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Abstract 

A cDNA and a genomic DNA library from soybean (Glycine max L.) were used to identify and sequence 
two genes coding for the a-subunit of the translation elongation factor eEF-1. Within the coding part, 
the two genes (tefSl and tefS2) diverge in 80 wobble positions thus yielding an identical protein com­
posed of 447 amino acids. The soybean protein has about 95% similarity with eEF-la proteins of 
Arabidopsis thaliana and tomato. Both genes Sl and S2 contain, within the coding part at a site seem­
ingly unique to higher plants, a single short intron of 86 and 116 nucleotides, respectively. The untrans­
lated leader part of both genes is interrupted by a large intron (partially sequenced). Genes Sl and S2 
are transcribed in young leaves. cDNA and gene-specific oligonucleotide probes interact with a unique 
transcript of close to 1.9 kb. Northern hybridization studies using RNAs from dark- and light-grown 
seedlings show that light sharply increases the level of stable transcripts (1.9 kb). A peak value is 
measured after about 3 h of illumination, afterwards the transcript concentration drops to about 10% 
of the peak value. Genes Sl and S2 follow a similar transcription pattern in developing seedling leaves, 
which is distinct from that of the rbcS genes measured in parallel experiments. According to northern 
results, Sl transcripts are more abundant in leaves at all measured stages of development than S2 
transcripts. 

Introduction 

The a-subunit of the complex translation elonga­
tion factor eEF-1 [12] catalyses the binding of 

aminoacyl-tRNAs to the translating ribosome in 
a GTP-requiring step. eEF-la is an abundant 
protein and the corresponding genes (tef) have 
been cloned and sequenced in several species in-

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under 
the accession number X56856. 
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eluding the photosynthetically active eukaryotes 
Euglena gracilis [9], Arabidopsis thaliana [1] and 
Lycopersicon esculentum [15]. It is generally ac­
cepted that eEF-la activity is higher in young 
developing tissues (organs) than in older ones 
and the question arises how and at what level the 
expression of eEF-la is controlled. eEF-la is 
coded for by one or more genes per haploid ge­
nome and it has been reported that members of 
the gene family can be differentially expressed in 
function of developmental stages [3]. 

Higher plants are suitable to address regulatory 
questions and first results have been reported for 
tomato plants [11] where it has been shown that 
young leaves contain higher steady-state levels of 
eEF-la mRNA than older tissues without, how­
ever, specifying whether one, some or all of the 
four to eight members of this gene family are ac­
tively transcribed. On the other hand, Liboz et al. 
[8] showed by cDNA sequencing that all four tef 
genes of thaliana are transcribed in cell suspen­
sion cultures. 

We have cloned and sequenced two tef genes 
of soybean (57 and S2) and followed their tran­
scription during light-induced leaf development in 
seedlings. It turns out that both genes are tran­
scribed according to a similar transcription pat­
tern but at somewhat different intensities. The 
transcription programme is clearly distinct from 
that of the rbcS genes which code for the small 
subunit protein of ribulose-1, 5-bisphosphate car­
boxylase. We also display and discuss some 
structural features of the two tefS genes. 

Materials and methods 

Growth of soybean plants and seedlings 

Soybean {Glycine max cv. Maple Arrow) was 
grown in a phytotron as reported [ 18] for approx­
imately 3 weeks under the following conditions: 
light 250 Wm~2 ,16h,25 °C, r.h. 70%. Soybean 
leaves were hand-picked, immediately frozen in 
liquid N2, and stored at - 70 ° C until used. Soy­
bean seedlings were grown under the same con­
ditions for approximately 4 weeks in the dark. 

Seedling leaves were picked after 3, 16, 24 and 
48 h of illumination (250 W/cm2), frozen in liquid 
N2 and kept in black bags at - 70 0C. Etiolated 
seedlings were grown in the dark under the same 
conditions and leaves were collected under a 
green safety light. 

DNA isolation and Southern analysis 

DNA was isolated from soybean leaves accord­
ing to published protocols [17] with some mod­
ifications. Soybean DNA was spooled out by 
adding 1 vol of cold isopropanol. High-molecular-
weight DNA was collected with an inverted Pas­
teur pipette and washed twice in ice-cold 75% 
ethanol. Genomic DNA was resuspended in 
100 /il of TE buffer (10 mM Tris-Cl pH 8, 1 mM 
EDTA), treated with 50 /ig/ml of RNase (DNase-
free, Sigma) for Ih at 37 0C and then with 
100 jig/ml of Proteinase K for 2 h. The phenol/ 
chloroform (1:1) extraction was repeated twice, 
the salt concentration was increased to 0.1 M 
NaCl and 2 vol of ethanol were added. DNA was 
recovered by spooling, washed as before, dis­
solved in 1-2 ml of TE buffer and stored at 4 °C. 

Batches (10 /ig) of DNA were restricted under 
conditions recommended by the supplier (Boeh-
ringer, Mannheim), electrophoresed on 0.8% 
agarose gels, transferred to nitrocellulose mem­
branes (Schleicher & Schuell, BA 83) and the 
DNA fixed under UV light (Stratalinker 1800, 
Stratagene). Hybridizations of filter imprints with 
32P-DNA probes and 100^g/ml denatured calf 
thymus DNA were done in 5 x SSPE(Ix SSPE 
is 0.18 M NaCl, 0.01 M sodium phosphate pH 
7.4, 0.001 M EDTA) at 65 0C. Filters were twice 
washed in 0.2 x SSC(Ix SSC is 0.15 M NaCl, 
0.015 M sodium citrate), 0.1% SDS, for 20 min 
at 65 0C. 

Screening of cDNA library 

A soybean {Glycine max L. cv. Williams) cDNA 
library (Agtll, RNA from 6-day-old seedlings) 
purchased from Clontech Laboratories was 
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screened according to standard protocols [13] 
with a 1.2 kb cDNA internal fragment coding for 
Euglena gracilis eEF-la [9]. Approximately 104 

recombinant phages grown in Escherichia coli 
strain Y1090 were transferred to nitrocellulose 
filters. Hybridization conditions were: 5 x SSPE, 
30% formamide, 2.5 x Denhardt's solution, 
0.1% SDS, 100/ig/ml denatured calf thymus 
DNA at 42 °C. Filters were washed twice in 5 x 
SSC at 30 0C for 20 min. Two individual plaques 
were picked and plaque-purified. The inserts were 
Eco RI-digested and sized on 0.9% agarose gel. 
Both clones carried an approximately 2.0 kb in­
sert as deduced from Southern hybridization re­
sults. One of these (gtll-EFoc.l) was subcloned 
into M13mp8 and into the BluescriptII vector. 
This clone was used for sequencing and as spe­
cific DNA probe (pBSK + EFIa. 1). 

Screening of genomic library 

Soybean DNA (200 /ig) was partially restricted 
with Sau3 A (1 and 2 U) and Bam HI (5 and 10 U) 
for 30 min and 1 h, respectively, under conditions 
specified by the supplier. Restricted DNA was 
pooled and sized on linear (5 to 25%) NaCl gra­
dients. DNA (14-20 kb long) was ligated to 
AEMBL4 arms (1:1 ratio) overnight at 14 0C with 
0.3 U//il of T4 DNA ligase following the suppli­
er's conditions (Boehringer, Mannheim). Pack­
aging extracts and in vitro packaging were as de­
scribed [5]. The recombinant phages were plated 
on E. coli strain K803, cloning efficiency was 
about 5 x 105 pfu//ig of soybean DNA. Recom­
binant phages were screened by plaque hybrid­
ization (for conditions see under Screening of 
cDNA library) except that 50% formamide was 
used. Filters were washed twice for 30 min in 1 x 
SSC, 0.1% SDS at 42 0C. 

