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Mutagenesis of Three Residues, Isoleucine-60, Threonine-61, and Aspartic Acid-80,
Implicated in the GTPase Activity dEscherichia coliElongation Factor Tu
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ABSTRACT. The properties of variants of elongation factor (EF) Tu mutated at three positions implicated
in its GTPase activity are presented. Mutation 160A, which reduces one wing of a “hydrophobic barrier”
screening off the nucleophilic water molecule found at the GAphosphate, causes a reduction of the
intrinsic GTPase activity contrary to prediction and has practically no influence on other properties. Mutation
D80N, which in the isolated G-domain of EF-Tu caused a strong stimulation of the intrinsic GTPase,
reduces this activity in the intact molecule. However, whereas for wild-type EF-Tu complex formation
with aa-tRNA reduces the GTPase, EF-Tu[D80N] shows a strongly increased activity when bound to
Phe-tRNA. Moreover, ribosomes or kirromycin can stimulate its GTPase up to the same level as for
wild-type. This indicates that a local destabilization of the magnesium binding network does not per se
cause an increased GTPase but does affect its tight regulation. Interestingly, mutant D80N sequestrates
EF-Ts by formation of a more stable complex. Substitutions T61A and T61N induce low intrinsic GTPase,
and the stimulation by ribosome is less for T61A than for T61N but still detectable, while kirromycin
stimulates the GTPase of both mutants equally. This provides more evidence that stimulation by kirromycin
and ribosomes follows a different mechanism. The functional implications of these mutations are discussed
in the context of a transition state mechanism for catalysis. An alternative structural explanation for the
strong conservation of lle-60 is proposed.

Elongation factor (EF)Tu is a guanine nucleotide-binding  stimulation can be obtained by ribosomes alodel(), by
protein that takes care of the efficient transport of amino- high monovalent cation concentratiorisl( 12, and by the
acylated tRNAs to the A-site of the ribosome in the antibiotic kiromycin alone 13) or even more strongly in
elongation cycle of protein biosynthesis (see fgf It the complex with aa-tRNAG). Thus an intricate interplay
moreover plays an active role in the selection of the correct seems to be necessary to obtain the optimal catalytic
aa-tRNA from the about 40 different species available, configuration. For the possible involvement of a residue from
ensuring thus a high accuracy of the process. EF-Tu hasa ribosomal protein or a base from rRNA, analogous to the
specific interactions with many different partners in its situation for the small guanine nucleotide-binding protein
functional cycle and shows remarkable structural dynamics. family (14), no concrete evidence existy)(Research into
In the rather compact GTP form it has high affinity for aa- the residues from EF-Tu itself involved in catalysis has not
tRNA. The EF-TuGTP-aa-tRNA complex can interact with  been able to unequivocally attribute a catalytic role to any
the A-site of the mRNA-programmed ribosome; in the case specific one, thus favoring a transition state stabilization
of correct codor-anticodon interaction this elicits a fast one- mechanism for hydrolysisl( 15, 16).
round GTP hydrolysis. The resulting GDP form has amuch  Among the residues conserved in the elongation factors
more open triangular structure, in which certain residues havegre those involved in nucleotide binding [four groups of
moved through as much as 40 A compared to the GTP form esjques forming the guanine nucleotide-binding protein

(2-5), and has low affinity for aa-tRNA, thus leaving the  «ingerprint” (17, 18] and also others that are characteristic
ribosome and allowing a new peptide bond to be formed. for this guanine nucleotide-binding protein family but whose
The precise interactions changing EF-Tu from a rather ynction is not clear. In the first group are Thr-61 and Asp-
inefficient GT.P hydrolase m_to avery gqod one have n_ot Yet go, two residues having a direct and a water-mediated
been determined. To obtain the maximum stimulation, a jyteraction with the essential magnesium complexed to the
correct codorranticodon interaction on the ribosome is cleotide respectively. In the second group is lle-60, a
known to be an essential requiremesit-g), although partial - yasidue that was found in the 3D GTP structure to form a

“hydrophobic barrier”, together with Val-20 located opposite
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In this work we set out to define more precisely the role T,5e 1. Nucleotide Interaction Parameters
of the magnesium ion and the hydrophobic barrier in the

