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ABSTRACT. The elongation factor Ts was isolated from the psychrophilic Antarctic eubacterium
Pseudoalteromonas haloplank@iAC 125 strain PhEF-Ts), and its functional properties were studied.

At 0 °C PhEF-Ts enhanced théH]GDP/GDP exchange rate on the preforniRiEF-Tu[2H]GDP complex

by 2 orders of magnitude even at very low Tu:Ts ratio, by lowering the energy of activation of the exchange
reaction.PhEF-Ts is a monomeric protein, and in solution it forms a stable dimeric complexRh-

Tu. ThePhEF-Ts encoding gene was cloned and sequenced. Its structural organization was similar to that
of Escherichia colibecause it showed at its Bnd the gene encoding the ribosomal protein S2. The
translated amino acid sequence had a calculated molecular weight of 30762, and showed a high sequence
identity with E. coli (68%) andThermus thermophilu§44%) EF-Ts. ThePhEF-Ts primary structure
contains well-preserved almost all the amino acid residues interacting at the interfacesEofcibie
EF-TSEF-Tu complex. Finally, the high concentration BREF-Ts in this psychrophilic eubacterium
might represent an adaptive tool to ensure an efficient nucleotide exchange even at low temperature.

In the course of protein synthesis in eubacteria, the previously described the functional and structural properties
elongation factor Tu (EF-Td)n its active GTP-bound form  of its archaeal counterpart (Ef5)isolated from the hyper-
delivers the aminoacyl-tRNA to the mRNA-programmed thermophile Sulfolobus solfataricug5). Insight into the
A-site of bacterial ribosome. EF-Tu is a representative nucleotide exchange mechanism has been derived from the
member of the GTPase superfamily),(and its function is determination of the 3D structure of the EF-E&-Ts
driven by the GTP hydrolysis that leads to the inactive GDP- complex inE. coli (6) and Thermus thermophilu§7, 8).
bound form of EF-Tu, which then dissociates from the However, some differences characterize the mechanism of
ribosome B). The regeneration of active EF-Tu is mediated the EF-Tunucleotide exchange promoted by EF-Ts in these
by the guanine nucleotide exchange factor Ts (EF-Ts), which two systems7, 8).
displaces GDP from the EF-T@DP complex, thus allowing Recently, attention has been devoted to enzymes isolated
the formation of a new ternary complex, EF-QTP-aa- from psychrophilic organism®(10) because of their ability
tRNA (3). Therefore, EF-Ts greatly accelerates the nucleotide to catalyze reactions with high efficiency at very low
exchange on EF-Tu, and its exchange function is associatedemperature 1). They show a greater flexibility of the
with the relative amount of EF-Ts and EF-Tu present in protein structure compared to that of the mesophilic or
Escherichia colicells, since the affinity of EF-Tu for GDP  thermophilic counterparts, allowing conformational changes
is 2 orders of magnitude higher than that for GT¥).(  that favor the enhancement of the catalytic rate. However,
EF-Ts, first discovered iRPseudomonas fluoresce@, has as a consequence of the higher flexibility, these enzymes
been isolated also from several other sources. We havealso undergo a faster thermal inactivatid@-(2). In this

work, we describe the molecular and biochemical charac-
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10/10, and jH]GDP were from Amersham; GDP and GTP A containing 50% (v/v) glycerol, and stored at20 °C.
were from Boehringer Mannheim. Electrophoretic materials Under these conditionBhEF-Ts was stable for at least one
were from Bio-Rad. year. Following this procedure, about 33 mg of pBREF-

The following buffers were used: (buffer A) 20 mM Tris  Ts can be obtained from 110 g of cell paste homogenate,
HCI, pH 7.8, 10 mM MgCJ, 7 mM 3-mercaptoethanol, 10%  accounting for at least 6% of the total protein.
(v/v) glycerol; (buffer B) 20 mM TrisHCI, pH 7.8, 10 mM Determination of the Molecular Weight of PhEF-Ts and
MgCl,, 7 mM p-mercaptoethanol, 50 mM KCI, 10% (v/v) the PhEF-TuPhEF-Ts ComplexThe molecular weight of
glycerol. PhEF-Ts and of thé’hEF-TuPhEF-Ts complex under native