RNA isolation, northern analysis and tracing ofau-
toradiographs 

RNA was isolated according to the guanidinium 
isothiocyanate method [13] with some modifica­

tions. After the CsCl ultracentrifugation step, the 
high-molecular-weight RNA was precipitated by 
adding - vol of 10 M LiCl, quickly frozen in dry 
ice and stored overnight at 4 0C. RNA was pel­
leted and dissolved in 500 /d TE and adjusted to 
0.1 M NaCl, ImM MnCl2, and 100/ig/ml of 
RNase-free DNase (Worthington). After 30 min 
at 0 0C, the reaction was stopped with 5 mM 
EDTA, 0.1% SDS and extracted once with 
phenol/chloroform (1:1). The RNA was precipi­
tated with 2.5 vol of ethanol, dissolved in distilled 
H2O (0.2% diethyl pyrocarbonate) and stored at 
-2O 0 C. 

Denaturation and sizing of total RNA (20 /ig) 
were done according to Thomas [19]. Northern 
hybridizations followed standard protocols. Fil­
ters were washed twice for 10 min in 2 x SSC, 
0.1% SDS at room temperature, twice for 10 min 
in 0.1 x SSC, 0.1% SDS at room temperature, 
and once in 0.1 x SSC, 0.1% SDS at 50 0C for 
1 h. Filters were exposed overnight at -70 ° C 
with an intensifying screen. 

Band intensities of autoradiographs of north­
ern imprints were measured in a Zeiss optical 
scanning device at about 700 nm. 

DNA sequencing 

The inserts cloned into Bluescript II vector were 
sequenced using the Exo III/mung bean nuclease 
nested deletions method as described by the sup­
plier (Stratagene) and DNA sequencing was done 
according to the deoxy/dideoxy method of Sanger 
et al. [14]. 

Melting profiles (T1n) of gene Sl- and S2-specific 
DNA hybrids 

Oligonucleotides (18-mer) specific, respectively, 
for gene Sl (5'-GTCCCTAACAGCAAACCT, 
complementary to sequence positions 1267-1285, 
Fig. 1) and gene S2 (5'-ATCCCTGACAG-
CAAAGCG) were synthesized in order to mon­
itor the transcript level of the corresponding 
genes. The specificity of the probes was tested in 
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1 JO 20 
K G K E K V H I S I V V I G H V D S G K S T T T G B 

c œ G a t r n r n c T i G A T î T M G G i A a r c G G I /.».G GÀÀ M G G Î T CAC A T C A G I A I T GTC GTC A T T GGC C A T GTC GAC Î C T GGG A M T C C A C T A C C A C T GGT CAC 
1 0 5 

30 40 50 
L I Y K L G G I D K K V I E R F E K E A A E K N K R S F R y A » V 

CTG ATT TAC AAG CTT GtA GGC ATI GAC AAG CGT GTT ATT GAG AGG TlT GAG AAC- GfA GCT GCT GAG ATÏ AAT AAG AGG TCI TTC AAG TAT GCC TGG GTG 
204 

60 70 80 90 
L D K L K A E K E R G I T I D I A L H K F E T T K ï ï C T V I D A 

CTG GAC AAA CTT AAG GCT GAG CGT G.AA AGA GGA ATC ACC ATI GAT ATI GCT TTG TGG AAG TTT GAA ACA ACA AAG TAT TAT TCC ACA GTT ATT GA.T GCG 
303 

100 110 1 2 0 
P G H R ß F I K Ii K I T G T S Q A D C A V L I I D S T T G G F E A 

CCT GGA CAT AGG GAT TTC ATT MG M T ATG ATI ACT GGG ACA TCC C M GCT GAC TGT GCT GTT CTI ATC ATT GAT ICG ACC ACT GGIC-GT TTT GAA GCT 
4 0 2 

130 1 4 0 1 5 0 I 
G I S R D G O; T R E H A L L S F T L G V R Q K I C C C N R K D A I 

GGT ATI TCC M G GAT GGA. CAG ACT CGT GM CAT GCT CT« CTI TCA TTC ACC CTT GGT GT1G A M CAG ATG ATI TC-C TGC TGT AAC AAA ATG GAI GCT ACT 
501 

1 6 0 170 160 iSO 
T P R Y S R A R Y D E I V R E V S S Y L R R V G Y N P D R I P F ' V 

ACA CCC M G TAT TCC AAG GCC AGG TAT GAT GM ATT C-TG AAG GAA GTC TCT TCC TAC TTG AAG AAA GTA GGA TAC AAC CCT GAC AAG ATT CCI T i T GTT 
6 0 0 

200 210 220 
P I S G F E G D K K I E R S T K L D K ï R G P T L L D A L D Q I S 

CCT ATC TCT GGT TiT GAG GGA GAC M C ATG ATI' GAG AGG TCC ACA M C CTI GAC TGG TAC M G GGT CCA ACT CTG CTT GAT C-CA. CTT GAC CAG ATI' AGT 
6 9 9 

230 240 2 5 0 
E P R R P S D R P E R L P L Q D V y R I G G I G T I P V G R V E T 

GAG CCC M G AGG CCC TCT GAC MG CCC CTC AGG CTT CCC CTT CAG GAT G K ÎAC MG ATI GGA GGT ATT GGA ACT ATA CCA GTG GGA CGT GTT GAC- ACC 
798 

260 270 280 230 
G V L R P G K V V T F A P T G L T T E V R S V E K H H E S L T E A 

GGT GTC TTG AAG CCI GGA ATG GTG GTG ACT TTT GCA CCA ACT GGA CTG ACA ACT GM GTC AAG TCT GTG GAG ATG CAC CAT GAA TCT CTI ACA GAG GCA 
897 

3 0 0 3 1 0 3 2 0 
H P G D N V G F Jl V R N V A V R D L K R G Y V A S K S R D D P A R 

CAT CCT GGT GAC M T GTG GGA TTC M T GTT MG M T GTT GCT GTT AAG GAT TTG AAG CGT GGT TAT GTT GCC TCA M C TCA AAG GAT GAC CCT GCA AAG 
9 9 6 

3 3 0 3 4 0 3 5 0 
E A A K F T A g V I I S S H P G Q I G If G Y A P V L D C H T S H I 

GAG GCT GCT M C TTC ACA GCC CAA GTC ATC ATC AGT AAC CAC CCT GGI CAG ATT GGA M T GGC TAT GCC CCT GTC CTC GAC TGC CAC ACT TCT CAC ATT 
1 0 9 5 

3 6 0 3 7 0 3 8 0 
A V R F A E L K T R I D R R S G R E L E R E P R F L R I i G D A G F 

GCT GTC MG TTT GCT CAA CTC ATG ACC AAG ATI GAC AGG CGA TCC GGC AAA GAG CTI GAG MG GAG CCC AAG TTT TTG AAG AAC GGT GAT GCT GGT TTT 
1194 

3 9 0 400 4 1 0 4 2 0 
V R « I P T R P K V V E T F S E Y P P L G R F A V R D K R Q T V A 

GTT M G ATG ATT CCA ACC A M CCC ATG GTT' GTT GM ACT TTC TCC GAG TAT CCT CCA CTI GGT AGG TTT GCT' GTT AGG GAC ATG CGT C M ACT GTT GCT 
1 2 9 3 

