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ABSTRACT. The interaction ofEscherichia colielongation factor Tu (EF-Tu) with elongation factor Ts
(EF-Ts) and guanine nucleotides was studied by the stopped-flow technique, monitoring the fluorescence
of tryptophan 184 in EF-Tu or of the mant group attached to the guanine nucleotide. Rate constants of all
association and dissociation reactions among EF-Tu, EF-Ts, GDP, and GTP were determined. EF-Ts
enhances the dissociation of GDP and GTP from EF-Tu by factorsofl6* and 3x 10° respectively.

The loss of M@" alone, without EF-Ts, accounts for a 15800-fold acceleration of GDP dissociation

from EF-TuGDP, suggesting that the disruption of the Mdinding site alone does not explain the
EF-Ts effect. Dissociation of EF-Ts from the ternary complexes with EF-Tu and GDP/GTP-4¢0

times faster than from the binary complex EF-EE-Ts, indicating different structures and/or interactions

of the factors in the binary and ternary complexes. Rate constants of EF-Ts binding to EF-Tu in the free
or nucleotide-bound form or of GDP/GTP binding to the EFHE+TS complex range from 0.6 107 to

6 x 10/ Mt s71 At in vivo concentrations of nucleotides and factors, the overall exchange rate, as
calculated from the elemental rate constants, is"30vehich is compatible with the rate of protein synthesis

in the cell.

Elongation factor Tu (EF-Td)promotes the binding of  The relative contribution of these factors to the catalysis of
aminoacyl-tRNA to the ribosome during the elongation cycle nucleotide exchange in EF-Tu is not known.
of protein synthesis. EF-Tu, GTP, and aminoacyl-tRNAform  The kinetic mechanism of EF-Ts-catalyzed nucleotide
a tight complex which interacts with the ribosome. Coglon  exchange in EF-Ts has not been resolved yet, and inconsis-
anticodon interaction in the A site provides an activation tent kinetic data were reported in the literature. Early data
signal that is transmitted to the G domain of EF-Tu and leads on the EF-Ts-dependent nucleotide exchange in EF-Tu were
to GTP hydrolysis. After GTP hydrolysis and release of the obtained by equilibrium isotope exchange using a rapid
aminoacyl-tRNA, EF-TtGDP dissociates from the ribosome. filtration technique 4, 5). Equilibrium constants of GDP
The regeneration of EF-FGTP by GDP/GTP exchange binding to EF-TWEF-Ts and of EF-Ts binding to EF-Tu
requires catalysis by a nucleotide exchange factor, EF-Ts,GDP were reported to be § 10 M~ and 2x 10F M1,
which binds to the stable EF-T@DP complex and facilitates  respectively (here and in the following, 2, if not stated
both the dissociation of GDP and rapid binding of GTP to otherwise). The values of both bimolecular association rate
EF-Tu. constants were reported to be about M s2, close to
The structures of EF-T&F-Ts complexes frorkscheri- the diffusion-controlled limit, whereas that of GDP dissocia-
chia coli (1) andThermus thermophilug®) are known. The  tion from the ternary complex EF-TGDP-EF-Ts was
G domain of EF-Tu contacts the subdomain N, the N- determined to 127073, suggesting a Xefold acceleration
terminal domain, and the C-terminal module of EF-Ts (helix of GDP dissociation from EF-Tu by EF-Ts.
13), whereas domain 3 of EF-Tu is bound to subdomain C  Different values were obtained by conventional filtration
of the EF-Ts core. The structures suggest that the main(6) or by stopped-flow and pressure-jump techniques using
elements that are crucial for the nucleotide exchange are (i)a chromophoric GDP analogue, 2-amino-6-mercaptopurine
a conformational change in the P loop in the G domain of riboside 5-diphosphate 7, 8). The rate constant of GDP
EF-Tu that leads to alterations in the binding site of the dissociation from the EF-FGDP complex in the presence
phosphate moieties of GDP/GTP, (ii) the loss of Mg  of EF-Ts measured by nitrocellulose filtration was about 120
coordination, and, possibly, (iii) the change in the relative s1, 10 times lower than that obtained using the rapid
orientation of the base and/or ribose binding sites3). filtration approach). The analysis of the stopped-flow data
yielded values for the rate constants of GDP binding to EF-
T This work was supported by the Deutsche ForschungsgemeinschaftTu'EF'TS and dissociation from the ternary complex that
and the Alfried Krupp von Bohlen und Halbach Stiftung. were about 200-fold and 3-fold lower that those reported
* To whom correspondence should be addressed: B 2302 previously @), and the differences were attributed to the use

669205; fax,+49 2302 669117; e-mail, rodnina@uni-wh.de. ivati i i
! Abbreviations: EF, elongation factor; mant-GDP/GTR23-O- of a GDP derivative 7). Data obtained by pressure jump