Restriction enzymes, modifying enzymes, labeled com- conditions was estimated by gel filtration performed on
pounds, and chemicals were as already repotiéd glasmid Superdex 75 HR 10/30 connected to a computer-assisted
DNA, genomic DNA, and labeled probes were prepared FPLC apparatus (Pharmacia). The column was equilibrated
according to standard procedur&§)( PhEF-Tu was isolated  at room temperature with buffer B at a flow rate of 0.5 mL/
as reported 14). min and calibrated using 10g in 25 uL of the following

Assay of PhEF-Ts Actlity. During the purification steps,  protein standards, run both separately and in combination:
the presence oPhEF-Ts was checked by its ability to human transferrin NJ, 80000), bovine serum albumin
accelerate the formation of tHhEF-Tu[*H]GDP complex. (M, 69000), ovalbuminNl; 46000), and carbonic anhydrase
Unless otherwise indicated the standard reaction mixture (M, 30000). The void volume was determined using Dextran
contained 0.31.0 uM PhEF-Tu, 2.5uM [°H]GDP (s.a. Blue 2000.
300-600 cpm/pmol), and an appropriate amounPbEF- The molecular weight ofPhEF-Ts under denaturing
Ts in 50uL of buffer B; after incubation for 1 min at €C, conditions was determined by SBBAGE performed in the
40 uL of aliquot was transferred onto a nitrocellulose filter presence gf-mercaptoethanol, using a 12% polyacrylamide
which was then washed twice with buffer B. The filters were gel; after the electrophoretic run, the gels were stained
dried and counted for radioactivity. The specific activity of by Coomassie Brilliant Blue G250. Standard proteins were
PhEF-Ts was checked by its ability to accelerate the rate of as reported above, including soybean trypsin inhibitor

exchange ofJH]GDP for GDP on the preformedhEF-Tw
[*H]GDP complex. The latter was obtained at 16 as
reported {4) by incubating 21.2¢:M PhEF-Tu with 96uM
[®H]GDP (s.a. 875 cpm/pmol) in 12&@L of buffer B. After
1 h of incubation required to reach the equilibrium, the

(M, 21000).

Determination of the N-Terminal Amino Acid Sequence
of PhEF-Ts The N-terminal amino acid sequence of the
purified PhEF-Ts was determined by stepwise Edman
degradation in an automated protein sequencer (Applied

sample was cooled in ice and loaded onto a Superdex 75Biosystem), using an electroblotted protein sample on a

HR 10/30 equilibrated at 0.5 mL/min in buffer B, to remove
the unbound 3H]GDP excess. Fractions of 25a were
collected, and those containing radioactRREF-Tu were
pooled together and checked for purity by SEFFAGE; the
concentration of the®hEF-Tu[3H]JGDP complex was de-
termined by counting the radioactivity.

The rate of exchange ofHl]JGDP for GTP on thePhEF-
Tu-[*H]JGDP complex observed in the absence or in the
presence oPhEF-Ts (.9 Was calculated according to a
first-order kinetics equation, IQ/C,) = —kopd, whereC, is
the initial concentration oPhEF-Tw[*H]GDP andC; is its
concentration at timé. For other experimental details see
the caption for Figure 2.

Purification of PhEF-Ts PhEF-Ts was isolated from a
post-ribosomal supernatant (S-100) df.zhaloplanktisTAC
125 cell paste, which was prepared as reported). (The
S-100 fraction was dialyzed against buffer A and applied to
a DEAE-Sepharose fast-flow column (2670 cm) equili-
brated at 100 mL/h with buffer A. After washing with the
same buffer, a linear-6300 mM KCI gradient in buffer A
(4 L total) was applied. The fractions revealiRpEF-Ts
activity eluted at about 50 mM KCI were pooled together,
dialyzed against buffer A, and then loaded onto a Mono Q
HR 10/10 column equilibrated at 3 mL/min with buffer A.
The bound proteins were eluted with a linear X0 mM
KCI gradient in buffer A (200 mL total volume). Fractions
containingPhEF-Ts activity were concentrated with Aquacide
Il and loaded onto a HiLoad Superdex75 gel filtration column
(2.6 x 60 cm) equilibrated at 60 mL/h with buffer B. The
fractions containingPhEF-Ts activity were analyzed by
SDS-PAGE, and only those showing a single protein band

PVDF membrane (Amersham).