4 3 0 4 4 0 447 
V G V I R H V E R R D P T G A R V T R A A Q R R R * 

GTG GGA GTC ATC MG MC GTI GAG MG MG GAT CCT ACC GGA. GCC AAG GTC ACC AAG GCT GCC CAG AAG AAG AAG TGA ATCGÎGCGGGCTGGTÎCATCAG-GGATG 
1398 

TTGGTÎACAATAM.TGTTGGTTTCTTTÎCTGTACTCTGÏGTCT 
1441 

Fig. 1. Nucleotide sequence of eEF-la cDNA (pBSK + EFla.l) and decoded amino acid sequence (one-letler code). The arrow 
marks the position of the intron. Bold letters (5' end) mark parts of the leader. 
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establishing the 7"m of homologous and heterolo­
gous DNA hybrids essentially following published 
protocols [13] with some modifications. Samples 
(2.5 /ig) of cloned Sl and S2 gene sequences and 
of Bluescript II vector DNA (control), respec­
tively, were adjusted to 50 /il with buffer (20 mM 
Tris-Cl pH 8, 1 mM EDTA) and kept for 10 min 
in a boiling water bath, denatured with 50 /il of 
1 M NaOH at room temperature for 20 min and 
neutralized with 400^1 of buffer (1.5 M NaCl, 
1 M Tris-Cl pH 8). The samples were immedi­
ately loaded onto nitrocellulose filters using a dot 
blot apparatus. After washing each well with 
500 /il of 20 x SSC buffer, DNA was fixed with 
UV light. Prehybridization and hybridization 
were done at 40 0C for 2 h and overnight, respec­
tively, in 6 x SSPE, 0.1% SDS, 5 x Denhardt's 
solution and 100/ig/ml denatured calf thymus 
DNA. The filters were first washed in 2 x SSC 
at room temperature, at 40 0C and subsequently 
in temperature increments of 5 0C. Remaining 
32P label was monitored by Cerenkov counting 
(Kontron, BETAmatic). The respective melting 
curves (not shown) revealed that the oligonucle­
otides are suitable probes to discriminate between 
Sl and S2 transcripts under the hybridization 
and filter washing conditions used in the northern 
experiments (see above). 

Results 

Nucleotide sequence of tefS 1 cDNA and decoded 
amino acid sequence of the e EF-Iy. protein 

A soybean cDNA library was screened using an 
Euglena gracilis tef gene DNA fragment. In Fig. 1 
the sequence of a cDNA clone is presented in­
cluding the coding part, 27 nucleotides of the un­
translated leader and parts of the downstream 
region which precedes the poly(A) tail. We arbi­
trarily call this gene Sl. The coding part corre­
sponds to the protein eEF-la, being composed of 
447 amino acid residues and matching higher-
plant counterparts for more than 95% (compari­
son not shown). We subsequently used a homol­
ogous DNA probe to screen a soybean genomic 

library and to monitor Southern imprints of re­
stricted total soybean DNA as shown in Fig. 2. 
We noticed in all lanes obtained with several re­
striction enzymes several bands two of which 
seem to be more pronounced than the others. 
Upon double digestion some of the higher and 
fainter bands disappear (not shown). The soy­
bean genome contains at least two loci which 
strongly interact with the tef cDNA probe but 
additional tef gene loci and/or tef gene-related 
sequences of unknown structure exist. A restric­
tion site map for the Sl and S2 gene locus is given 
in Fig. 3. Preliminary additional data (A. Spiel-

E B G N 

• 
Fig. 2. Auloradiograph of Soulhern imprints from restricted 
total DNA. E, Eco RI; B. Bam HI; G, BgI II; N, Nco I. Size 

marker in kb. 
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s i 

E G 
S2 

1 k b 
Fig. 3. Tentative restriction sites map of gene loci Sl and 52. Interrupted stippled bar: transcribed region with small intron (line). 

-> -> translation polarity. R-enzyme symbols as in Fig. 2. 

mann, unpublished) suggest that the Sl locus is 
duplicated. 

We isolated and sequenced two genomic clones 
represented by the two Bam HI fragments of 
about 1.9 kb (Fig. 2, lane B). One of these clones 
had an insert with the identical sequence shown 
in Fig. 1 (coding part) which we call, by analogy, 
gene Sl (tefSl). The insert of the other clone 
(gene S2) was also sequenced. It diverges within 
the coding part in 80 wobble positions (not 
shown) thus yielding an identical decoded eEF-
Ia protein. 

Length of stable transcript, untranslated leader and 
introns 

Sequencing of the two genomic clones revealed 
that both genes Sl and S2 carry a single short 
intron after codon 154 (see Fig. 1). The sequence 
of the two introns is given in Fig. 4. For Sl and 
S2 the respective intron length is 86 and 116 nu­
cleotides with about 70% similarity. The short 
introns are AT-rich and carry structural features 
considered typical of plant introns, such as the 
increased content of pyrimidines in the 3 ' termi­
nal part which seems to be a requirement for 

939 
AAA q t a a a t t a t g t c t c g t g t t t taaggcccct t t c a t t t t a t t a Sl 

I M M I I I I I I I I Ml M I N I M I l I I I l 
AAG gtaaattatg tgttgaattt taaggccctt atgtctcctt tacatcacac S2 

gattattt tattttaatt aatgttcttg Sl 

M i l l I M I M I I M M I 
caatatcttc attccttttg tggttcatat gagattaatt agtgttgtct S2 

1024 
tcccattttg caacag ATG 

Il MIIIM M I M 
tctcattttg aaacag ATG 

S l 

S2 

Fig. 4. Nucleotide sequence of introns (lower-case letters) in coding part of ief genes Sl and S2, respectively ... gap in Sl. 



357 

TTTTTAGTTT CTTTGCAGÀT TTAAGGAAGATG tefS2 

TTTTCTGGAT TTTTGCAGAT TTAAGGAAGATG te/Si 

CGCGCAGT TCTTCTASAT TTAAGGAAGATG cDNA 

Fig. 5. Comparison of the 5 terminal pari ofcDNA sequence 

with the genomic sequences of iefSI and S2. A possible ac­

ceptor splice site is underlined. 

correct splicing [4]. Arabidopsis [8] and tomato 
[15] tef genes have a similar intron at exactly the 
same position, unlike Euglena gracilis [9] tef genes 
which are not split within the coding part. 

The genomic clones SI and S2 have been se­
quenced so far up to positions - 445 and - 479, 
respectively. In Fig. 5 we compare the 5' termi­
nal part of the cDNA sequence with the two 
genomic sequences. We noticed sequence identity 
for the nearby leader part (13 nt) and consider­
able sequence divergence for the rest. We did not 
find the remaining 13 nucleotides within the se­
quenced upstream region which indicates that the 
leader part is split as reported for the tef genes of 
Arabidopsis and tomato. 

Transcription of tefS 1 and tefS2 in greening seed­
lings 

The cDNA sequence given in Fig. 1 proves that 
gene Sl is actively transcribed in greening seed­
lings. We used Sl- and 52-specific DNA probes 
(see Materials and methods) to monitor the tran­
script level of both genes. Figure 6 shows north­
ern experiments with RNA from seedlings kept in 
the dark or exposed to light for various periods of 
time. We included hybridizations with rDNA 
probes in order to monitor the amount of loaded 
RNA (not shown). The results can be resumed as 
follows. 
1. A single stable transcript of close to 1.9 kb 

interacts with the 1.2 kb internal cDNA probe 
(Sl) independent of developmental stage. 