(N-methylanthraniloyl)guanosine diphosphate/triphosphate; FRET, fluo- USin_g the same GDP derivative were incompatiblg with the
rescence resonance energy transfer. earlier results4, 9) and suggested a three-step reaction where
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the ternary complex undergoes an isomerization step thatbinding of EF-TU[3H]GDP complexes to the nitrocellulose
precedes GDP dissociation. The values of the bimolecularfilters (18), concentrated in Centriprep YM-30 (Amicon
association constants were estimated to abouMLC s, Bioseparations), and purified further by gel filtration on
and the rate constant of GDP dissociation was estimated toSuperdex 75 (HiLoad 26/60, Pharmacia) in buffer A.
375 s! (7). Finally, steady-state experiments using a Fractions containing EF-Tu were concentrated, shock-frozen
nucleotide exchange assay in whiéHJGDP liberated from in liquid nitrogen, and stored at80 °C.

EF-Tu was rapidly converted t8H]GTP by pyruvate kinase, Preparation of Nucleotide-Free EF-T0.0 promote the
and the rate of dissociation was measured by the GDP/GTPdissociation of GDP, which is tightly bound to EF-Tu and
ratio, gave a value of 307§ for the turnover rate constant coelutes with the factor during the purification, EF-GDP

of GDP dissociation from EF-Tu in the presence of EF-Ts was incubated in buffer D (25 mM Tris-HCI, pH 7.5, 50
(37 °C) (10, 11), more than 40 times lower than that found mM NH4CI, 10 mM EDTA) for 30 min at 37C, and GDP

by rapid filtration @). The rate constants of GTP interaction was separated from EF-Tu by gel filtration on Superdex 75.
with EF-Tu and EF-Ts were obtained by rapid filtration only Nucleotide-free EF-Tu obtained by this procedure was stable
(5) and were not verified by other methods. It was shown and had the same properties as untreated EF-Tu with respect
that filtration as a nonequilibrium technique tends to produce to interactions with EF-Ts and guanine nucleotides (not
artifacts when rapid reactions and/or weak complexes areshown). The GDP content of EF-Tu preparations was verified
investigated, in particular when sequential reaction schemesby RP-HPLC on GMNP (Macherey-Nagel) in buffer E
are to be considered ?, 13). Thus, to obtain a consistent (65 mM potassium phosphate, pH 6.2, 2 mM tetrabutylam-
data set for EF-Ts-catalyzed nucleotide exchange on EF-monium hydrogen sulfate, 15% acetonitril&p).

Tu, it appeared important to perform a complete kinetic  Preparation of EF-TeMant-GDP, EF-TuMant-GTP, and
analysis of the interactions among EF-Tu, EF-Ts, and EF-TuwEF-Ts EF-TuGDP was incubated with a 10-fold
guanine nucleotides using an independent, reliable approachexcess of mant-GDP or mant-GTP in buffer A for 30 min at

In the present paper we determined the rate constants of37 °C with subsequent purification from the unbound
interaction of EF-Tu with EF-Ts and GDP or GTP by the nucleotide by gel filtration on a NAP-10 column (Pharmacia)
stopped-flow technique. Nucleotide binding/dissociation was (20). To remove GDP from EF-Tu complexes with mant-
studied using fluorescent derivatives of GDP/GTP, mant- GTP, the reactions were carried out in the presence of 3 mM
GDP, or mant-GTP. Fluorescence changes of the reporterPhosphoenolpyruvate and 0.1 mg/mL pyruvate kinase. The
mant group were monitored either upon direct excitation of EF-TWEF-Ts complex was prepared by mixing EF-Tu and
the fluorophor or upon indirect excitation via energy transfer EF-Ts in equimolar amounts and was purified on Superdex
from the single tryptophan (Trp184) | coliEF-Tuto mant. /5.

It was shown previously that nucleotide bindintg) and Expression and Purification of EF-TA.construct for EF-
nucleotide exchange reactions in GTP binding proteins other TS expression as a fusion protein with the intein self-splicing
than EF-Tu are not perturbed by the mant groiif).(The element and chitin binding domain in the IMPACT | system
binding of EF-Tu to EF-Ts was monitored by the fluores- (NE Biolabs) was kindly provided by Charlotte Knudsen
cence of Trp184 which has an increased mobility and solvent (Aarhus). The protein was expressedgncoli B834 DE3
accessibility in the EF-THEF-Ts complex compared to EF-  cells far 1 h after induction with IPTG at 3¢C. Cells were
Tu-GDP (16). The combination of these observables allowed opened by sonication in buffer B. After centrifugation at
us to study the partial reactions between EF-Tu, EF-Ts, and1500®, the supernatant was mixed with a suspension of
GDP/GTP individually and to determine their kinetic pa- chitin beads equilibrated with buffer B. After incubation for
rameters. The results of the kinetic analysis provide a 30 min on ice, chitin beads were washed three times with
consistent mechanism of nucleotide exchange in EF-Tu andbuffer B and five times with buffer F (20 mM Tris-HCI, pH
reveal the contribution of the loss of Migcoordinationto 8.0, 0.1 mM EDTA, 50 mM NacCl). Cleavage of the intein