GTPase reaction by characterizing mutants of these three GbP GTP

residues. In the isolated domain 1 (G-domain) the substitution kot x 10% kan x 10740 Ka  kofr x 10° kon X 10710 Ky
Asp-80—Asn was found to cause a strong increase in the 69 M @M 9 EIMT WM
intrinsic GTPase rate, concomitant with a structural desta- Wt 2.2 34 0.00064 79 2.3 0.34
bilization (19). This effect suggested a destabilization of the fglAA gé ig 8‘3832? igg ﬁ %)'}10
magnesium binding network as an intermediary step of the 161N 23 38 0.00060 187 29 0.64
transition leading to the hydrolysis of GTP. We extended D8ON 260 1.9 1.4 128 ~0.3  ~B°

that WOfk here by eXam'nlng the same mUtatIOI’l |n the IntaCt aShown are apparent rate constants for d|ssoc|atk3ﬁ) (and
EF-Tu. Thr-61 was suggested to be involved in transmitting association K,) of GDP and GTP and the equilibrium dissociation
the ribosome signal for triggering the GTPase on the basis constantsi.) measured at C. * Calculated a&on = koi/Kg assuming

of mutations of the homologous residue Thermus ther- a two-state assomatlon/dlssoc_:lathn reaction without |n_termed|ate steps.
mophilusEF-Tu Q0). We present an in-depth analysis of ¢Value estimated from nucleotide binding versus nucleotide concentration.
mutants of Thr-61 to Ala and Asn, in which differences _ _ _ )
between thd. thermophilusndEscherichia colsituations droly§!s @9) were measu_red as described. Deta_uled reaction
are revealed. To evaluate the proposed role of the “hydro- conditions are reported in the legends to the figures.
phobic gate” residue lle-60 in reducing the intrinsic GTPase, RESULTS

we characterized the mutation lle-6@la, which comple-

ments previous work describing the properties of VatZgly Production, Expression, and Purification of Mutant EF-

(22). Tu's. EF-Tu wt and mutants 160A, T61A, and T61N are
overexpressed to a high level and show good solubility

EXPERIMENTAL PROCEDURES (>70%), giving yields of up to 2 mg of EF-Tu (unfused)/g

of cells (wet weight). Mutant D8ON, on the other hand, is
well expressed, but less of the protein is found in the S30
. supernatant fraction. This mutant also shows a high stability
prepaprid fronE.' .COI' as repqrted 10, .13' In the case of of the complex with EF-Ts, making an ultimate Superdex
tRNA™*also purified preparations obtained from Sigma were 75 gel filtration step necessary to separate free protein from
used. ) ) o the EF-TUu[D80ONJEF-Ts complex in order to obtain an EF-
Construction, @erproduction, and Purification of EF-Tu  Ts_free preparation. These observations agree with our recent
Mutants. For rapid purification purposes wt EF-Tu and  findings (unpublished) that several EF-Tu mutants with lower
mutants were overproduced as fusion with glutathione nycleotide affinity have problems to fold correctly in the cell.
Stransferase and purified as described bef2B Mutations |t does not indicate any structural instability, however. No
were introduced by the “Unique Site Elimination” method precipitation phenomena or other stability problems were
(23), using a kit from Pharmacia. As a substrate for the gpserved with the purified factors.
mutagenesis reactions we used pGtAM, a derivative of |nteraction with GDP and GTRConcerning the dissocia-
plasmid pGEX-2TufA (24), which codes for a thrombin-  tjon constants and the dissociation rate constants, we found

Biological Materials. Ribosomes, EF-G, Phe-tRNi&
synthetase, and partially purified tRN% (5—70%) were

cleavable glutathioneStransferase-fused. coli EF-Tu  that for the GDP interaction the mutants of the effector region
(tufA). In pGtAM theNcd site from pGEX-2TufAhas been  residues 60 and 61 have parameters that are not far from
eliminated, and the uniquerul site in thetufA sequence: those of wt EF-Tu (Table 1). For the GTP interaction we
which turned out to digest poortyhas been modified by a  see an increase in the dissociation rates by a factor of about
silent mutation generating a unique overlappMga site, 2, whereas the affinity is lower by about a factor 3 for EF-
used for the selection procedure. The mutagenic oIigonucIeo—Tu[|60A] and by a factor 2 for EF-TU[T61N].

tides for the amino acid substitutions were®I' CGT GGT The mutant of residue 80, on the other hand’ shows a

GCC ACC ,'ATC AA -3 for I60A, 5-GT GGT ATC GCC dramatic alteration. The GDP affinity is 3 orders of magni-
ATC AAC-3' Tor T61A, 3-CGT GGT ATC AAC ATC AAC tude lower, the dissociation rate being 2 orders of magnitude
AC-3 for T61IN, and 5CAC GTA AAC TGC CCG-3for higher. As a consequence, the deduced association rate is