Evaluation of the Thermal Stability of PhEF-TTlihe heat
inactivation ofPhEF-Ts was investigated by incubating 0.6
mg/mL protein in buffer B for 10 min at different temper-
atures in the interval 1590 °C. After the heat treatment
the mixtures were cooled on ice for at least 30 min and then
assayed for the residual GD|GDP exchange activity on
PhEF-Tu. In addition, the heat denaturationRifEF-Ts was
evaluated by UV melting curves by measuring the difference
Aoz — Agse In the temperature range 80 °C (16, 17).

Formation of the PhEF-T®PhEF-Ts ComplexPhEF-
Tu-[*H]GDP (520 pmol), prepared as described above, was
incubated in 11QuL of buffer B with about 1 nmol of
purified PhEF-Ts fa 1 h at 0°C. The reaction mixture was
then analyzed on a Superdex75 HR 10/30 gel filtration
column, equilibrated, and calibrated as described above.

Cloning the PhEF-Ts Encoding Gerie haloplanktisTAC
125 genomic DNA was used as a template to synthesize by
PCR a DNA fragment containing part of the EF-Ts gene.
The forward primer ACIGGIGCiIGGIATGATGGA(T,C)TG-
(T,C,)AA (TS1) was designed from the N-terminal amino
acid sequence determined on the purified protein and
corresponding to the peptide TI5GAGMMDCK, whereas
TS3 (reverse primer, GCiGCIAC(G,A)TGCATIGCIAT-
(G,A)TG(T,C)TT) corresponded to the peptide sequence
K166HIAMHVAA (as numbered inE. coli EF-Ts) (8)
highly conserved among many eubacterial EF-Ts’s. These
primers contained inosine (i) to cover all synonymous codon
positions. The PCR product (0.5 kbp) was cloned in pGEM
T-easy plasmid and sequenced. The recombinant plasmid was
then used as a probe to analyze two ninihaloplanktis

were pooled together, concentrated, dialyzed against bufferDNA libraries obtained by cloning into the pGEM T-easy
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A B Table 1. Effect of Temperature on the GDI[GDP Exchange on
17| 80 kDa wihite the PhEF-TuwGDP Compleg
69kDal — exchange rate exchange rate in the
without PhEF-Ts presence oPhEF-Ts
6kDal T(°C) (pmol of PH]GDP bounds™) (pmol of FH]GDP bounds™)
1.5 0 0.08x 102 2.11x 102
_ 5 0.11x 1072 2.50x 1072
= 0kDa | iy Vs 10 0.15x 10°? 2.85x 10°2
- 15 0.27x 1072 3.46x 1072
20 0.35x 1072 3.78x 1072
1.3+ 21kDa | ki 25 0.62x 1072 nd
30 1.12x 1072 nd
35 1.85x 1072 nd
aA 400 uL sample of buffer B containing 2.8M PhEF-TuGDP
1.1 - T T T - was incubated with 1Q«M [3H]GDP (s.a. 450 cpm/pmol) at the
44 47 50|53 indicated temperatures either in the absence or in the presence of 0.04
uM PhEF-Ts. At appropriate time intervals, 9L aliquots were
Log M, withdrawn and the forme®hEF-Tw[*H]GDP was determined.

Ficure 1: Molecular organization dPhEF-Ts. (A) Elution on gel

filtration. The column was equilibrated and calibrated as described

in the text. The elution is indicated with filled circles fod, -3
standards and with an empty circle 8hEF-Ts. (B) SDS-PAGE

of PhEF-Ts. Lane A:M; markers (the size is indicated on the left). 4

Lane B: electrophoretic behavior ofidy of pure PhEF-Ts.
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FicURE 3: Temperature effect on theéH{]GDP/GDP exchange on
the PhEF-TuGDP complex. Theky,s for the PH]JGDP/GDP
exchange reaction, in the absenc® pr in the presence®) of

T T

0 01 02 03 PhEF-Ts was derived from the data reported in Table 1 and
PHEF-Ts (uM) analyzed according to the Arrhenius equation.
3 . . .
0 pA 120 180 240 serum albumin as a standard. Sequence analysis and align-