the dissociation of the nucleotide. tag was performed by incubation in buffer G (20 mM Tris-
HCI, pH 8.0, 0.1 mM EDTA, 50 mM NaCl, 60 mM DTT,
MATERIALS AND METHODS 0.4 KCI) for about 30 h at 20C, and EF-Ts was eluted

from the beads with buffer G without DTT. EF-Ts was

Buffer and Reagent8uffer A: 25 mM Tris-HCI, pH 7.5, further purified by gel filtration on Superdex 75 in buffer
50 mM NHCI, and 10 mM MgC}. All experiments were A shock-frozen in liquid nitrogen, and stored -a80 °C.
performed at 20C, if not stated otherwise. Chemicals were Concentration MeasuremenfE-Tu concentrations were
from Roche Biochemicals or Merck. Mant-GDP and mant- determined photometrically at 280 nm using a molar extinc-
GTP were purchased from Molecular Probes or JenaBio- tion coefficient ofe = 32900 ML cm? (21). EF-Ts was
Science. measured by absorbance at 210 r28) (or 205 nm 23).

EF-Tu Purification.EF-Tu was purified fronk. coliMRE Concentrations were verified by comparing the intensity of
600 by a published procedurgd) with some modifications.  the Coomassie-stained protein band on a 12%-SPSGE
Cells were opened by sonication in buffer B (25 mM Tris- with that of a standard protein (EF-Tu or EF-Ts) using an
HCI, pH 7.5, 50 mM NHCI, 10 mM MgCh, 0.1% PMSF, imaging densitometer (GS-700).
6 mM 2-mercaptoethanol). EF-Tu was purified by ion- Rapid Kinetic MeasurementSluorescence stopped-flow
exchange chromatography on DEAE-Sepharose CL6B. Themeasurements were performed on a SX-18MV spectrometer
protein was eluted using a linear gradient of KCH@4 (Applied Photophysics) as described previousty—26).
M) in buffer C (25 mM Tris-HCI, pH 7.5, 30 mM MgGJ Tryptophan fluorescence was excited at 280 nm and mea-
30 uM GDP, 6 mM 2-mercaptoethanol). EF-Tu-containing sured after passing KV335 filters (Schott). Fluorescence of
fractions were identified by 12% SDSAGE and by mant-GDP was excited either directly at 349 nm or via
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GTP EDP To measure the association rate constatts,and ks,
k5 4 . _ _ . . .

TWGTP = s Tu —— s Tu-GDP nucleotide-free EF-Tu was used. Time courses of binding
' k., were measured at a constant concentration of EF-Tu and
Ts Ko||Ke 1s Kel|kz s K[ks varying excess concentrations of mant-GDP/mant-GTP (Fig-
ure 2A). The data were analyzed by exponential fitting to

Tu-GTP-Ts ks , TuTs ks Tu-GDP-Ts determine the value df.p, for each titration point, and;

Tk, k.

was determined from the slope of the linear dependence of
TP Gop Kapp ON the concentration of mant-GDP/mant-GTP (Figure
Ficure 1: Kinetic mechanism of nucleotide exchange in EF-Tu. 2B). The values obtained weke = (2 + 0.5) x 106 M1
standks=(5+1) x 1P M tsL
fluorescence resonance energy transfer (FRET) from tryp- Nucleotide dissociation from EF-TGDP (_1) and EF-
tophan excited at 280 nm and measured after passing KV408; .5 1p (_s) was studied in the presence of excess mant-

filters (Schott). Experiments were performed in buffer A at spp/mant-GTP using FRET (Figure 2C). In this case, the

20 °C by rapidly mixing equal volumes (60L each) of  \5i0 of mant-GDP/GTP binding is limited by the rate of
reactants and monitoring the time course of the fluorescenceyisqociation of unlabeled nucleotide from EF-Tu: in the

change. Time courses depicted in the figures were obtained, eqence of a large excess of mant-labeled nucleotide,
by averaging 510 individual transients. Data were evaluated rebinding of unlabeled nucleotide is negligible, whereas the