D8ON (modified bases underlined). Because transfor- 31s0 more than 1 order of magnitude lower. For GTP the
mation by the calcium chloride method advised in the kit changes are less dramatic. The affinity is again lower than
proved not efficient enough, the “simple and efficient for wt, but the difference is only 1 order of magnitude and
method” of Inoue was used insteab). Selected cloneswere  the dissociation rate is less increased than for the other
verified by ds-DNA sequencing of the plasmid, and a muytants.
mutagenesis efficiency of more than 50% was found. The  Activity in Poly(Phe) Synthesigo evaluate the overall
concentration of the purified proteins was determined by the effect of the mutations on EF-Tu's ability to sustain its
Bio-Rad protein assay, using bovine serum albumin as physiological function, we performed poly(U)-directed
standard. poly(Phe) synthesis (Figure 1) at a magnesium concentration
Functional AssaysPoly(Phe) synthesis was determined of 10 mM to ensure that the differences seen are not the
kinetically from the formation of hot trichloroacetic acid- result of insufficient saturation of EF-TGTP with aa-tRNA
insoluble material Z6) and the GTPase activity from (see below). We observed that EF-Tu[I60A] can sustain the
liberation of P?P]R using the molybdate method??). same rate as wt and that EF-Tu[T61N] is little affected,
Nucleotide dissociation rates and affinitidsl( 15, 28 and showing 80% of the wt rate. On the other hand, EF-
protection of aa-tRNA by EF-Tu against spontaneous hy- Tu[T61A] and EF-Tu[D80N] are less efficient, at 28% and
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Ficure 1: Poly(U)-directed poly(Phe) synthesis by EF-Tu @ (
EF-Tu[I60A] (®), EF-TU[T61A] (©), EF-Tu[T61N] @), and EF-
Tu[D8ON] (a) or in the absence of EF-TuH). The final reaction
mixture (60uL) contained 50 mM HepeskKOH, pH 7.5, 70 mM
NH,CI, 10 mM MgCh, and 7 mM ME (buffer A) with 0.9 mM
ATP, 1.0 mM GTP, 3.8 mM phosphoenolpyruvate, 3/mL
pyruvate kinase (EC 2.7.1.40), 2 units/mL myokinase (EC 2.7.4.3),
50 nM EF-Ts, 0.8«M EF-G, 20uM ['C]Phe (specific activity
147 dpm/pmol), 3uM tRNAP"e 26 nM phenylalanine-tRNA
synthetase (EC 6.1.1.20), 1«8 ribosomes with tRNA"preloaded

in the P-site, 10&g/mL poly(U), and 0.5:M EF-Tu as indicated.
The reaction was started by adding together a mix containing
ribosomes, poly(U), and tRNZ€in buffer A and a mix containing

all other factors and components which had been separately

incubated at 30C for 15 min. Incubation was continued at 30,
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FIGURE 2: Enzymatic binding of'fC]Phe-tRNA"eto the ribosomal

A site as function of [M§"] by EF-Tu wt @), EF-TU[IG0A] (#),
EF-Tu[T61A] (©), EF-TU[T61N] @), and EF-Tu[D80ON] &) or

in the absence of EF-TuH). The reaction was started by adding
together a mix containing preformed EF-QTP[“C]Phe-tRNAhe
ternary complexes (mix 1) and a mix containing poly(U)-
programmed ribosomes with tRNE preloaded in the A-site (mix
I). After 5 min at 30°C the reaction (5@L) was filtered through
nitrocellulose. Filters were immediately washed twice with 2 mL
of ice-cold buffer, and the retained radioactivity was counted. Mix
| (42 uL) consisted of 8L of a preincubated tRNA* charging
reaction and other components to give a final composition of 50
mM Hepes-KOH, pH 7.5, 70 mM NHCI, MgCl, at variable
concentrations, 14 mM ME, 1.2 mM ATP, 0.24 mM GTP, 2.4 mM
phosphoenolpyruvate, 3@/mL pyruvate kinase{C]Phe-tRNA"e
[formed from 0.9uM tRNAPhe and 1.0uM [“C]Phe (specific

activity 1105 dpm/pmol) by 8 nM phenylalanine-tRNA synthetase],
and 0.54uM each EF-Tu. Mix Il (8«L) contained 50 mM Hepes
KOH, pH 7.5, 70 mM NHCI, 8 mM MgChk, 14 mM ME, 500
ug/mL poly(U), 1.7 uM tRNAP"¢ and 1.3uM ribosomes. Both

. . mixes were incubated separately at D for 15 min before the
25%, respectively. They are thus almost equally affected in reaction was started.

their physiological function, despite the quite different effects
of the mutation on the nucleotide interaction. The two
different mutations of Thr-61 behave also strikingly differ-
ently, pointing to the importance of the Thr-61-©Hiig>"
bond for the dynamic cycle.