Time (sec) ment were established with the help of a protein analysis
Ficure 2: Effect of increasing amounts &hEF-Ts on the JH]- software system packed with the programs PALIGH)(
GDP/GDP exchange on tRRhEF-Tu[?H]GDP complex. Inafinal ~ and CLUSTAL @3).
volume of 170uL of buffer B, 1.5uM PhEF-Tu[3H]GDP (s.a.
6400 cpm/pmol) was incubated atG with 400uM GDP in the RESULTS
absence[) or in the presence of 0.04&}, 0.09 ©), 0.18 @), ) )
and 0.354M (M) PhEF-Ts, respectively. At the times indicated, Molecular and Functional Properties of PhEF-TShe
30uL aliquots were filtered onto nitrocellulose and the radioactivity molecular weight of purifiedPhEF-Ts was determined under
was determined. The data were analyzed according fo a first-ordergjther native or denaturing conditions. Analyzed by gel
I:nepcs. Inset. The dissociation rate constaktsy(were plotted filtration, native PhEF-Ts revealed a molecular weight of
gainstPhEF-Ts concentration. . -
about 38000 (Figure 1A), whereas, as shown in Figure 1B,
vector PCR fragments amplified from genonitDNA, analyzed by SDSPAGE, PhEF-Ts showed a molecular
using in one reaction as the forward primer TS4 (AATAT- weight of 33000. These behaviors indicated tRREF-Ts
CGCTGCTGAAGGCGCTAT, corresponding to peptide is a monomeric protein; the slightly higher molecular weight
N54IAAEGAI) and as the reverse primer pdN6 and in the found on native gel filtration could depend on the less
other reaction pdN6 as the forward primer and TS5 as the compact conformation of the cold-adapted EF-Ts with respect
reverse primer (TCACCCGTGATGTACTGTAGACG, cor- to the mesophilic protein used for the calibration of the
responding to peptide R132LQYITGE). Two positive re- column.
combinant clones were selected and sequenced. The activity of PhEF-Ts was analyzed by the evaluation
Other Methods SDS-PAGE was carried out on 12% of its ability to accelerate the rate of théH]|GDP/GDP
polyacrylamide gels19). The three-dimensional modeling exchange reaction on the preform&hEF-Tu[3H]GDP
of PhEF-Ts was carried out with the help of the SwissModel complex. As shown in Figure 2, at’C the exchange reaction
server 0) using the crystal structure coordinates of EF-Ts in the absence dPhEF-Ts was quite slow. The addition of
from E. coli (6) as a template (PDB entry 1EFU). Proteins the exchange factor considerably increased the rate of the
were estimated by the method of Lowr®1j using bovine [*H]GDP/GDP exchange, and the inset of Figure 2 shows
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FiGURE 4: Heat stability ofPhEF-Ts. (A) UV melting curve of a 19.8M PhEF-Ts sample. (B) Heat inactivation profile. A 1981
concentration oPhEF-Ts was incubated in a 7. final volume of buffer B in a stoppered tube at temperatures ranging from 151690

After 10 min of incubation, the tubes were cooled on ice and diluted withe&36f buffer B and the residual nucleotide exchange activity

was followed kinetically at 0C as described in the Experimental Procedures. The results are expressed as the percent of the activity of a

PhEF-Ts sample kept at @C throughout the experiment.

that, at an EF-Tu:EF-Ts ratio ranging from 30:1 to 5:1, a
linear relationship between the amountRIfEF-Ts added
and the rate of the’H|GDP/GDP exchange reaction on the
PhEF-TuPH]GDP complex was found.

Effect of Temperature on the PhEF-Ts Nucleotide Ex-
change Actiity. The activity of PhEF-Ts was evaluated at
different temperatures, measuring the rate #i]GDP
binding by PhEF-Tu at selected temperatures, either in the
absence or in the presenceRHEF-Ts. The results reported
in Table 1 showed that the stimulation of th&#H][GDP
binding of PhEF-Tu increased with increasing temperatures
up to 20°C. Above this temperature no effect on tReEF-

Ts activity was detectable because all Bi&EF-Tu used in
the experiment was completely titrated BIAJGDP within
1 min, even in the absence BhEF-Ts.