by fitting to an exponential functilon with a characteristic binding of mant-GDP/mant-GTP is very fast. Thus, the rate
apparent time constankiy), amplitude (A), and another  , \ hich the fluorescence increases equals the dissociation
variable for the final signali.) according to the equation 56 constant of the unlabeled nucleotide. The values obtained
F=F. + Aexp(—kepd), whereF is the fluorescence attime . qinq1e_exponential fitting of the time courses shown in
t. Calculations were performed using TableCurve software Figure 2C werek_; = 0.002+ 0.001 s andk_s = 0.03+
(Jandel Scientific). Standard deviations for apparent constantsy 91 s for EE-TwGDP and EF-TtGTP, respectively. The
Kapp were calculated using the same software. Numerical g4 me value ok_; was obtained for the dissociation of EF-
integration was carried out using Scientist for Windows r,.ant-GDP in the presence of a large excess of unlabeled
software (MicroMath). All elemental rate constants of Gpp ynon direct excitation of mant fluorescence (data not
nucleotide exchange, excdpt, were measured directly. The g5y I this case, a fluorescence decrease was observed,
value ofk-, was calculated from all other rate constants |..ause the fluorescence of mant-GDP in the EFrEumt-
according to the model depicted in Figure 1. Standard 5pp complex is about 30% higher than that of free mant-
deviations of the rate constants were estimated from the 5pp @, 27). The values of the association and dissociation
variation of the values obtained from several experiments. .o4e constants are consistent with those previously obtained
RESULTS for EF-Tu fromE. coli using nitrocellulose filtration 8,
29) or from T. thermophilusising the stopped-flow technique

The schematic mechanism of EF-Ts-catalyzed nucleotide (14).
exchange in EF-Tu is given in Figure 1. EF-Tu can bind  Dissociation of EF-TYGDP in the Absence of Bound
GDP (association rate constdqj, GTP s), or EF-Ts k) Mg?". To study the contribution of MY coordination to
to form the respective binary complexes which dissociate nucleotide binding, we measured the dissociation of EF-Tu
with the respective rate constaits,, k-s, andk—,. EF-Ts GDP in the presence of 10 mM EDTA (Figure 3). The EF-
stimulates the low intrinsic dissociation rate of the EF-Tu Tu-mant-GDP complex was preincubated with 10 mM
nucleotide complex by the formation of the ternary complex, EDTA for 5 min at 37°C and rapidly mixed with 10 mM
EF-TwnucleotideEF-Ts. The interaction of EF-FGDP or EDTA in the presence of 26M GDP to avoid rebinding of
EF-TuGTP with EF-Ts can be described by two consecutive mant-GDP. The rate constant of dissociation was @:3D1
equilibria that represent the formation of the ternary complex sX. When EF-Tumant-GDP was rapidly mixed with 10 mM
and the release of the nucleotide, respectively. EF-Ts EDTA together with excess unlabeled nucleotide without
reversibly interacts with EF-TFGDP to form the ternary  prior incubation, the dissociation rate constant was-.6
complex EF-TuGDP-EF-Ts s and k-3). GDP can be 0.1 s A similar result, 0.5+ 0.1 s'!, was obtained when
released from the ternary complex into solutién,f, from the dissociation of unlabeled GDP from EF-GDP was
where it can rebind to the binary complex EF-E&-TsS k). measured by adding excess mant-GDP and EDTA and
By analogy, EF-TeGTP can bind EF-T<k§), and the ternary  exciting mant fluorescence via FRET (data not shown). Thus,
complex can dissociate into either EF-GTP and EF-Ts  the removal of Mg" from EF-TuGDP accelerates the
(k-g) or EF-TUEF-Ts and GTPK_7). The binding of GTP dissociation of GDP by a factor of 15(300.
to the binary complex EF-T&F-Ts is characterized k. Upon 2-fold dilution of the EF-Tumant-GDP complex
Note that rate constants—k; are bimolecular association formed in a 3-fold excess of mant-GDP in the presence of
constants (M! s™1), whereas rate constanks;—k_; are 10 mM EDTA (Figure 3), the rate of reactioky,, and the
dissociation constants9. Table 1 summarizes the experi- portion of the nucleotide remaining in the complex at
ments that were carried out and the observables used, as wekkquilibrium depends on both association and dissociation rate
as the fitting parameters that lead to the kinetic constants.constants and concentrations of ligands. The valle whs

Interaction of GDP/GTP with EF-Tu (kk-1, ks, k-s). determined by numerical integration using both time courses
GDP/GTP binding to EF-Tu was studied essentially as shown in Figure 3. The association rate constann the
described 14) using FRET from Trp184 in EF-Tu to mant- absence of M was (9+ 1) x 10° M~ s™1, about 2 times
GDP/mant-GTP, which results in an increase of mant slower compared to the value obtained in the presence of
fluorescence upon binding of the nucleotide to the factor. Mg?*, (2 4+ 0.5) x 10 M1 s™L
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Table 1: Determination of the Rate Constants of Interactions between EF-Tu, EF-Ts, and Guanine Nucleotides