Enzymatic Binding of aa-tRNA to Programmed Ribosomes.
To analyze the effect of the mutations on the g
requirement for function, we examined the extent of enzy-

6 uL samples were withdrawn at indicated times and spotted on
glass fiber filters, and hot trichloroacetic acid-insoluble radioactivity
was determined.

R em— em—r—t

0.0

In(Ct/Co)
o

matic binding of Phe-tRNA®to the A-site of programmed 0-47

ribosomes as a function of the ®fgconcentration (Figure

2). EF-Tu[I60A] is indistinguishable from wt, as could be . ” .
expected from the absence of an interaction with the 0.6 20 40 60
magnesium. EF-Tu[T61N] and EF-Tu[D80N] both reach time (min)

50% of the maximum binding at 12 mM higher [Mg*],

) Ficure 3: Protection against spontaneous hydrolysis of the ester
whereas EF-Tu[T61A] needs about 2.5 mM more than wt | == ' "o ghe by EF-Tu wt (0), EF-TU[I60A] (#), EF-

to reach this level. These results show a close qualitative [Tg1] (0), EF-Tu[T61N] @), and EF-Tu[D8ON] &) or in the
agreement with the expected ability of the substituting residue absence of EF-Tui). The final reaction mixture (62L) contained
to still complex the magnesium ion. They also show that 25 mM Hepes-KOH, pH 7.5, 60 mM NHCI, 10 mM MgCh, 7
the residue at position 61 does not not really need to have™mM ME, 0.5 mM GTP, 1 mM PhosF’;ﬂfno'pyTWatez BY/mL
an interaction with the magnesium ion for EF-Tu to be able §TIS NS L LT B0 GRRl B o5
to sustain this partial reaction efficiently, whereas in the \yas started by adding 18 of buffer containing }C]Phe-tRNA"e
complete elongation cycle loss of this contact leads to a muchto 47 uL of mix with the other components which had been
reduced actvity FGTP. At indicated tmes L. Samples were taken and spoted
. T u- .

Est_er Bond Protection of aa-tRNWhereas the ab'“t.y t(? onto glass fiber filters, and& cold tprichloroacetic acid-ingoluble
participate in poly(Phe) synthesis and enzymatic binding, material on the filters was measured.
shown in the previous experiments, establishes that the
mutants have conserved the ability to productively interact Figure 3, at 10 mM M§" marked differences become
with aa-tRNA, we also tested whether the property of EF- evident. In fact, whereas the behavior of EF-Tu[I60A] is
Tu to protect the ester bond of aa-tRNA from spontaneous again undistinguishable from wt, both mutations of the
hydrolysis has been altered by the mutations. As shown in adjacent Thr-61 are equally less effective: the half-life of
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Table 2: GTPase Activitiés

intrinsic +Phe-RNA*Ne +ribosomes
Kapp x 10° (™) Kapp x 10° (s7) kapp x 10° (™)
wit 8.0 1.6 334
I60A 5.2 2.9 178
T61A 1.4 2.0 8.8
T61N 1.6 2.4 50.9
D8ON 3.7 19.2 326

In(Ct/Co)

a Apparent rate constants of the liberation &Pphosphate from
[y-*?P]GTP at 30°C. Final reaction conditions were 50 mM Hepes
KOH, pH 7.5, 100 mM NHCI, 10 mM MgCh, 7 mM ME, 1-2 mM
ATP, 100uM [y-*?P]GTP (specific activity 1500 cpm/pmol), 1 mM
phosphoenolpyruvate, 10y/mL pyruvate kinase, and-3+ uM each
EF-Tu. EF-TUGTP was preformed by incubating this mix without the
[y-32P]GTP for 15 min at 30C. Reactions were started after further
incubation with [-*P]JGTP on ice for 15 min by adding the stimulatory
component and shifting the reaction to 30. Samples were taken at time (min)
indicated times and quenched1 M HCIO,/3 mM KH,PQO,, and free
[32P]phosphate was determined by the molybdate/isopropyl acetate FIGURE4: Inhibition of EF-Ts stimulation of EF-Tu[w4[*H]GDP
method (0). The background hydrolysis by ribosomes subtracted in dissociation by increasing concentrations of external EF-Tu[wt]
the third column was 15.9°% GDP (dotted lines and oval labels) or EF-Tu[D8GGDP (solid
lines and square labels). Numbers in the labels indicate the

