converted

o EF-Tu p GDPNP by incubation at 30°C for 4 h in 20 mM Tris–HCl
pH 7.1), 0.2 M NH4Cl, 5 mM MgCl2, 1 mM DTT, 0.5 mM GDPNP.
hen none (A), 0.2 nmole (B) or 0.7 nmole (C) of Leu;tRNA was
dded and after additional 30 min incubation the mixture was sep-
rated on a TSK-Gel Phenyl 5PW column.
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f Escherichia coli EF-Tu also results in drastic mobil-
ty decrease, as in the case of EF-Tu from Thermus
quaticus. This finding strongly favours our suggestion
bout universality of the observed phenomenon.
The mobility of the ternary complex between Ther-
us aquaticus EF-Tu, GDPNP and Leu ; tRNA was

etermined under the same chromatographic condi-
ions, as in the case of the binary complexes, EF-Tu p
DP and EF-Tu p GDPNP. The ternary complex was
repared by adding the EF-Tu p GDP conversion mix-
ure to the tRNALeu aminoacylation mixture without
rior isolation of EF-Tu p GDPNP and Leu ; tRNA, as
escribed in Materials and Methods. The resulting so-
ution was left for 30 min at 37°C, then cold 3.8 M
NH4)2SO4 was added to a final concentration of 1.2 M
nd the mixture was applied onto a TSK-Gel Phenyl
PW column. A EF-Tu p GDPNP p Leu ; tRNA peak
ould be identified by its tRNA-like spectrum with a
ronounced maximum at 260 nm, unlike the EF-Tu p
DP and EF-Tu p GDPNP peaks that have compara-

ively weak UV-absorbtion at 250–270 nm. We also
sed [14C]Leu ; tRNA in this experiment in order to

ntroduce a radioactive label into the ternary complex.
o exclude a possibility of misidentification, we per-

ormed control experiments with free tRNA (charged or
ncharged) and [14C]Leu and found that all these com-
ounds are not retained by the sorbent at the given
onditions (data not shown). Nucleotides (ATP, AMP,
DP, GDPNP) are also eluted from the column in

he void volume. Thus, identification of the peak of
F-Tu p GDPNP p Leu ; tRNA was quite straightfor-
ard (Fig. 3). The protein component of the peak was
etermined by reaction with the Bradford reagent, and
he presence of Leu ; tRNA was revealed from a UV-
pectrum (Fig. 3A) or [14C] radioactivity counts associ-
ted with the peak (Fig. 3B). The ternary complex
as reproducibly eluted before EF-Tu p GDP, al-

hough quite close to it: the retention time for EF-Tu p
DPNP p Leu ; tRNA was 57–58 min vs 64–65
in for EF-Tu p GDP. On the UV-absorbance profile
F-Tu p GDP appears only as a shoulder on the tail of

he ternary complex peak (Fig. 3A), but the use of
radford’s method enables the resolution of the peaks
f these two compounds (Fig. 3B).
Our identification of the EF-Tu p GDP, EF-Tu p
DPNP and EF-Tu p GDPNP p Leu ; tRNA peaks has
een validated by titration of an EF-Tu p GDP and
F-Tu p GDPNP mixture with aminoacyl-tRNA.
F-Tu p GDP (4 nmoles) was partially converted to
F-Tu p GDPNP, and none (Fig. 4A), 0.2 nmole (Fig.
B) or 0.7 nmole (Fig. 4C) of Leu-tRNA was added to
he mixture prior to chromatographic separation. As
xpected, upon titration the EF-Tu p GDPNP peak was
ecreasing in size, the EF-Tu p GDP peak was un-
hanged, and the EF-Tu p GDPNP p Leu ; tRNA peak
as rising.
112
In order to evaluate potential applications of the
ethod, we used analytic chromatography on a TSK-
el Phenyl 5PW matrix to compare EF-Tu affinities to
DP and GDPNP. Equilibrium between EF-Tu p GDP
nd EF-Tu p GDPNP in the presence of both guanine
ucleotide cofactors in an exchange reaction mixture
an be described by the equation:

F-Tu p GDP 1 GDPNP ª EF-Tu p GDPNP 1 GDP

K 5
@EF-Tu p GDPNP#@GDP#

@EF-Tu p GDP#@GDPNP#
[1]

aking into account that the partial reactions of the
omplex formation between the elongation factor and
DP or GDPNP can be expressed as:

EF-Tu 1 GDP ª EF-Tu p GDP

Ka~GDP! 5
@EF-Tu p GDP#

@EF-Tu#@GDP#
[2]

EF-Tu 1 GDPNP ª EF-Tu p GDPNP

Ka~GDPNP! 5
@EF-Tu p GDPNP#

@EF-Tu#@GDPNP#
[3]

he equilibrium constant K for the nucleotide exchange
eaction (1) may serve as a measure for the comparison

FIG. 5. Dependence of the ratio [EF-Tu p GDPNP]/[EF-Tu p

DP] (parameter a) on the amount of GDP added. 10.7 mM EF-Tu
as incubated at 37°C for 2 and 4 h in a mixture containing 50 mM
ris–HCl (pH 7.6), 0.2 M NH4Cl, 5 mM MgCl2, 1 mM DTT, 2.56 mM
DPNP and the appropriate amount of GDP. Then the mixtures
ere analysed on a TSK-Gel Phenyl 5PW column at standard con-
itions. The ratio [EF-Tu p GDPNP]/[EF-Tu p GDP] was determined
rom the areas of the corresponding peaks on the chromatograms.
he curve represents the best fit of equation (5) to the experimental
ata.
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f the affinities of these two nucleotide cofactors to
F-Tu:

K 5 Ka~GDPNP!/Ka~GDP! [4]

Quantification of the chromatographic profiles thus
llows the calculation of the ratio between EF-Tu p
DP and EF-Tu p GDPNP in a sample loaded onto the

olumn. We assumed that the concentrations of both
F–Tu complexes do not change during preparation of

he sample for chromatography (normally includes ad-
ition of cold 3.8 M (NH4)2SO4 to the final concentra-
ion 1.2–1.3 M and brief centrifugation) and during
eparation, and that the ratio between EF–Tu com-
lexes in the nucleotide exchange mixture is the same
s the ratio between areas of the corresponding peaks
n the chromatographic profiles. Now we can rewrite
quation (1) in such a way that K will depend only on
arameters, which can be determined experimentally:

K 5 a z
Ct~GDP! 2 Ct~EF-Tu!/~1 1 a!

Ct~GDPNP! 2 Ct~EF-Tu!/~1 1 1/a!
[5]

here a is the ratio of equilibrium concentrations of
F–Tu complexes [EF-Tu p GDPNP]/[EF-Tu p GDP],
nd Ct(EF-Tu), Ct(GDP), Ct(GDPNP) are total concen-

Comparison of the Guanine Nucl

Source (reference) K a(GDPNP)/
K a(GDP)

K a(GTP)/
K a(GDP)

Temperature
°C

hermus aquaticus
(this study)

0.0371 — 37

hermus thermophilus
([24])

0.054
—

0.092
0.064

5
15

. coli ([25]) —
—

0.0015
0.0094

0
30

. coli ([26]) —
—
—
—

0.0023
0.0019
0.0018
0.0018

0
12
21
30

. coli ([27]) — 0.00181 0

. coli ([28]) — 0.00179 0

. coli ([29]) — 0.00350 0
113
rations of EF-Tu, GDP and GDPNP in the exchange
ixture, respectively. The ratio [EF-Tu p GDPNP]/

EF-Tu p GDP] was measured after 2 and 4 h of incu-
ation of the reaction mixtures and found to be the
ame, which indicates that the system was in equilib-
ium. Concentrations of GDPNP and EF-Tu were fixed,
nd concentration of added GDP varied from 0 to 105.7
M. The results of the measurements are presented in
ig. 5. Fitting equation (5) to the data has been per-

ormed at Ct(GDPNP) 5 2.56 mM, Ct(EF-Tu) 5 10.7
M, and Ct(GDP) 5 Cadded(GDP) 1 C0(GDP), where
added(GDP) is the concentration of added GDP, and
0(GDP) is the concentration of GDP, which arose from

he EF-Tu p GDP stock solution used to prepare the
xchange mixtures. C0(GDP) is the same in all the
xchange mixtures, it is unknown but constant. Thus,
he only parameters to be determined in the equation
re K and C0(GDP). The value of K has been found to
e 0.0371 6 0.0005, and C0(GDP) was 44.6 6 1.2 mM.