2. Exposure to light for three hours (we did not 
measure shorter intervals) increases the 
steady-state m RNA level by a factor of about 
50 as estimated from optical density scanning 
profiles of autoradiographs shown in the first 
and second lane (Fig. 6A). 

3. In more developed leaves (16 to 48 light) the 
mRNA concentration drops to a definitely 
lower level in the range of about 10% of the 
peak level. 

A B C 

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 

I I I I I I I I I I I I I I I I I I 

15— 

> " ' • 

9. » 

Fig. 6. Auloradiograph of northern experiments. RNA samples are from seedlings grown in the dark (I), or in light for 3 h (2), 

16 h (3), 24 h (4) or 48 h (5). A. cDNA probe of eEF-la coding part. B. 57-specific oligonucleotide probe. C. S2-specific oligo­

nucleotide probe. Size marker in kb. 
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4. Essentially the same transcription pattern is 
seen using 5/-specific (panel B) and S2-
specific (panel C) DNA probes. We notice, 
however, in lane 4 of panel B and C a relative 
increase in band intensities not seen in pan­
el A. We cannot explain yet this discrepency 
other than in technical terms. Under the pre­
vailing analytical conditions the 57-specific 
probe routinely gave a fainter signal than the 
S/-specific probe suggesting that the two genes 
as differentially transcribed and/or that Sl and 
S2 transcripts have a different turn-over. 

The transcription patterns of soybean tef genes 
SI and S2 are different from those reported for 
soybean rbcS genes [16]. We analysed rbcS tran­
scription levels in parallel experiments (Fig. 7A) 
and found that signal intensities increase with 
increasing length of illumination up to a high pla­
teau. Transcription control of rbcS genes was ex­
tensively studied [16] and shown to be very com­
plex. On the one hand, light stimulates the 
transcription rate; on the other hand, it was ar­
gued that light also favours degradation of the 
transcript accelerating the turn-over. Our data 
only show that soybean tef genes and rbcS genes 
follow a different transcription pattern under 
strictly comparable conditions in developing 
seedlings. A first hint towards understanding 
some of the regulatory steps may be obtained 
from the result given in panel B. We overexposed 
an autoradiograph obtained with the Sl DNA 

A 

I 1 I 2 I 3 I 4 I 5 I 

0.9 — 

probe and we definitely see that the 'dark' RNA 
sample has a much higher ratio of degraded RNA 
interacting with the probe than the 'light* RNA 
samples suggesting that light increases the relative 
stability of the tef transcripts. 

Discussion 

Genome loci and structural aspects 

Our sequencing data show that soybean nuclear 
DNA contains at least two genes coding for the 
a-subunit of EF-I and the Southern experiments 
indicate that additional sequences exist which in­
teract with the Sl cDNA probe. Whether the 
fainter bands carry functional tef genes or tef-
related sequences such as pseudo-genes or other 
functional genes with ^/"-related domains remains 
to be shown. 

Both genes, Sl and S2% are interrupted by a 
single short intron within the coding part sepa­
rating codons 154 from 155. This is one of three 
domains known to interact with GTP [2]. The tef 
genes of Arabidopsis thaliana [8] and tomato [15] 
are interrupted at exactly the same position what 
seems to be typical for higher plant tef genes since 
in all other cases reported either introns do not 
exist [ 10] or introns are located at other positions 
[7, 20]. 

Our sequencing data also indicate that the un-

B 

1 I 2 I 3 I 4 I 5 I 

1.9-
1.5-

Fig. 7. Autoradiograph of northern experiments. RN \ samples are as shown in Rg. 7. A. r/jcS-specitk DNA probe, 27-mer. 
B. St-specific oligonucleotide probe (exposure time 5 days). Size markers in kb. 
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translated leader of genes Sl and S2 are inter­
rupted by a large intron as was reported for Ar­
abidopsis and tomato. 

Transcriptional aspects 

It was shown in many instances that eEF-la ac­
tivity positively correlates with the level of ongo­
ing protein synthesis and it was shown that young 
tomato leaves or fruits contain higher levels of 
eEF-la mRNA than older tissues [H]. Accord­
ing to our data tef mRNA concentration drasti­
cally increases in a specific way in developing 
seedling leaves. Though we have not measured 
eEF-la activity per se we may reasonably assume 
that the increased tef mRNA concentration re­
sults in a proportionate increase in eEF-la pro­
tein concentration in greening leaves. More sur­
prising is the pronounced decrease in tef 
transcripts during the greening phase, i.e. after a 
peak around three hours after onset of light. The 
sharp rise and fall of tef mRNA is seen with both 
the Sl and the S2 gene probe, however, not with 
a nuclear rDNA probe (not shown) nor a nuclear 
DNA probe which codes for the chloroplast-
specific EF-Tu protein (C. Bonny, unpublished 
results). The tef genes transcription pattern is 
also distinct from that of the rbcS genes as shown 
here under strictly comparable conditions. We 
therefore postulate that soybean genes Sl and S2 
follow a specific transcription pattern in develop­
ing seedling leaves, which must be due to varia­
tion of transcription rates and/or transcript turn­
over. Furthermore, RNA samples from etiolated 
seedlings have a proportionate higher concentra­
tion of degraded tef DNA-interacting transcripts 
than samples from greening seedlings. 

Another question is whether genes Sl and S2 
are differenti ally expressed in developing leaves 
and possibly other organs of soybean. Our results 
suggest that gene S2 mRNA concentration is in­
ferior to that of gene 57 in developing seedlings. 
It was shown in other cases that one or the other 
member of a tef gene family gets differentially 
expressed depending on the developmental 
stage [3]. 
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Primary structure of spinach-chloroplast thioredoxin f 
Protein sequencing and analysis of complete cDNA clones for spinach-chloroplast thioredoxin f 
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The primary structure of thioredoxin f from spinach chloroplasts was determined by standard amino acid 
sequencing and furthermore by sequencing the corresponding nuclear genome region. The protein, with a 
calculated molecular mass of 12564 Da and a molar absorption coefficient at 280 nm of 17700 M"1 cm - 1 , 
consists of 113 residues and exhibits 24% residue identities with spinach chloroplast thioredoxin mb or Escherichia 
coli thioredoxin. 

A monospecific antibody elicited against thioredoxin f has been used to select recombinant phage from spinach 
cDNA libraries in Agtl 1. The inserts of positive clones were sequenced. They code for a polypeptide of 190 amino 
acids, composed of the thioredoxin f sequence (113 residues) and an upstream element (77 residues) which 
most probably consitutes the N-terminal transit peptide that directs the polypeptide into chloroplasts. In vitro 
transcription and translation of this construct generates a polypeptide of approximately 21 kDa, which is imported 
by isolated spinach chloroplasts and processed to the mature 12.5-kDa protein. 

Thioredoxins are ubiquitous, low-molecular-mass proteins 
that are characterized by the presence of an exposed, active 
center with the amino acid sequence: -Cys-Gly-Pro-Cys-. The 
two cysteine residues which are in close proximity can form 
an intramolecular disulfide bridge. Thioredoxins participate 
in numerous redox reactions during which the disulfide is 
reversibly reduced to a dithiol and they can servers subunit 
for a virus DNA polymerase [I]. In photosynthetic cells 
thioredoxins play an important role in a light-dependenten-
zyme regulatory system (2—4). 