ligand fluorescence concn data fitting
constant variable signal dependence parameters values
nucleotide-free EF-Tu mant-GDP mant (FRET) linear sleple (2£05)x 106 M1ts?
Y-intercept= k-1 closeto 0
nucleotide-free EF-Tu mant-GTP mant (FRET) linear sleple; B5+1)x 1PMist
Y-intercept= ks closeto 0
nucleotide-free EF-Tu EF-Ts Trpl84 linear slopdk (1+£0.2)x 10°'M1s?t
Y-intercept= k-» closeto 0
EF-TuwGDP mant-GDP mant (FRET) none Kapp= k-1 0.002+ 0.001 s*
EF-TueGTP mant-GTP mant (FRET) none Kapp=K-5 0.03+0.01st?
EF-Tumant-GDP EF-Ts, excess GDP mant hyperbolic initial stepde/(1 + k_a/k_4) 1.6x10M1st
Kappat saturation= k_4 125+ 25t
EF-TGEF-Ts GDP Trpl84 hyperbolic initial slope ka/(1 + k_s/k—3) 1.0x 10'M1s?t
kappat saturation= k_s 350+ 50st
EF-Tumant-GTP EF-Ts, excess GDP mant hyperbolic initial stepe/(1 + k_g/k—7) 20x 10'M st
kappat saturation= k_7 85+ 10st
EF-TGEF-Ts GTP Trpl184 hyperbolic initial slope kz/(1 + k_7/k—¢) 25x 1PMtst
kappat saturation= ks 60+ 10s?
EF-TGEF-Ts mant-GTP mant linear part slogeks/(1 + k-7/k-g) 23x 1PM st
A T T T T T
T ; : T ()
g 105 ] g 1.00
S 1.04F 1 @
Q [3]
8 1.03F 2 1 8 0.95¢ 2
6 1.02F . =
2 10} 3 A S
< 1.00- - i 0.90f .
= 0.99h, \ . \ 1 - 1
0.0 0.5 10 15 2.0 o
H 1 1 i i 1
. Time, s 0.85 0 5 10 15 20
sl ' ' T ' Time, s
i } Ficure 3: Effect of Mg*. Dissociation of the EF-Tumant-GDP
8 complex (0.3uM) in the presence of 10 mM EDTA and 25 mM
g 10h . GDP (1) or in the absence of GDP (2). Smooth lines are calculated
= sl 1 from the values ok; andk-, determined by numerical integration,
9 x 1° M~1s 1 and 0.3 s, respectively.
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FiGure 2: Interaction of guanine nucleotides with EF-Tu in the o0 }
absence of EF-Ts. (A) Time courses of (1) mant-GDR(S or o 4l |
(2) mant-GTP (5«M) binding to nucleotide-free EF-Tu (0/M) &
measured by FRET excitation of mant fluorescence; (3) control e 4
without factor. (B) Concentration dependencekg, Kapp values
were calculated by single-exponential fitting from time courses as ol 4

in (A). Key: circles, mant-GDP; squares, mant-GTP. (C) Dissocia-
tion of (1) GDP or (2) GTP from EF-TGDP or EF-TUGTP (0.5

uM) in the presence of the respective mant nucleotide in excess
(25 uM); (3) control with EF-TUGDP (0.5u4M) in the absence of
mant-GDP. Mant fluorescence was excited by FRET.

1
0 1 2 3

EF-Ts, uyM

Ficure 4: EF-TuEF-Ts interactions. (A) Fluorescence changes
of Trp1l84 in EF-Tu (0.5«M) upon addition of EF-Ts (1.M)

(1), GDP (254M) (2), or buffer (3). (B) Concentration dependence

Binding of EF-Tu to EF-Ts ¢k The formation of the EF-
Tu-EF-Ts complex was monitored by the change of the

of the rate of EF-TtEF-Ts complex formation.

intrinsic tryptophan fluorescence of EF-Tu. Upon binding a signal-to-noise ratio which was sufficient for reliable single-
of EF-Ts to nucleotide-free EF-Tu, a fluorescence decreaseexponential fitting. To determine the association constant,
was observed (Figure 4A). Although the fluorescence changetime courses were measured at increasing concentrations of

was small (about 2%), an average of B) transients gave

EF-Ts, and the value df, was determined from the slope
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Ficure 5: Interaction of EF-Tu with EF-Ts and GDP. (A) Time course of dissociation of Effr@nt-GDP (0.15M) in the presence of
EF-Ts (0.1uM) and excess unlabeled GDP (28) (1) or in the absence of EF-Ts (2). The fluorescence of the mant group was monitored.
(B) Concentration dependencelgf, The values ok,,pwere calculated by single-exponential fitting from the time courses as in (A). (C)
Time course of dissociation of EF-TEF-Ts (0.5uM) In the presence of GDP (2/&8M) (1) or in the absence of the nucleotide (2). The
fluorescence of Trp184 in EF-Tu was monitored. (D) Concentration dependerigg,ofhe values okay, Were calculated by single-

exponential fitting from the time courses as in (B).

of the linear dependence ¢y, on EF-Ts concentration

of GDP concentration (Figure 5D). The value &f;

(Figure 4B). The value of the association rate constant of estimated by fitting the data to a hyperbolic function was

EF-Tu with EF-Ts wak, = (1 + 0.2) x 10’ M~*s™L. The
intercept with theY-axis was close to zero, and thks could
not be determined with precision.