. concentration of competing EF-Tu (in nM) in the reaction for the
aa-tRNA goes down fron¥10 h to 90 min. Mutant EF-  corresponding curve. The curves labeleds and—Ts are the

Tu[D80ON] protects slightly better than the Thr-61 mutants. control reactions without competitor in the presence and absence,
Since the affinities for aa-tRNAs are in the nanomolar range respectively, of EF-Ts. Reaction conditions were 50 mM Hepes
(30, 31), at the micromolar concentrations used all mutant gg#wgg%gg}r[gm]ggg'k ip?ergi?iﬂc'\ggt(i:\}zii yl g?g%ﬂodggﬁjgﬁgg" 9
EF-Tu should at least be near-satl_Jrated with aa-tRNA. Thus’nM EF-Ts, 20uM GDP, and indicated concentrations of various
the reduced aa ester bond protection for both Thr-61 mutantscompetitor EF-TeGDP. The reaction was started by adding a mix
and for EF-Tu[D80N] points to an anomalous interaction of containing EF-Ts, competitor EF-Tu, and excess cold GDP to the
the aminoacyl end of aa-tRNA with EF-Tu, whereas the preformed EF-Tu[wt[*H]GDP on ice. Samples were filtered
orientation of the other EF-Tu domains to aa-tRNA seems through nitrocellulose filters as for Figure 2.

to be little or not affected. ) .
Intrinsic GTPase Actity. Effect of aa-tRNA, Ribosomes, _ 10 Verify that the surprising decreased GTPase for EF-

and Kirromycin.Our main interest in characterizing these | U[l60A] is due to a decrease in the catalytic efficiency and

mutant EF-Tu’s concerned the effects on the GTPase, bothOt Some other eﬁ[(ec}, we detirmined tr’]m andkea from
intrinsic and in interaction with EF-Tu's physiological & Lineweaver Burk plot (not shown). Théa is decreased

partners. Table 2 summarizes the activities measured starting'°™ 7.1x 10° st in the wt to 4.1x 107° s™* in EF-
from EF-Tu[y-22P]GTP, at high §-*P]GTP concentration u[l60A], whereas th&y is slightly increased from 0.26 to
(100 uM), which should ensure near-complete saturation 0.44uM. Thus the catalytic efficiencl./Kwm is reduced from

even for EF-TU[D8ON], so that the measured rates correspond? /0 t0 93 M* s for this mutant.

closely toVimax The wild-type shows the usual reduction in Concerning the GTPase in the presence of the antibiotic
the Comp|ex with Phe-tRNA, by a factor of 5 in these kirromyCin, we observe for EF'TU[DBON] the same stimu-
circumstances. Empty ribosomes stimulate the GTPase 42Iated rate as for wt, similar to the activation by ribosomes;
times. For the substitution 160A, the hydrophobic barrier for both mutants of Thr-61 we see a moderate enhancement
hypothesis predicts an increased intrinsic GTPase rate. Orof about 5-fold, whereas EF-Tu[I60A] is stimulated com-
the contrary, we observe a decrease by 35%. ComplexationParably to wild type (results not shown).

with Phe-tRNA"e further reduces the GTPase, although it  Dominant-Negatie-like Properties of the MutantdVe
stabilizes this mutant less than wt. Ribosomes stimulate thisrecently reported that EF-Tu[T25A] shows a behavior similar
mutant quite well, though at 34 times also somewhat lessto that of so-called dominant-negative mutants of Ras
efficiently than wt. Both mutants of the neighboring residue proteins, i.e., mutants that inhibit native Ras in the cell by
Thr-61 show a ca. 5-fold reduced intrinsic GTPase, and in sequestration of the exchange factors that regenerate the
contrast to wt, the presence of Phe-tRN®slightly stimu- active form of ras. Such mutations causing increased stability
lates their activity. For these mutants the ability of ribosomes of the complex with the exchange factor occur in Ras proteins
to stimulate the GTPase varies with the substitution. Whereasnot only in position 17 (the equivalent of EF-Tu Thr-25)
the EF-TU[T61N] is stimulated by ribosomes 32 times, butalso in position 57, the equivalent of EF-Tu Asp-80@)(
T61A’s rate is enhanced only six times. The most surprising Interestingly, during purification of EF-Tu[D80N] we again
behavior is shown by EF-Tu[D80N], whose intrinsic activity observed tight complex formation with EF-Ts, as for EF-
is decreased to about half. However, in the presence of Phe-Tu[T25A]. Therefore, we tested whether EF-Tu[D80N] could
tRNAP"¢the GTPase rate is increased to about 2.5 times thealso inhibit the stimulation by EF-Ts ofH]]GDP exchange