Whereas most non-photosynthetic cells contain one type 
of thioredoxin which is closely related to the well studied and 
characterized thioredoxin from Escherichia coli [1], photo-
synthetic cells contain several types of thioredoxins which 
are distinguished by their specific functions. Thioredoxins 
capable of activating chloroplast fructose-1,6* bisphosphatase 
and certain other key enzymes of CO2 assimilation are called f-
type thioredoxins, those activating NADP-dependent malate 
dehydrogenase (the enzyme responsible for malate synthesis 

Correspondence to P. Schürmann, Laboratoire de Biochimie, Uni­
versité de Neuchâtel, Chemin de Chantemerle 18, CH-2000 
Neuchâtel, Switzerland 

Abbreviation. Hse, homoserine. 
Enzymes. Trypsin (EC 3.4.21.4); carboxypeptidase A (EC 

3.4.17.1.); carboxypeptidase B (EC 3.4.17.2.): carboxypeptidase P 
(EC 3.4.16.1.); fructose-l,6-bisphosphatase (EC 3.1.3.11); NADP+-
dependent malate dehydrogenase (EC 1.1.1.82); restriction endo-
nucleases (EC 3.1.21.4); DNA polymerase I (EC 2.7.7.7); T4 DNA 
tigase (EC 6.5.1.1). 

Noie. These sequence data will appear in the EMBL/GenBank/ 
DDBJ Nucleotide Sequence Databases under the accession number 
X14959 thioredoxin f. 

in chloroplasts) are called m-type thioredoxins [2,3]. In higher 
plant cells, both of these thioredoxins are confined to the 
chloroplast and are reduced by light through the ferredoxin/ 
thioredoxin system [4]. Recently the presence of a third type 
of thioredoxin, a cytoplasmic thioredoxin h (heterotroph) has 
been reported [5, 6] which is specifically reduced by an NADP/ 
thioredoxin system. 

In order to understand structure/function relationships in 
mechanisms involving thioredoxins it is necessary to study the 
structures of these proteins. At the protein level, complete 
primary structures of thioredoxins from different sources have 
been determined. The amino acid sequences of several bac­
terial thioredoxins [7—10] have been reported. Isolated from 
oxygenic photosynthetic cells, one cyanobacterial thio­
redoxin, from Anabaena Sp.7119, has been sequenced com­
pletely [11] and another, from Anabaena cylindrica, partially 
[12]. Both of these are m-type thioredoxins. From higher 
plants the sequence of thioredoxin m from spinach 
chloroplasts is known [13]. 

At the gene level, full-length cDNA clones of thioredoxins 
have been reported from two bacteria, E. coli [14 — 17] and 
Corynebacterium nephridii [18], three cyanobacterial strains, 
Anabaena 7119 [19] and Anabaena 7120 [20], Anacystis 
nidulans [21] and for chicken [22] and human thioredoxin [23]. 
Higher plant thioredoxin genes have not yet been cloned. 

So far no information on the primary structure of f-type 
thioredoxins has been available except for the peptide se­
quence around the active site [24] which established that this 
regulatory protein is a thioredoxin. In this paper we present 
the complete primary structure of thioredoxin f from spinach 
chloroplasts obtained by protein sequencing and the isolation 
and analysis of cDNA clones for thioredoxin f. In addition, 
we present evidence that thioredoxin f is synthesized as a 
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Fig. 1. Amino acid sequence of native thioredoxin f and nucleotide sequence with deduced amino acid sequence of the p6SocTf-4 insert. Details 
are given in the text (-») Edman degradation; (•-) carboxypeptidase digestion. Cleavage sites by trypsin (T) and CNBr are indicated. The 
active site and a potential polyadenylation signal are underlined 

precursor protein, imported into the intact chloroplast and 
processed to its mature size. 

MATERIALS AND METHODS 

Restriction endonucleases, T7 RNA polymerase, E. coli 
DNA polymerase I large fragment and T4 DNA ligase were 
purchased from Boehringer (Mannheim) and Biolabs Inc. 
(Bad Schwalbach, Taunus), fa-32P]dNTP (specific activity 
400 Ci/mmol) and [3SS]methionine (specific activity 800 Ci/ 
mmol) were from Amersham (Braunschweig). Spinach 
(Spinacia oleracea var. Monatol) was grown for 3—4 weeks in 
Einheitserde with 14 h illumination daily. Intact chloroplasts 
were purified in Percoli (Pharmacia) gradients, washed and 
used for import experiments essentially as described in [25, 
26] 

Thioredoxin f was purified from spinach leaves essentially 
as described earlier [27] except that for the last chromato­
graphic step the protein was cluted by F P I J C from a Mono Q 
column with a 0-350-mM NaCl gradient in 20 ml 20 mM 
Tris/Cl, pH 7.9. 

The ultraviolet spectrum of thioredoxin f in 20 mM Tris/ 
Cl, pH 7.9 was obtained with a Perkin-Elmer model 555 
spectrophotometer. It shows a single peak at 280 nm and a 
shoulder at 288 nm. Aliquots of this solution were used for 
the determination of the absorption coefficient which was 
calculated to be 17700 M" 1 cm - 1 . Fluorescence emission 
spectra were determined as in [13]. 

Antibodies against thioredoxin f were raised in rabbits 
by injecting the pure protein emulsified with Freund's com­

plete adjuvant. The IgG fraction of the serum was purified by 
ammonium sulfate precipitation, DEAE-cellulosc and 
Sephacryl S-300 chromatography. The purified antibody frac­
tion was concentrated by ultrafiltration and stored frozen 
at -20 0 C. 

Thioredoxin f was carboxymethylated with iodo[JH]-
acetate (100 Ci/mol, Amersham) as described in [28]. The 
carboxymethylated protein was either cleaved by CNBr or 
succinylated with [,4CJsuccinic anhydride (100 Ci/mol 
Amersham) according to [29] and digested with trypsin. The 
peptides were separated by molecular sieving through Biogel 
PlO and P2 columns (0.9x120 cm) and further purified by 
HPLC using a TSK IEX 540K column (Toyosada, Japan) 
with a linear gradient of 0.1 — 1 M NH4HCO3 or by reverse 
phase chromatography on a Microsorb C18 column (Rainin 
Instruments, USA) with a gradient of 0—100% acetonitrile 
in 0.1 % trifluoroacetic acid. Amino acid sequences were deter­
mined by Edman degradation with an Applied Biosystems 
477A/120A sequencer [30]. Phenylthiohydantoin amino acid 
derivatives from sequencer degradations were identified on 
line. Total amino acid and peptides compositions were deter­
mined by an Irica (A-5500, Japan) amino acid analyzer. C-
terminal sequences were determined using carboxypeptidases 
A. B (Sigma Biochemicals) and P (Takara, Japan) [31]. 