Interaction of EF-Tu with EF-Ts in the Presence of GDP
(Ks, k-3, ks, k=4). To study the EF-Ts-catalyzed dissociation
of GDP from EF-TuGDP, experiments were carried out with
mant-GDP. The fluorescence of mant was excited directly.
Upon mixing of EF-Tumant-GDP with EF-Ts, a single-

3504+ 50 s*. The contribution of the reverse reaction, i.e.,
rebinding of EF-Ts to the EF-FGDP complex, determined

by k[EF-Ts], is negligible at saturating concentrations of
GDP, because the concentration of free EF-Ts does not
exceed the initial concentration of the EF-E&-Ts complex,
0.5uM. The initial slope of the curve (inset in Figure 5D)

is Ko/(1 + k-4/k—3). From the initial slopes of Figure 5B,D
and the determined valueslof; andk-,4, the remaining rate

exponential fluorescence decay was observed due to dis-constants were calculated ks= (6 = 1) x 10’ M1 s?

sociation of the nucleotide (Figure 5A). Titrations were
performed at a constant concentration of EFfiant-GDP

andks = (1.4+ 0.5) x 10’ Mt s71 (Table 1).
These values of the kinetic constants are close to those

and increasing concentrations of EF-Ts. An excess of reported previously by Hwang and Miller for the dissociation
unlabeled GDP was added together with EF-Ts to avoid rate constantl_4 can be extrapolated to 120%sat 20°C

rebinding of mant-GDP. At low concentrations of EF-Ts,
kapp increased linearly, indicating that the formation of the
EF-Tumant-GDPEF-Ts complex was rate limiting (Figure
5B). At high concentrations of EF-Ts, the rate of the reaction

(6)] and by Eccleston et al. for the bimolecular rate constants
[ks andk, about 10 (8)] but are about 10 times lower that
those determined by rapid filtratiod)( Most probably, the
reason for the discrepancy is the use in the latter work of a

reached saturation; because the rebinding of mant-GDP tononequilibrium filtration technique in which the rapid
EF-TUGEF-Ts is excluded by the presence of excess unlabeledapplication of a sample onto the filter was followed by a

GDP, the rate at saturation equéls. Fitting a hyperbolic
curve to the data gives the valuelof, = 1254+ 25 s1. At
low concentrations of EF-Ts, the initial slope of the titration
curve (inset in Figure 5B) is equal t@/(1 + k-_s/k_4) (30).
Thus the value ok; can be calculated, provided bokh,
andk_3 are known.

To determinek_s, titrations were carried out with a fixed
concentration of the purified EF-TEF-Ts complex and

slow washing step. As part of the labile EF-GDP-EF-Ts
complexes may dissociate during the washing step, the
technique tends to yield artificially high exchange rates.
Interaction of EF-Tu with EF-Ts in the Presence of GTP
(Ks, kg, k7, k-7). The interactions of EF-Tu, EF-Ts, and GTP
were studied in the same way as described above for GDP,
except that GTP solutions were preincubated with phospho-
enolpyruvate and pyruvate kinase in order to convert any

increasing concentrations of GDP. In this case, the changeGDP present to GTP. Dissociation of GTP from EF-Tu in

in intrinsic tryptophan fluorescence was monitored, which
reflects the binding of EF-Tu to EF-Ts and is insensitive to
the nucleotide binding (Figure 4A). The rates of EF-Ts

the presence of EF-Ts was monitored by the fluorescence
of mant-GTP (Figure 6A; Table 1). Titrations were done at
constant concentrations of EF-huant-GTP and increasing

dissociation were determined from the time courses (Figure concentrations of EF-Ts in the presence of excess unlabeled

5C) by single-exponential fitting and plotted as a function

nucleotide (Figure 6B), andk ; = (85 + 10) s! was
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FiGURre 6: Interaction of EF-Tu with EF-Ts and GTP. (A) Time course of dissociation of Effr@nt-GTP (0.15M) in the presence of

EF-Ts (0.1uM) and excess unlabeled GTP (2M) (1) or in the absence of EF-Ts (2). The fluorescence of mant was monitored. GTP and
mant-GTP solutions were preincubated with phosphoenolpyruvate and pyruvate kinase to minimize the contamination with GDP. (B)
Concentration dependencel@f, The values okap,were calculated by single-exponential fitting from the time courses as in (A). (C) Time
course of dissociation of EF-THF-Ts (0.5¢M) in the presence of GTP (1£M) (1) or in the absence of the nucleotide (2). The fluorescence

of Trp184 in EF-Tu was monitored. The EF-HF-Ts complex was purified by gel filtration. Stock solutions of GTP-40 mM) were
preincubated with phosphoenolpyruvate and pyruvate kinase and then diluted such that their final concentrations did not exceed 0.02 mM
and 0.7ug/mL, respectively. (D) Concentration dependencé.gf The values ok, were calculated by single-exponential fitting from

the time courses as in (B). (E) Time course of binding of EFER4Ts (0.5uM) to mant-GTP (0.2%M) (1) and mant-GTP in the absence

of factors (2). (F) The concentration dependencé&.gfwas determined in experiments analogous to those of panel E.