wt intrinsic rate, which corresponds to a 5-fold stimulation on wt EF-Tu. As shown in Figure 4, the presence of
compared to this mutant’s intrinsic catalytic activity. We increasing concentrations of mutant strongly inhibits the
furthermore observe that EF-Tu[D80N] is stimulated to the function of EF-Ts. The other mutants do not show this effect
same rate as wt in the presence of ribosomes, i.e., by a factofnot shown). The observed differences in behavior between
of 88. EF-Tu[T25A] and a double mutant EF-Tu[H22Y/T25S] had
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Ficure 5: Details of structural elements discussed in the text. Residue numbers refadideven if the structure is fromi. thermophilus

Panel A: Detailed view of the residues surrounding theeMign (green ball) in the EF-Ti+GTP structureZ) and their interactions with

each other and the water molecules (red transparent balls). Dotted lines indicate hydrogen bonds (distah8A4)2 Bhe effector region

(switch 1) is colored blue; the nucleotide is in part covered by the magnesium ion, water molecules, aad' hietm the effector region.

Panel B: Close-up of the hydrophobic barrier (EFRT@TP), in the wt situation and with an Ala statically modeled in place of lle-60.
His-84 (purple) is prevented from approaching the water molecule ap-{pleosphate by residues Val-20 and lle-60, while an Ala at
position 60 leaves more space for the barrier to open through thermal motion, assuming no dramatic changes of the local conformation. van
der Waals envelopes of these residues are indicated in black dots for the modeled situation in the mutant, while the wt lle-60 surface is
dotted in green. Panel C: Overview of the structure of the switch 1 region (blue) in EFSAP @) and the hydrophobic contacts of
residues lle-60 and lle-62 (purple) with the interface of heand domain 3 (green), indicated as a partially transparent solvent-accessible
contact surface below the switchthairpin. lle-62 is in a hydrophobic pocket formed by Ala-85, Lys-89, and Asn-90 (not shown),
whereas lle-60 is surrounded by Lys-89, Thr-93, Tyr-309, and Ala-385 (not shown). Thr-61 located between the isoleucines points into the
solvent, far away from the magnesium ion (green ball). The figure was prepared using MOLAICHAN{ POV-ray (http://www.povray.org).

led us to conclude that this phenomenon is related to theion which is essential for EF-Tu’s functio3g). All three
ability of EF-Tu to have a stable interaction with the residues were implicated in the GTPase reaction in various
magnesium ion from position 25 and not simply to the strong ways in the literature. Most notably, substitution D80ON
decrease in nucleotide affinity observed for these two increased the intrinsic GTPase in the isolated domain 1 of
mutants. Thus, we may assume that also for EF-Tu[D80N] EF-Tu by up to 2 orders of magnitude, although the protein
the changed nature of the interaction with the 2¥g was strongly destabilized and high concentrations of glycerol
nucleotide is responsible for the increased stability of the were necessary to preserve its activit9)( Upon substitution
EF-TuEF-Ts complex. This once again confirms the im- of the homologue of Thr-61 to Aldl,. thermophiluEF-Tu
portance of the magnesium ion in the pathway for nucleotide was reported to have very low intrinsic GTPase activity,

ejection by EF-Ts. which could not be stimulated by ribosomes; thus this residue
was suggested to play a role in transmitting the “ribosome
DISCUSSION signal” for triggering the GTPase(). lle-60, finally, was

found in the GMPPNP crystal structure to be part of a
hydrophobic barrier between the putative nucleophilic water
located at the-phosphate of the nucleotide and residue His-

This work analyzes the effect of mutations of three
conserved residues of EF-Tu frdn coli, two of which (Thr-