The construction of the recombinant Agtl 1 cDNA libraries 
using polyadenylated RNA from etiolated spinach seedlings 
illuminated for 4 h and 16 h has been described [32, 33]. The 
phage were digested with £coRI, and the cDNA inserts were 
recloned into the £coRI sites of vectors M13mpl8 and 
Bluescript M13+ for sequence analysis. The clones were se­
quenced by the dideoxy nucleotide chain termination method 



Table 1. Amino acid compositions of thioredoxin f and its peptides obtained by CNBr deavage and tryptic digestion 
Values of amino acids in bold-face type were taken as the bases for the calculations. Values in parentheses are integer values of the number 
of amino acids. The data is taken from the sequence 

Residue Cyanogen bromide peptides 

C(2-32) Q33-43) C(44-113) 

mol/mol 

Asx 
Thr 
Ser 
GIx 
Pro 
GIy 
Ala 
Val 
Met 
Hc 
Leu 
Tyr 
Phe 
His 
Lys 
Arg 
Cys 
Trp 

Total 

4.8 
1.8 
0.3 
2.4' 
1.8 
2.4 
3.0 
5.1 
0 
1.7 
1.1 
0.2 
1.1 
0 
3.6 
0 
0 
— 

(4) 
(2) 
(0) 
(2) 
(2) 
(2) 
(3) 
(6) 
(D 
(2) 
(0 
(0) 
(D 
(0) 
(4) 
(0) 
(0) 
(D 

(3D 

0.4 
0.8 
0.6 
1.6' 
1.1 
1.5 
1.0 
0 
0 
0 
0 
0 
1.2 
0 
1.0 
0 
1.2" 
— 

(0) 
(1) 
(0) 
(1) 
(1) 
(J) 
(1) 
(0) 
(1) 
(0) 
(0) 
(0) 
(1) 
(0) 
(1) 
(0) 
(2) 
(1) 

Oi) 

6.1 
2.4 
2.1 

10.4 
2.1 
3.5 
7.0 
5.1 
0 
3.2 
9.1 
2.4 
2.0 
0 
8.2 
2.1 
0.7" 

— 

(6) 
(3) 
(3) 

(10) 
(2) 
(3) 
(7) 
(6) 
(0) 
(4) 
(9) 
(3) 
(2) 
(0) 
(9) 
(2) 
(0 
(0) 

(70) 

* The peak included homoserine. 
b Cysteine was analyzed as carboxymethyl cysteine. 

[34] of single stranded (M13) or double-stranded (Bluescript 
Ml3+) templates. 

The 5'-terminal 136-bp EcoRl/Bstm fragment of póSocTf-
2 used for plaque screening was cloned into appropriately 
digested Bluescript vector. DNA (2 ug) was digested with 4 
units Hindlll, and transcribed with 30 units T7 polymerase 
in the presence of 0.5 mM ribonucleotides in a final volume 
of 30 id. RNA transcribed from 0.5 ug p6SocTf-4 DNA 
linearized with Sphl was translated in a rabbit reticulocyte 
assay (Amersham, Braunschweig) following the supplier's in­
structions, in the presence of 500 uCi [35S]methionine. The 
translation products were used for in orfanello import exper­
iments as described in [33] 

RESULTS AND DISCUSSION 

Sequence analysis 

The complete amino acid sequence of mature thio­
redoxin f from spinach chloroplasts is presented in Fig. 1. It 
has been obtained by sequence analysis of peptides produced 
by cyanogen bromide and trypsin cleavage. In different exper­
iments, including Edman degradation, the amino terminus of 
thioredoxin f was found to be blocked. Since the amino acid 
composition (27] showed two or three methionine and two 
arginine residues, two fragmentation methods were used: cy­
anogen bromide cleavage and trypsin digestion of/ succi* 
nylated protein. Cyanogen bromide cleavage followed by mo­
lecular sieving chromatography (Bio-Gel P2) resulted in three 
fragments, C(2-32),C(33-43)andC(44-113). Table 1 lists 
the compositions of these three peptides. Sequencing of C(2— 
32) was carried out by Edman degradation through 31 steps; 
carboxypeptidase P digestion showed the carboxy-terminal 
sequence, Val-Leu-Asp-Hse. The peptide C(33 —43) was com-

Tryptic peptides Thioredoxin f 

T(I-78) T(79-U1) 

8.5 
3.2 
0.8 
9.4 
4.5 
4.6 
7.0 
6.0 
2.3 
3.3 
6.6 
1.7 
3.1 
0 

10.4 
1.1 
2.4" 

— 

(8)-
(4) 
(0) 
(9) 
(4) 
(4) 
(7) 
(T) 
(3) 
(4) 
(7) 
(2) 
(3) 
(0) 

(10) 
(1) 
(3) 
(2) 

(78) 

2.1 
1.5 
1.3 
4.1 
1.0 
2.5 
4.0 
4.1 
0 
1.5 
2.7 
0.7 
1.0 
0 
4.2 
1.0 
0 
-

(2) 
(2) 
(1) 
(4) 
(0 
(2) 
(4) 
(5) 
(0) 
(2) 
(3) 
(D 
0) 
(0) 
(4) 
(1) 
(0) 
(0) 

(33) 

10 
6 
3 

13 
5 
6 

11 
12 
3 
6 

10 
3 
4 
0 

14 
2 
3 
2 

113 

pletely sequenced by 11-step Edman degradation and 
carboxypeptidase A digestion which gave the carboxy-ter­
minal dipeptide sequence to be Ala-Hse. The peptide C(44— 
113) was partially sequenced by Edman degradation (38 
steps). Carboxypeptidase digestion did not liberate Hse, 
suggesting that this peptide constitutes the carboxyl end of 
the protein. The order of Q 2 - 3 2 ) and Q33-43) had been 
established in the previous report [24]. Thus these three CNBr 
peptides were linked as Q 2 - 3 2 ) - Q33-43) - C ( 4 4 -
113). 

Succinylated thioredoxin f was digested with trypsin which 
yielded, after Bio-Gel PlO column chromatography the two 
peptide fragments T ( I -78 ) and T(79 - l l l ) . Their compo­
sition is shown in Table 1. The amino terminus of the peptide 
T ( I - 78) was also found to be blocked, suggesting this peptide 
to be the amino end of the protein. The other tryptic peptide 
T(79 — 111) was sequenced completely by Edman degradation 
and carboxypeptidase digestion as shown in Fig. 1. The se­
quence of C(44—113) overlapped with those of T(I — 78) and 
T(79—111), thus connecting these two peptides. The compari­
son of the peptide chains indicates that the tryptic chain 
has one methionine residue at the amino terminus and the 
cyanogen bromide chain has two serine residues at the 
carboxy terminus. In fact, seryl-serine was recovered from 
the tryptic digest, but an amino-terminal-blocked methionine 
derivative was not observed in the cyanogen bromide cleavage 
mixture even by fast atom bombardment or field desorption 
mass spectrometry. We provisionally conclude that a blocked 
methionine residue is at the amino terminus of the protein 
and that the two serine residues at the carboxy end are at 
positions 112 and 113. Further work to identify the exact 
amino terminus is in progress. 

The protein sequencing results are in complete agreement 
with the amino acid sequence deduced from the nucleotide 



•) S D C I I H L T R 
b) f l S E l V K E V Q D V « 

10 

c) l E i n e c v T E V u 
10 

D S F D T D L V C I D G I I L V 
10 20 

D S G W K E F V L O S S E F S N V 
20 30 

D T F W P I V C A t C D ( P V V L 

-I 20 30 

F W l E 

30 

F W l P 

Il F.TQ 

W C C P C C 

W C « P C C 

40 

W C C P C C 

— H O — 

ILDEI 

TItCIl 
SO 

CTEKLl 
SO 

E T]Q C C L T 1 

SO 

S C K I l V 

CO 

L D V I F L 

60 

.) I C L I I D Q I P C T 

CO 

b) T C L N T D E 1 P G I 

70 

C) C L D C I Q E I I C T L 

70 

A P C T I G R G I P T L L L F C H G E V 1 1 T C V G 
70 60 90 

A T Q Y R I R S I P T V L F F C N G E R C E S I I G D V S C T Q L 
BO 90 100 

A K E L G I I i V V P T r C I L C E I I S V V G E V T G I C T D C L L C l I Q I l I S S 
J 80' 1 L-I 90 LJ 100 U no 
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Table 2. Thiol contents of spinach chloroplast thioredoxins 
Thiol contents were determined according to Habecb [59] and are 
expressed as number of sulphydryl groups/mol protein. Thioredoxins 
were reduced by incubation with 10 mM dithiolhreitol under argon 
for 20 min in 100 mM phosphate buffer, pH 8.0, containing 1 mM 
EDTA. Reductant was removed by FPLC through a G-25SFcolumn 
equilibrated with the incubation buffer kept under nitrogen. The 
protein-containing fractions were immediately reacted with 5,5'-
dilhiobis(2-nilrobcnzoate) 