determined at saturation by fitting the data to a hyperbolic measured directly and was therefore calculated on the basis

function. When the GTP-induced dissociation of EFHIe-

of other rate constants and the law of mass action. From the

Ts was monitored by tryptophan fluorescence (Figure 6C), rate constants of the righk], = k_1kok—3ka/(kiksk—4)] and

ks = 60 £+ 10 s! was estimated at saturation with GTP
(Figure 6D). Rate constankg = (3 4+ 0.5) x 10/ M1 s
andk; = (6 £ 1) x 1® M~* s were calculated from the
initial slopes of Figure 6B,D and values kfs andk_7, as
described above for GDP.

left [k, = k_skok_cks/(kskek-7)] part of the scheme in Figure
1, values fork_, were calculated as 0.007'sand 0.08 s?,
respectively. The equilibrium dissociation constants of EF-
Tu-EF-Ts, K,, calculated from these values akgd= 1 x
10'M~1st were 0.7x 10°and 7x 10° M, comparable

As the changes of tryptophan fluorescence upon dissocia-to previously reported values around 181 (31—33). Given

tion of EF-TUEF-Ts were small, the value df; was
confirmed by a different approach. EF~EF-Ts was rapidly

the standard deviations of the rate constants used for the
calculation, the difference of the two values kf, is

mixed with mant-GTP in the presence of phosphoenolpyru- statistically insignificant. From the equilibrium constant of
vate and pyruvate kinase, and the increase of mant fluores-EF-Tu binding to EF-Ts reported for similar experimental
cence brought about by mant-GTP binding was monitored conditions, 1.1x 10°° M (32), and the present value &f

by FRET (Figure 6E). The value &y, increased linearly
with mant-GTP concentration with a slope of Z3L0' M~

=1x 10 M~ts1 avalue ofk_, = 0.01 st is calculated.
Thus, a realistic value for the rate constant of EFHR+TS

s ! (Figure 6F), the same value as measured by tryptophandissociation isk_, = 0.03 s!, obtained by averaging the

fluorescence, 2.5 10’ Mt s (inset in Figure 6D); in both
cases, the slope of the plot equly1 + k_7/k-g) (Table
1).

Calculation of k,. The rate constant of EF-THF-Ts

three estimates fdk_,, 0.007 st, 0.08 s, and 0.01 s'.

DISCUSSION
Effect of EF-Ts on the Interaction of EF-Tu with Guanine

dissociation was the only constant which could not be Nucleotides.Figure 7 summarizes the kinetic parameters
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FiGure 7: Summary of the rate constants of EF-Tu interactions
with EF-Ts and guanine nucleotides.

obtained for the interactions between EF-Tu, EF-Ts, and

guanine nucleotides. In the absence of EF-Ts, both binding

of GDP or GTP to and dissociation from EF-Tu are very
slow. The association rate constaris,and ks, are about
10° Mt s, which is 2 orders of magnitude lower than
expected for a diffusion-controlled reaction. This indicates
that the diffusion-controlled formation of the complex is
followed by a conformational change in EF-Tu, which
stabilizes nucleotide binding and is probably the reason for

the change of mant fluorescence. In the absence of EF-Ts
the rearrangement is slow; the low dissociation rate constants
suggest that the structure of the resulting complex is such

as to occlude the nucleotide in a kinetically stable EF-Tu
GDP/GTP complexes. Binding of EF-Ts to EF-Tu leads to
a 10-fold increase of the rates of nucleotide bindikgand

k7. Furthermore, the rate constants of GDP/GTP dissociation

from the respective ternary complexds,, and k_;, are
increased by factors of & 10* (GDP) and 3x 10° (GTP).

This suggests that, in the ternary complexes, the nucleotide

binding pocket of EF-Tu is open and allows rapid association

and dissociation of the nucleotide. On the other hand, EF-

Ts is bound less tightly in the ternary complexes than in the
binary complex EF-TtEF-Ts, indicating that the complexes
are structurally different. Thus four different structures of
EF-Tu can be distinguished: conformations which form tight
complexes with nucleotides (GDP- and GTP-bound forms)
(34—37) or EF-Ts (EF-Ts-bound form)1( 2) and a fourth
conformation which is characterized by labile binding of both

. . . f
nucleotide and EF-Ts and which has not been charactenzedi

structurally so far.
Another interesting implication of the data is that the

bimolecular rate constant of EF-Ts binding to EF-Tu is more
or less independent of the nucleotide binding state of EF-

Gromadski et al.