The rate of the JH|GDP/GTP exchange on thehEF-
Tu-[®H]GDP complex k.9 Was evaluated in the temperature
range 6-20 °C either in the absence or in the presence of

PhEF-Ts; in both cases, the dissociation rate constant
increased with increasing temperature. The corresponding

Arrhenius plots were linear in the<20 °C interval. The
energy of activation ) of the PH]JGDP/GDP exchange
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Ficure 5: Formation of thePhEF-TuwPhEF-Ts complex. The
samples were prepared as described in the Experimental Procedures
and then loaded onto a Superdex75 HR 10/30 gel filtration column,
equilibrated as described in the text. Proteins eluted were monitored

reaction calculated from the Arrhenius equation was 63 and at 280 nm (continuous line). Fractions of 26D were collected,
20 kJ/mol in the absence and in the presence of the exchang nd the radioactivity was counted on J@0aliquots (dashed lines).

factor, respectively. These results indicated that the enzymati
role of PhEF-Ts consists of lowering the energy of activation

C

A) Elution profile of a purePhEF-Ts sample. (B) Elution profile
of a PhEF-Tu[®H]GDP sample. (C) Elution profile of a reaction
mixture containingPhEF-Tu[3H]GDP andPhEF-Ts afte 1 h of

of the exchange reaction, thus making faster the nucleotideincubation at ¢°C.

exchange process.
Heat Stability of PhEF-TsTo investigate the heat resis-

PhEF-TuPhEF-Ts ComplexThe interaction between the

tance of the psychrophilic nucleotide exchange factor, we nucleotide exchange factor aRthEF-Tu was studied by gel

have followed the heat denaturation BhEF-Ts by UV
melting curves in the interval 330 °C. The results reported
in Figure 4A indicate that the temperature for half-
denaturation of the protein was around %0. Another
approach used to study the heat resistancePliEF-Ts
consisted in the evaluation of the resid®&EF-Ts activity
after its exposure for 10 min at different temperatures,
ranging from 0 to 90°C (Figure 4B). In this case the
temperature for half-inactivation was about 3C. It is

filtration. Figure 5A shows the elution profile of purified
PhEF-Ts M, 38000), whereas Figure 5B shows that of
the preformed radiolabele®hEF-Tu[*H]GDP complex
(M, 47500) (L4). The incubation fo1 h at 0°C of PhEF-
Tu-[*H]GDP with a 2 MPhEF-Ts excess led to the formation
of a new protein peak, eluting at a position accounting for
an M, of about 80 000 (Figure 5C). This finding suggests
that the PhEF-TwPhEF-Ts complex should display a 1:1
stoichiometry. In addition, all the radioactivity was collected

remarkable that in both cases the temperature measured tas free JH]GDP; because under these conditidPlsEF-

half-inactivate/denaturat®hEF-Ts was quite high with
respect to the optimal growth temperature of this psychro-
tolerant microorganism.

Tu-[®H]GDP incubated in the absence BREF-Ts did not
dissociate (Figure 5B), the shift of the radioactive peak
observed in Figure 5C was due to the additiorPbEF-Ts.
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— PhS2 |— PhEF-Ts —