61 and Asp-80) are components of the magnesium binding X .
network (illustrated in Figure 5A) and one (lle-60) is a close 84 Which had been proposed to act as a general base in the

neighbor to a water molecule located at thghosphate of cataly§is of GTP h_ydroly_siQ][. Thus, it was p_r.edicted that
GTP (Figure 5B). Residues lle-60 and Thr-61 are part of removing or re(_juc_:lng thls bar_rler WOL_JId_facmtate acces _of
the switch | region of EF-Tu. In the GTP form they flank at the outward-pointing His-84 side chain into the active site
the C-terminal side the shasthelix a1, which in the GDP and therefore increase the GTPase activity of the protein.
form unwinds to g3-hairpin bridging helixa2 and domain Concerning the effect on the nucleotide interaction, the
3 (4, 5) (Figure 5C). The third residue examined, Asp-80, is mutants can be divided into two groups: mutations of
strictly conserved in the DXXG motif just preceding the positions 60 and 61 do not influence the interaction with
switch Il region of guanine nucleotide-binding proteins. GDP and very modestly affect the interaction with GTP; most
Residues Thr-61 and Asp-80 interact directly and via a water notably they show a slightly faster GTP dissociation. Since
molecule, respectively, to the nucleotide-bound magnesium EF-Tu[I60A] has no direct contacts with either nucleotide
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or magnesium, a local conformation disturbance seems thethe universally conserved lle-62 are located in hydrophobic
most likely explanation for its higher GTP dissociation rate. pockets in the interface between the loop and the other two
The similar and remarkably modest effect of the Thr=-@a elements, whereas Thr-61 between these two residues points
mutation might seem to be in contrast with the prominence into the solvent. Thus these two highly conserved isoleucines
of the Thr-61-Mg?" ion link in the crystal structures, also may play a defined role in stabilizing the interaction of the
when compared to the drastic change caused by mutation ofswitch 1l region with the domain -tdomain 3 interface in

the opposite Thr-25 to alanin@2). However, this finding the GDP complex. Interestingly, also in EF-G the homolo-
agrees with experimental evidence that in H-ras p21 the gous residues are conserved in the highly simila" part
coordination of the homologous residue Thr-35 to magne- of the sequence. This makes it attractive to speculate that
sium is rather weak34, 35, despite the presence of a this structure, invisible in the EF-GDP crystal structure
similarly prominent interaction in the crystal. In EF-Tu the (40), might also feature the helix-to-loop unrolling in the
coordination may be even weaker, for the ras mutation T35A GDP to GTP transition.

shows an approximately 6-fold decreased affinity for GTP,  The surprising increase in the intrinsic GTPase that was
whereas the affinity of EF-Tu[T61A] practically equals that observed for mutation D8ON in the isolated G-domdif) (

of wt. Noteworthy, the influence on the dissociation rates is not found for the same substitution in the intact molecule,

shown here is opposite to that found for EFrfuthere, even in the presence of glycerol (not shown). Nevertheless,
substitutions T62A and T62S increased the GDP dissociationthe reduction of the intrinsic catalysis is changed into a 5-fold
rates but did not affect the GTP dissociati@b)( stimulation on formation of a complex with aa-tRNA. This

On the other hand, the substitution Asp=-8@sn shows a is in marked contrast with the wild-type situation, where
dramatic change of all interaction parameters. Most notably, normally binding aa-tRNA further reduces the GTPase, thus
the GDP affinity lies in the micromolar range, i.e., close to suppressing energy loss through improductive GTP hydroly-
that for GTP. Thus, it mostly loses the several orders of sis. Moreover, empty ribosomes stimulate the mutant’s
magnitude higher affinity for GDP, typical fdE. coli EF- GTPase to the same turnover rate as wt, as does kirromycin.
Tu. Aspartate has aip of 4.4 and is thus mostly ionized, This suggests that the overall efficiency of the (physiological)
making it an exclusive hydrogen bond acceptor. In the crystal stimulated GTPase may not be negatively affected. However,
structures Asp-80 is seen to accept hydrogen bonds fromthe increased rate seen with aa-tRNA suggests that the
Thr-25 and from one water coordinated to the magnesium, mutation causes a conformational modification which makes
which donates its other H toward the Cys-82 mc CO group. the regulation of the GTPase less tight. In the absence of
An asparagine side chain is poorly ionizable and can act boththe constraints exercised by domains 2 and 3 on domain 1,
as a hydrogen bond acceptor and as a donor. Whereas #his also leads to an increased intrinsic activity. The important
similar configuration as for Asp-80 is possible with the Asn influence of domains 2 and 3 on the conformation and
amide donating an H to the Mg-bound water, leaving one  regulation of domain 1 is also emphasized by the observation
amide and one water H unbonded, the lack of a negativethat the extreme lability that the G-domain[D80N] displayed
charge attracting the magnesium likely makes the bondingis absent here.
weaker. Whereas the two substitutions of Thr-61 both impair the