Effect of M@". Disruption of the M§" binding site in EF-
Tu by EF-Ts was proposed to be an important factor in
facilitating the nucleotide releasé,(2). The rate constant
of GDP release from EF-FGDP was increased 15@B00-
fold upon removal of Mg" by EDTA, compared to a &
10*-fold enhancement by EF-Ts. This suggests that the loss
of Mg?" coordination is not the only factor responsible for
the acceleration of nucleotide dissociation from EFHR+
Ts. Other factors, such as the EF-Ts-induced structural
rearrangement in the P loof3) and possibly changes in
the interactions of EF-Tu with the guanine base and ribose
moieties of the nucleotided) also contribute significantly
to the destabilization of nucleotide binding to EF-Tu.

Kinetic Mechanism of Nucleotide Exchand&e concen-
tration of GTP in the cell is about 10 times that of GDP, 0.9
mM and 0.1 mM, respectively3g). From the kinetic data,
equilibrium dissociation constants of TOM and 6 x 108
M are obtained for EF-T\GDP and EF-T¢GTP in the
absence of EF-Ts, respectively (Figure 7). Thus, GTP can
displace EF-Tu-bound GDP under equilibrium conditions
when GTP is in large excess. In the complete translation
system, EF-TUGTP forms a strong complex (hanomolar)
with aminoacyl-tRNA, which strongly shifts the equilibrium
toward the GTP-bound species but does not affect the kinetics
of the nucleotide exchange. The rate of spontaneous GDP
dissociation, 0.00278, is much too slow to sustain a rate of
protein elongation of about 10'% even though EF-Tu is
present in 10-fold excess over ribosomes. In the presence of
EF-Ts, dissociation of GDP is much faster, although the
equilibrium between EF-TGDP and EF-TeGTP is un-
changed. The concentration of EF-Tu is about 100 in
exponentially growing cells, whereas the concentration of
EF-Ts approximately equals that of the ribosomes, about 10

uM (38); assuming all ribosomes to be active in translation,

the concentration of EF-FGDP immediately after release
from the ribosome is expected to be the same or lower. Under
these conditions, the rate of EF-Ts binding to EFGDP,
as calculated from the values kf, k_3, andk_4, is about
158 s [rate= ks|EF-Ts]/(1+ k-a/ks)], and the dissociation
GDP from the ternary complex proceeds at 100[sate
k-4l + (kfGDP])/(k7[GTP])]]. Together, these two
reactions take about 16 ms (1/158 1/100 s), which
corresponds to a rate of about 60 $or the formation of
the binary complex EF-T-&F-Ts. The following step of GTP
binding is extremely fast{2000 s 1), due to the high cellular

Tu (Figure 7). This suggests that structural determinants for concentration of GTP, whereas the dissociation of EF-Ts may
the association are located outside the nucleotide bindingbe expected at 57 §[rate = k_g/[1 + (Ks[EF-TS])Kaatrna

pocket of EF-Tu, which has markedly different structures

bindindaa-tRNA]]], assuming that EF-FGTP binds amino-

in the GDP- and GTP-bound forms. Besides the nucleotide acyl-tRNA with an association rate constant ok3.0’ M1

binding site, there are two regions of contact in the EF-Tu
EF-Ts complex, i.e., helix D in domain 1 of EF-Tu, which
interacts with the N-terminal domain of EF-Ts, and the tip
of domain 3 of EF-Tu, which is bound to subdomain C of
the core of EF-TsX). The orientation of domain 3 is different
in EF-TwGDP and EF-TUGTP, and thus the interaction of
EF-Ts with this part of EF-Tu should be influenced by the
nucleotide. Thus, the most likely candidate for the initial
contact is helix D of EF-Tu, and the interactions of EF-Ts
with EF-Tu in the vicinity of the nucleotide binding site and
in domain 3 are likely to be established at later stages of
complex formation. IrE. coli EF-TwWEF-Ts, these rearrange-

st (W. Wintermeyer, unpublished data) and that the
concentrations of free EF-Tu and aminoacyl-tRNA in the
cell are about equal. Together, all steps of the nucleotide
exchange in EF-Tu take about 30 ms, 16 ms for the release
of GDP and 18 ms for GTP binding and dissociation of EF-
Ts, and the overall rate of the complete cycle of nucleotide
exchange is expected to be about 3@ $his value is fully
compatible with the rate of protein synthesis in vivo, about
10 s, and in excellent agreement with the previously
reported number for the turnover of EF-TUO( 11). Thus,
there is no single rate-limiting step in the mechanism of
nucleotide exchange in EF-Tu; rather, three steps, i.e., EF-

ments are rapid and are not observed as separate kinetic step3s binding to EF-TuGDP, dissociation of GDP from EF-
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Tu-GDP-EF-Ts, and dissociation of EF-Ts from EF-GI P>
Ts, contribute about equally to the overall velocity of the
reaction.
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