ISCUSSION

Separation of the Thermus aquaticus EF-Tu func-
ional complexes on a TSK-Gel Phenyl 5PW matrix in

reverse gradient of ammonium sulfate is a typical
xample of the hydrophobic interaction chromatogra-

ide-Binding Affinities of EF-Tu’s

Buffer Method

50 mM Tris–HCl (pH 7.6),
200 mM NH4Cl, 5 mM
MgCl2, 1 mM DTT

Chromatographic separation of
equilibrium mixture of EF-Tu
complexes

50 mM Tris–HCl (pH 7.6),
10 mM MgCl2, 0.5 mM
DTE, 1 mM NaN3

Rapid kinetics of nucleotide cofactor
binding, monitored by change of
intrinsic protein fluorescence

50 mM Tris–HCl (pH 7.8),
60 mM NH4Cl, 7 mM
MgCl2, 1 mM DTT

Kinetics of radiolabeled nucleotide
cofactor binding to EF-Tu,
monitored by nitrocellulose
filter assay

20 mM Tris–HCl (pH 7.5),
10 mM Mg acetate, 10
mM 2-mercaptoethanol

Kinetics of radiolabeled nucleotide
cofactor binding to EF-Tu,
monitored by nitrocellulose
filter assay

50 mM Tris–HCl (pH 7.6),
60 mM NH4Cl, 10 mM
MgCl2, 1 mM DTT

Kinetics of radiolabeled nucleotide
cofactor binding to EF-Tu,
monitored by nitrocellulose
filter assay

50 mM Tris–HCl (pH 7.6),
60 mM NH4Cl, 10 mM
MgCl2, 1 mM DTT

Kinetics of radiolabeled nucleotide
cofactor binding to EF-Tu,
monitored by nitrocellulose
filter assay

50 mM Tris–HCl (pH 7.6),
60 mM NH4Cl, 10 mM
MgCl2, 1 mM DTT

Kinetics of radiolabeled nucleotide
cofactor binding to EF-Tu,
monitored by nitrocellulose
filter assay
eot
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ace of the sorbent at high salt concentration, then
elective desorbtion occurs upon elution with a de-
reasing salt gradient. The observed significant differ-
nce in EF-Tu p GDP and EF-Tu p GDPNP retention
imes correlates with the pronounced structural differ-
nce between these two EF–Tu complexes (23) and
eveals higher EF-Tu p GDPNP affinity to the hydro-
hobic stationary phase (or lower solubility in the am-
onium sulfate-containing mobile phase) compared
ith that of EF-Tu p GDP. The phenomenon is not

imited to the case of Thermus aquaticus EF-Tu: A
imilar difference of chromatographic mobilities has
een observed for Escherichia coli EF–Tu complexes
ith GDP and GDPNP. Taking into account the high

evel of sequence homology among bacterial elongation
actors, we expect the same behaviour of EF-Tu’s from
ther sources on a hydrophobic interaction matrix.
A possibility to separate simultaneously EF-Tu p GDP,

F-Tu p GDPNP and EF-Tu p GDPNP p aminoacyl-
RNA by a single chromatographic run makes this
ethod suitable for fast characterisation of the ratio be-

ween different EF–Tu complexes in reaction mixtures or
ell extracts. Chromatography on a TSK-Gel Phenyl 5PW
orbent can also be used to purify certain EF–Tu com-
lexes for structural or functional investigations.
In order to demonstrate the possible application of

he method, we used chromatography on TSK-Gel Phe-
yl 5PW to determine the ratio between association
onstants for EF–Tu p GDP and EF–Tu p GDPNP
omplexes. We found that the Thermus aquaticus elon-
ation factor Tu has 27 times higher affinity for GDP
han for GDPNP at 37°C. The value is close to that
etermined by a stop-flow technique for Thermus
hermophilus EF–Tu p GDP and EF–Tu p GTP (or
F–Tu p GDPNP) complexes (24). The preference for
DP over GTP (or GDPNP) in the case of both ther-
ophilic elongation factors is smaller than in the case

f E. coli EF-Tu (Table 2). The difference between
hermus and E. coli EF-Tu’s in guanine nucleotide
ofactor binding may reflect a peculiarity of the protein
iosynthesis at elevated temperature and reveals a
unctional adaptation of the translation machinery of
hermophilic bacteria to the extreme environments.
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