Protein 

Thioredoxin m 
Thioredoxin f 

Oxidized Reduced 

- SDS + SDS 

SH groups/mol protein 

0 0 1.7 
0.8 0.8 2.9 

Reduced 

oxidized 

1.7 
2.1 

sequence (Fig. 1) and confirm the most important feature, the 
strictly conserved active-site sequence -Cys-Gly-Pro-Cys- of 
thioredoxins we had reported earlier [24]. Thioredoxin f con­
tains 113 amino adds (Table 1) resulting in a calculated molec­
ular mass of 12564 Da. Its size is comparable to all the other 
thioredoxins whose primary structures are known. However 
there have been f-type thioredoxins isolated from Anabaena 
(35], Scenedesmus [36] and spinach [37,38] which are larger in 
size with apparent molecular masses of 25.5 kDa, 28 kDa and 
18 kDa, respectively. Apart from the fact that these thio­
redoxins activate fructose-bisphosphatase and show affinity 
towards blue Sepharose, they seem to have little in common 
with the thioredoxin f described here. 

The amino acid composition deduced from the sequence 
agrees quite well with the composition reported earlier [39], 
another fact which we consider is in favor of the proposed N-
terminus. Thioredoxin f has no histidine, like thioredoxin m 
from spinach [13], but in contrast contains three half-cystines; 
two of them make up the active-site disulfide [24], whereas 
the third, revealed also by the thiol titrations summarized in 
Table 2, is present as Cys64 in the C-terminal half of the 
protein. The results in Table 2 indicate that in oxidized as well 
as reduced thioredoxin f Cys64 is easily accessible to thiol 
reagents. 

The presence of additional Cys is known from other 
thioredoxins. All mammalian thioredoxins contain two struc­
tural half-cystine residues in their C-terminal half. There, they 
may play a role in regulation of thioredoxin activity, since 
their oxidation leads to the formation of an intramolecular 

disulfide and to the loss of activity [I]. A third Cys was recently 
found in the C-terminal half of a second thioredoxin from 
Corynebacterium nephridii [18]. The function of this protein 
however is not known. It shows 25% similarity with 
thioredoxin f, and its third Cys is positioned four residues 
closer to the active site than in thioredoxin f. A third Cys was 
also reported for the f-type thioredoxin from Scenedesmus 
[36] but no sequence information is available. 

In the active-site sequence which we reported earlier [24], 
Met43 was erroneously positioned 16 residues further away 
from the active site towards the C-terminus, due to contami­
nation of the peptide analyzed. This error is corrected by the 
present analysis. In contrast to thioredoxin m from spinach 
chloroplasts we observed no N-terminal redundancy. There 
is only one f-type thioredoxin in spinach chloroplasts [27], the 
one described here. We have never been able to find evidence 
for the second, dimeric thioredoxin f reported in [37, 38]. 

Due to the lower Trp contents of thioredoxin f, its absorp­
tion coefficient (177(X) M - 1 cm"1) is smaller than that for 
thioredoxin m (19300 M - 1 c m - 1 [13]) which contains one 
more Trp residue. Oxidized thioredoxin f, when excited at 
280 nm, shows a weak fluorescence maximum around 330 nm 
which does not increase upon reduction of the protein, as was 
also observed with thioredoxin f from Anabaena sp 7119 [35] 
and Scenedesmus [36]. This contrasts with the large fluores­
cence increases observed with thioredoxin from E. coli [40] 
and several other thioredoxins [8, 41, 42], This fluorescence 
increase is attributed to Trp28 in E. coli thioredoxin (compare 
Fig. 2) and signals a localized conformational change in the 
active site (43, 44]. The replacement of the corresponding 
Trp by Phe33 in thioredoxin f explains the absence of any 
fluorescence changes upon reduction of this protein. 

Sequence comparison 

In order to compare thioredoxin f with its companion 
thioredoxin mb from spinach chloroplasts which is related to 
the E. coli thioredoxin, the primary structures of these three 
thioredoxins have been aligned, starting from their active sites, 
in Fig. 2. With its 113 amino acids thioredoxin fis the longest 
polypeptide of the three. Only 27 out of its 113 residues 
(24%) are found at identical positions in thioredoxin mb or 
thioredoxin from E. coli, whereas 49 out of 104 residues (47%) 
are identical between thioredoxin mb and E. coli thioredoxin. 
When admitting conservative changes the percentage simi­
larity increases to 31% with thioredoxin mb, 33% with E. coli 
thioredoxin, but to 60% between thioredoxin mb and that of 
E. coli. Similarities between all the bacterial thioredoxins are 
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Fig. 3. Comparison of the ß turn scores, calculated with a six-residue window according to [45 J for thioredoxin from E. coli ( ) , thioredoxin 
mb ( ) and thioredoxin f ( ) from spinach chloroplasts. The plots are aligned at the active site. C marks the positions of Cys in 
thioredoxin f 

in the range 50-60% [9(<53%), 11(49%), 18(> 50%)]. 
These results clearly show that the primary structure of 
thioredoxin f is quite different from prokaryotic and other 
plant thioredoxins and suggests that it may have diverted 
from a common ancestral protein early in evolution. It is 
interesting to note that thioredoxin f shows some striking 
similarity with the mammalian thioredoxins [22,23] 

Despite differences in primary structure the secondary and 
tertiary structures of thioredoxin f might be quite similar to 
those of the well characterized thioredoxin from E. coli. We 
have used the method of Chou and Fasman [45] for predicting 
secondary structure based on sequence information, to com­
pare the three thioredoxins. The analyzes, shown only for the 
/3-turns in Fig. 3, suggest that the secondary structures of all 
three thioredoxins are quite similar and that, therefore, also 
the folding of the proteins might be alike. This will expose 
similar residues to the surface of the protein molecule where 
they can influence the interaction of thioredoxins with target 
proteins. Conformational studies on E. coli thioredoxin have 
indicated that certain residues (Gly33, Pro34, Ile75, Pro76, 
Val91, Gly92, Ala93) make up a hydrophobic patch on the 
protein surface close to the active site and that this area might 
be responsible for the protein-protein interactions [46]. Recent 
studies with mutant E. coli thioredoxin [47] and hybrid E. 
coli/Anabaena thioredoxin [48] support the idea that certain 
residues in the C-terminal half of the protein are important 
for the thioredoxin-protein interactions. In thioredoxin f all 
the residues of the hydrophobic patch are conserved except 
for Val91 which is replaced by Thr96, a change that should 
not drastically alter its properties. Apart from these residues 
around the active center, there are still more strictly conserved 
residues, especially charged residues, as can be seen in Fig. 2. 

The apparent spatial similarities between the three thio­
redoxins contrast with the specificity of thioredoxin f in its 
interaction with chloroplast fructose-l,6-bisphosphatase and 
other chloroplast enzymes. It is known that fructose-1,6-bis-
phosphatase forms a complex with thioredoxin f [38, 49, 50] 
but apparently not with thioredoxin m nor with thioredoxin 
from E. coli since neither of these thioredoxins can activate 

fructose-l,6-bisphosphatase [24]. Some unique structural 
property seems to be responsible for the specific interaction 
between thioredoxin f and its target enzymes. A conspicuous 
difference in the C-terminal part of thioredoxin f is the pres­
ence of Cys64 which is apparently located at the surface of 
the protein. Experiments to determine whether this Cys is 
instrumental in thioredoxin f specificity are under way. 