TS1—»= a——TS3

pANG g —=— TS5
TS4 — —=— pdN6

GACGGTACTTTCGAGAAGTTAACTAAGAAAGAAACGTTAATGCTTA 421

D GTVFEI KTILTI KU KETTLMTL
ACCGCGAAATGGAAAAGCTTGAGAAGAGCCTTGGCGGAATCAAGAACATGGGCGGTCTTC -361
N REMEI KT LEI K SILG GTII KNMMGGL
CAGACGCGCTTTTCGTTATTGATGCTGACCACGAGCACATTGCTATCCGTGAAGCTAACA -301
PDALVFVIDADU HEUHTIA ATLITZREA AN
ACCTAGGTATTCCGGTTGTTGCAATTGTTGATACTAACTCGAACCCAGATTCTTTACACT -241
N L GI PVVATIVDTNSNZPUDGVD
AACGCTGTTGGGCGTTGATTTCATCGTACCTGGTAACGATGATGCTATCCGTGCGGTAAG —-181
F I Vv PGNUDIDAIIRAYV SLYTNA AV
CAACTGCGATCACTGAAGGCCGTGAGAACACACTTGTTGCTCAAGCTGAAAAAGACGATT -121
A TAITEGRENTTULVAQAEI KT DTD
TCGTAGAAGCTGAGIAAttagctgtcttcaagtcttcatcttttaaaggtgaagacttge -61
F V E A E e
tattcttgtagagcgggtaacccegcttatctaaacctgactcagatttgaggaattacta -1
ATGGCTGTAACTACTGCCCTAGTTAAAGAATTACGCGAGCGTACTGGCGCTGGCATGATG 60
M A Y T T AL VK ETLRETIRTGAGMM 20
GATTGTAAAAAAGCGTTAACTGAAACTGATGGCGACATCGAGTTAGCGATTGAAAACATG 120
D CKI KA ALTETUDSGDTIETLA ATIENMA4
CGTAAAAGTGGCGCGGCTAAAGCAGCTAAAAAAGCAGGCAATATCGCTGCTGAAGGCGCT 180
R K S GAAI KA AAIKI KA AGNTIW AR AEGA A 6
ATCATTATCAAGAAAAATGGTAATGTTGCAGTGCTAGTTGAAGTTAACTGTCAAACAGAC 240
I I I KKNGNV AV L VEVNT COQT D 80
TTCGTAGCTAAAGACGTAAGCTTTTTAGCGTTTGCTGATAAAGTAGCAGAAGCTGCAATT 300
F VAKDV VS FLAFADI KV VAZEA AATII
GCAGACACTGTGACTATCGAAGACTTACAAGCTAAGTTTGAAGAAGCACGCGTTGAGCTA 360
A DTVTTIUEUDTILUOQA AIZ KU FEEA ARV E LI120
GTAACTAAAATTGGCGAAAACATTAACGTACGTCGTCTACAGTACATCACGGGTGAAAAC 420
VT K IGENTINVIRIRILOQYTITG E NI140
CTAGTTGAGTACCGTCATGGTGATCGTATTGGTGTTGTTGTTGCTGGTGTTGCTGATGAA 480
L VEYRHGDU RTIG GV YV VA GV A D EI160
GAAACACTTAAGCACGTTGCAATGCACGTTGCTGCATCAAGCCCTGAGTACTTAACTCCT 540
ETLI XKHVAMHVYVAASSPEYTULT P 180
TCAGACGTTCCTGCTGATGTTGTAGCTAAAGAACAACAAGTACAAATCGAAATCGCGATG 600
S DV PADV VA KEZ QOQVQTIETIA MZ200
AATGAAGGTAAATCTGCTGAAATCGCTGAGAAGATGGTTGTTCGGCCGCATGAAAAAATTC 660
N EGK SAETIAEI KMYVYV GRMZK K F 22
ACTGGTGAGGTTTCTCTTACTGGTCAAGCTTTCATCATGGAACCTAAGAAAACTGTTGGC 720
T G EV S L TG QA AV FTIMMEDPIKI KT V G240
GAAATTCTTAAAGAGAAAAACGCAACAGTTACTAGCTTCGTACGTGTAGAAGTTGGTGAA 780
EI L KEKNA ATV VTS F VRV E V G E 260
GGTATCGAAAGAAAAGAAGAAGATTTTGCTGCTGAAGTTGCTGCACAAATCGCTGCGTCA 840
G I ERKEZEDV FAAEUVAAI QTIA A S280
AGCTTTCATCATGGAACCIAAgaaaactgttggcgaaattcttaaagagaaaaacgcaac 900
S FHHGT e 286
Agttactagcttcgtacgtgtagaagttggtgaaggtatcgaaagaaaagaagaagattt 960

Ficure 6: Sequence of the gene encodPigeF-Ts. (A) Sequencing strategy. Arrows indicate the primers utilized for PCR. (B) Nucleotide
sequence of thBhEF-Ts gene with its flanking regions and deduced amino acid sequence. The putative ribosomal binding site is in italics.
The potential promoter element, palindromic sequence, and transcription termination signal are underlined. The sequences of the regions
corresponding to the PCR primers are underlined and reported in the order TS1, TS4, TS5, and TS3. The amino acid sequence determined
at the N-terminal of the protein is also underlined. The nucleotide sequence and the deduced amino acid sequence of the C-terminal part
of PhS2 are also reported (nucleotideg21 to—107).