Concerning the effects on the GTPase, EF-Tu[I60A] is intrinsic GTPase, the complexation with aa-tRNA causes a
shown here to have a decreased intrinsic GTP hydrolysis, insmall increase, though much less than for EF-Tu[D80N] and
contrast to the prediction that reducing the hydrophobic remaining below the wt intrinsic rate. The catalysis of both
barrier should increase the intrinsic catalysis rate. This mutants is comparably enhanced by kirromycin, but ribo-
finding is similar to that obtained several years ago with EF- somes stimulate EF-Tu[T61A] much less than EF-Tu[T61N],
Tu[V20G], removing the other wing of the hydrophobic gate, which is activated to an extent approaching that of wt. This
which displayed a reduced GTPase-gtfold) (21). Differ- provides more evidence that GTPase activation by kirromycin
ently, however, whereas ribosomes hardly stimulated the EF-and ribosomes follows different mechanisr2®)( The low
Tu[V20G] GTPase, EF-Tu[l60A] is stimulated to a similar ribosome stimulation of the EF-Tu[T61A] GTPase we find
extent as wt, as is the case for kirromycin. Thus, the here was not observed far. thermophilusEF-Tur[T62A]
modification seems to affect the stimulated GTPase in a (20) at an assay temperature of 3Z that is suboptimal for
similar way as the intrinsic reaction, suggesting that the effect the thermophilic enzyme. The fact that even an Asn at this
is unspecific and that the residue is not directly involved in position—which may weakly bind the MJ provided a
the mechanism of catalysis. Also mutagenesis of the proposedconformational change to accommodate the longer side chain
catalytic residue His-84 had shed doubt on its involvement takes place-shows better activation by the ribosome indi-
in water activation, at least for the intrinsic reactid® (16, cates that for the ribosome-activated GTPase reaction the
36), and comparison with the various recent crystal structures Thr-61 anchor point is important for the correct transition
of Ras(-like) proteins with their respective GTPase-activating state configuration.

proteins in a transition state-mimicking comple7{-39) In poly(Phe) synthesis EF-Tu[D80N]'s function appears
also raises questions considering the similarity of the GTPaseas much impaired as EF-Tu[T61A]. Nevertheless, in partial
stimulation in the two systemsl), An important still reactions such as enzymatic binding (at 10 mM?§cand

unsolved question remains then, why lle-60 is so highly the (empty) ribosome-stimulated GTPase it behaved similar
conserved in elongation factors (conservatively substitutedto wt, whereas at least the ribosome-stimulated GTPase of
to Val in most archea). A possible answer may be found in EF-Tu[T61A] was slowed considerably. Thus, it seems that
the 3D structure of the GDP form of EF-Tu (Figure 5C): these two mutants are inhibited in different steps of the
The hairpin loop resulting from the unwinding of hetied"" elongation cycle. For EF-Tu[D80N] the rate-limiting step
forms a bridge over helig2 and domain 3. Both lle-60 and may be the (re)formation of the ternary complex, due to the
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lower GTP affinity, whereas for EF-Tu[T61A] the slowest
step may be the GTPase activation.

To resume, with the characterization of the mutants of Thr-
25 published before and that of Thr-61 and Asp-80 presented
in this work, we now have a fairly complete picture of the
involvement of the network of magnesium binding residues
in the GTPase. As a general trend we see that strong
perturbation of the magnesium interaction reduces the
intrinsic catalysis. This is in very good agreement with a
transition state stabilization mechanism, in which the precise
configuration of the various elements positioning the sub-
strate and the nucleophile is essential. Whereas Thr-25 and
Asp-80, both residues from “core” structural elements (helix
ol and strang3, respectively), provide the main anchoring
points for nucleotide binding, the peripheral effector region
residue Thr-61 is weakly and transiently bound to the
magnesium, playing however an important role in the
transition state configuration. Inability of the residue at
position 61 to bind M§" decreases but does not preclude
activation by the ribosome, while on the other hand sup-
pressing the link from position 25 did not seem to decrease
stimulation. Asp-80 appears to be involved in the tight
regulation of the GTPase. The proposed role of the hydro-
phobic barrier composed of residues Val-20 and lle-60 is
not supported by our data. This makes the case for His-84
being a catalytic residue activating the nucleophilic water
even weaker. As for the possibility that His-84 orients the
water molecule in the transition state of the ribosome-induced
GTPase, an induced drastic conformation change in the
effector region would still be a prerequisite, and more data
on the way the ribosome is involved are necessary to
understand the mechanism of the physiological ribosome-
stimulated GTPase of EF-Tu.
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