Isolation and characterization ofcDNA clones 

Approximately 10s recombinant phage from Agtll ex­
pression libraries made from cotyledon polyadenylated RNA 
of spinach seedlings illuminated for 4 h or 16 h after etiolation 
[32, 33] were screened with homologous, monospecific 
polyclonal antibodies raised against pure thioredoxin f. Posi­
tive plaques (3 in 10s screened) were rescreened at low plaque 
density and phage DNAs were prepared from single reacting 
plaques by the plate lysis method [51]. The inserts of the three 
phage which were selected in this screen were excised with 
£coRI, sized on Polyacrylamide gels, recloned into the ex­
pression vector Bluescript M13+ (Stratagene, San Diego) and 
sequenced. A 5'-terminal 136-bp EcoRl/BstNl fragment of 
the largest insert (550 nucleotide pairs) was subsequently 
cloned into the same vector and used as a hybridization probe 
to select phage that carried inserts encoding the entire protein-
coding region of a thioredoxin f mRNA. Eleven phage with 
inserts of 700—900 nucleotide pairs were obtained which 
approached the size of the message, approximately 1100 
nucleotides, as determined by Northern blot analysis with 
poly(A)-rich RNA from spinach seedlings. Restriction maps 
of these inserts showed a number of common restriction sites, 
suggesting that the clones were very similar. This was substan­
tiated by nucleotide sequence analysis. 

The complete nucleotide sequence and deduced amino 
acid sequence for the largest cDNA clone (p6SocTf-4) selected 
are shown in Fig. 1. The insert is 852 nucleotide pairs long 
excluding a 3' poly(A) tail of 41 nucleotides. The sequence 
has one long open reading frame extending for 570 nucleo­
tides. The first methionine occurs at the 15th codon from the 



5' end of the open reading frame which results in a polypeptide 
of 190 amino acid residues (21 IcDa). Alignment of the spinach 
cDNA and protein sequences to give maximum sequence 
match indicates that the derived amino acid sequences of all 
the inserts sequenced correspond to the amino acid sequence 
determined by protein sequencing. We conclude that póSocTf-
1 to p6SocTf-14 are very similar to thioredoxin f mRNAs. 
Moreover, the sequences of all inserts were identical, with the 
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Fig. 4. In vitro transcription)'translation ofp6SocTf-4 RNA and uptake 
of the in vitro thioredoxin f precursor product into isolated spinach 
chloroplasts. Fluorograph of a 15% denaturing SDS/8 M urea 
Polyacrylamide gel [58]. Lane 1, control translation without added 
RNA; lane 2, products of translation of p6SocTf-4 RNA in a rabbit 
reticulocyte lysate; lane 3, product found in the stromal fraction from 
unbroken chloroplasts after import of the thioredoxin precursor and 
thermolysin treatment of the organelles; lane 4, equivalent data from 
the thylakoid fraction; lane 5, stromal fraction after treatment with 
thermolysin, and lane 6, authentic thioredoxin f (Coomassie brilliant 
blue stain). Molecular mass markers: glyceraldehyde-phosphate de­
hydrogenase (36.0 kDa), carbonic anhydrase (29.0 kDa), trypsinogen 
(24.OkDa), soybean trypsin inhibitor (10.OkDa) and two CNBr 
fragments of myoblobin (14.2 and 8.1 kDa) 

exception of one, p6SocTf-5, which is 45 nucleotides shorter 
at the 3' end and lacks a poly(A) track, suggesting that all 
inserts represent a single mRNA species. Preliminary gene--
copy-number determinations by Southern blotting indicate 
that there are two genes for thioredoxin f/haploid genome (A. 
Schneiderbauer, personal communication). 

Import m organello 

Biochemical evidence suggests that thioredoxin fis located 
exclusively in chloroplasts [27]. This implies that the protein, 
synthesized in the cytosol, has to be imported into the 
organelle. Since precursors that are processed to mature forms 
have been demonstrated for all nuclear-encoded, plastid-lo-
cated proteins studied, e.g. [52, 53], it is possible that 
thioredoxin fis synthesized as a precursor polypeptide. Tran­
sient N-terminal sequences found on nuclear-encoded plastid 
proteins serve to initiate transport across the chloroplast en­
velope. Several structurally and, possibly, functionally distinct 
regions have been postulated to represent basic domains of 
such sequences, cf. [52, 54, 55]. The structural elements for 
recognition include positively charged and polar amino acid 
residues as well as residues with small side-chains at positions 
— 1 and —3, i.e. preceding the endonucleolytic cleavage site 
and, if translocation through thylakoid membranes is re­
quired, a terminal hydrophobic region that is preceded by 
an amphipathic ß sheet [55, 56]. Following the assumed N-
terminal methionine residue of thioredoxin f precursor is, in 
fact, a region of approximately 70 amino acid residues with 
clustered positive and hydroxylated amino acids but also a 
conspicuous presence of four or six negatively charged resi­
dues, depending on the assumed processing site. Based on 
predictions for signal sequence cleavage sites [54], a potential 
processing site for the putative transit sequence could be the 
serine residue, 68 amino acids from the assumed initial meth­
ionine. However, our protein sequencing data suggest that the 
cleavage site is after the GIu, 77 amino acids from the assumed 
initial methionine. Since the N-terminus of the native protein 
is blocked, the question concerning the exact cleavage site 
remains to be clarified. 
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Fig. 5. Hydropathy plot of the thioredoxin f precursor protein calculated with an 11-point moving window according to [57J. The proposed 
cleavage site between transit sequence and mature protein and the active site of the mature protein are indicated 



In order to test thai thioredoxin f is produced as a precur­
sor and that the isolated cDNA clones carried the entire transit 
sequence with the basic attributes for intracellular sorting and 
import into the chloroplast, p6SocTf-4 D N A linearized with 
Sphl was transcribed with T7 polymerase and precursor pro­
tein was synthesized from the resulting transcript in a rabbit 
reticulocyte cell-free translation assay, in the presence of 
[3SS]methionine. This polypeptide was then offered to isolated 
intact spinach chloroplasts. The result of this experiment is 
shown in Fig. 4. The major immunologically reacting trans­
lation product of approximately 21 kDa could be imported 
and processed to its mature size in a protease-insensitive form. 
The predicted molecular mass of 12.5 kDa, excluding the 
putative N-terminal transit sequence of 77 residues, agrees 
well with that determined by electrophoresis in denaturing 
Polyacrylamide gels (12 kDa). 

Fig. 5 shows a hydropathy plot [57] of the putative 
thioredoxin f precursor. This plot is consistent with biochemi­
cal findings [27] that thioredoxins are both hydrophilic and 
components of the stroma. The presumed transit sequence is 
dissimilar in structure to those of the luminal proteins [55,56] 
but clearly resembles those of matrix components, e.g. [52, 
53]. 

CONCLUSIONS 

This is the first report of the complete primary structure 
of an f-type thioredoxin and of the isolation of a higher plant 
cDNA clone coding for thioredoxin! The protein, although 
quite different from other thioredoxins in its primary struc­
ture, must have maintained a very similar three-dimensional 
structure. Some surface residues should be responsible for the 
specificity of interaction with target enzymes. Thioredoxin f 
is synthesized in the cytosol as a precursor protein of larger 
size which is imported into the chloroplast stroma where the 
signal peptide is cut off and the N-terminal blocked. 
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