Therefore, this finding also shows tHlEF-Tu cannot bind regions. The Suntranslated region is 31 bp long and contains
GDP and its nucleotide exchange factor simultaneously. a potential ribosomal binding site at positienl2. This
Sequencing of the PhEF-Ts Encoding Gerlé® nucle- region separates thehEF-Ts from the gene encoding the
otide sequences of the two overlapping clones (see theribosomal protein S2rps2). To determine the size of the
Experimental Procedures) gave the complete sequence of théranscript containing thPhEF-Ts gene, total RNA fronP.
PhEF-Ts encoding gene. Figure 6 reports the nucleotide haloplanktis was analyzed by Northern blot. Only one
sequence of the gene encodiRYEF-Ts and its flanking  transcript was detected corresponding to an RNA of about
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ECEF-Ts AEITSLVEELEERTGA KALTEANGDIELAIENMRKSGAIKAAK 50

PhEF-Ts MAVTTAL ERTGA DCIMKALTETDGDIELATENMRKSGAAKARAK 50
DC
TtEF-Ts MS-QMELIKLIGEATGA DV LEDAGWDEEKAVQLLRERGAMKAAK 49

i LKk Kk kkk kkkhkkkk Kk Kk Kk k Kk __, k_ _kk _kkkk

PhEF-Ts GNIAAEGAII- - IKKNGNVAVLVEVNCOQ AKDVSFLAFADKVAEA 98

ECEF-Ts GNVAADGVIK- - TKIDGNYGIILEVNCQ AKDAGFQAFADKVLDA 98

TtEF-Ts DREAREG INGEY IHHNSRVGVLVELNCE ARNELF@NLA- - - - - - 93
**.. * .* * 5 s s ..*.**.*****.. * .‘*

PhEF-Ts AIADTVT- IEDLQAKFEEARVELVTKMEENINVRRLQYITGENLVEY 148
ECEF-Ts AVAGKITDVEVLKAQFEEERVALVAKEENINIRRVAALEGDVLGSY 147
TEEF-TS == == === m = - m = o m oo 93

PhEF-Ts DRMGVVVAG-VADEETL ANHVINASSPEYLTPSDVPADVVAKEQQVQI 198
EcEF-Ts ARMGVLVAAKGADEEL IANHVERALRSKPEF TKPEDVSAEVVEKEYQVQL 196
TERER-Tg | /= = i il e LAGHTEMMNPRYVSAEEI PAEELEKERQIYI 126
*

* Kk Kk * * * *x K

PhEF-Ts EIAMNEGKSAEIAEKMVVGRMKKFTGEVSLTGQOAFIMEPKKTVGEILKEK 248
EcEF-Ts DIAMQOSGKPKEIAEKMVEGRMEKKFTGEVSLTGOPFEIEPSKTVGOQLLKEH 246
TLtEF-Ts QAALNEGKPQQIAEKIAEGRLKKYLEEVVLLEQPFKDDKVKVKELIQQA 176

*“’**l .****” **‘**‘ ’*** ‘*’*l.. i ‘* llll
PhEF-Ts NATVTSFVRVEVGEGIERKEE EVAASIAASSFHHGT 286
ECEF-Ts NAEVTGFIRFEVGEGIEKVET EVAAMSKQS - - - - - - 282
TEER-Ta | TaEm e e GENT -~ VVRil- e BrFELGE 196

* *k K *

Ficure 7: Alignment of the amino acid sequencesRbEF-Ts,ECEF-Ts, andTtEF-Ts. Asterisks and dots indicate sequence identities and
similarities, respectively. Identical residues thatHcEF-Ts are involved in the dimerization domain are gray shadowed, whereas those
involved in the interaction witlEcEF-Tu are black shadowed. Residues thaktleF-Ts are involved in its dimerization are gray shadowed
and indicated in white.

2.5 kb (not shown), thus suggesting thatFinhaloplanktis mesophilic or thermophilic one9). This observation is
thePhEF-Ts gene is part of a single transcriptional unit also supported by the finding that the average hydrophobicity for
containing therps2 gene. the amino acid residued() for PhEF-Ts was 4.2 kJ/amino
The PhEF-Ts gene encoded a protein made of 286 amino acid, a value lower than that of 4.3 and 4.6 kJ/amino acid
acid residues including the initial methionine, corresponding calculated for mesophiliE. coli EF-Ts and thermophili@.
to a calculatedM, of 30 762. The alignment d?hEF-Ts with thermophilusEF-Ts, respectively. The higher flexibility of
ECEF-Ts andTtEF-Ts @4) reported in Figure 7 showed PhEF-Ts can also explain the reduced heat stability of the
sequence identity of 68.5 and 44%, respectively. A 3D model factor, compared to that &cEF-Ts @5) and TtEF-Ts @1,
of PhEF-Ts, obtained by using the X-ray coordinates of 32). However, the temperature for half-inactivation/denatur-
EcEF-Ts complexed witfecEF-Tu as a template, was almost  ation of PhEF-Ts (57/50°C) was at least 30C higher than
superimposable on the template (not shown). the growth temperature &f. haloplanktisa property already
found for PhEF-Tu (@14).

DISCUSSION Concerning the catalytic mechanismRHEF-Ts, the data

This paper is the first report of a translation elongation reported in this paper indicated that the actiorPbEF-Ts
factor Ts isolated from a psychrophilic eubacteril?hEF- ~ involved a lowering of the energy of activation of the
Ts was purified and identified as the guanosine nucleotide hucleotide exchange reaction 8MEF-Tu. In addition, the
exchange factor dPhEF-Tu as it was able to accelerate the incubation of PhEF-Tu[*H]GDP with PhEF-Ts led to the
[BH]GDP/GDP exchange on tHRRhEF-Tu[*H]GDP complex; formation of aPhEF-TuwPhEF-Ts complex and the simul-
in addition, its primary structure showed high sequence taneous release ofHf]GDP, thus indicating thaPhEF-Tu

homology with that of other eubacterial EF-Ts's. cannot bind both ligands at the same time.

PhEF-Ts was purified as a monomeric protein as already In the genome oP. haloplanctisthe EF-Ts gene is present
found for the same enzyme isolated fr&mncoli (25), bovine in only one copy and its structural organization is similar to
mitochondria 26), and Euglena gracilis(27). Under non- that present irk. coli (33). In fact, also inP. haloplanktis

denaturing conditionPhEF-Ts exhibited aiM, of 38000, a the gene coding foPhEF-Ts (sf) is preceded by the gene
value slightly higher than that calculated from the amino acid encoding the ribosomal protein Sip$2). These two genes
sequence (30672). This difference can be ascribed to theare transcribed as a single unit as suggested by the size of
different flexibility of psychrophilic proteins with respectto the transcript, thus indicating the presence of a promoter
the mesophilic onedl@, 28). In fact, such a flexibility makes  region at the 5end ofrps2 The synonymous codons most
the volume of the protein larger than that of the less flexible frequently used ilPhEF-Ts were those ending in A and T.
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For instance, among the 33 Val residues, 21 are encoded bymetabolic rates at low temperatures compatible with those
GTT, 10 by GTA, and only 2 by GTG. A similar behavior of mesophilic organisms at higher temperatur@s 10).

was also observed in the case of tARBEF-Tu gene 14). Finally, it cannot be excluded that the high contenPbEF-
The translated amino acid sequenceRFEF-Ts showed  Ts in this cold-adapted microorganism might be related to
sequence identity with a large number of eubacterial EF- other functions displayed by this protein; in fact, this feature
Ts’s. A dendrogram derived from the multiple sequence was already found faECEF-Ts, which was reported to assist
alignment of several EF-Ts sequences showed that psychrothe folding of ECEF-Tu, in particular conditions30).

philic P. haloplanktisprotein shows the highest sequence

homology (77% amino acid identity and 9% conservative ACKNOWLEDGMENT

substitutions) with EF-Ts fronshewanella oneidens(ac- The P. haloplanktisstrain was kindly supplied by Prof.
cession no. QBEGH4), a microorganism belonging to the ~ Gerday (University of Liege, Belgium).
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