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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 (tefS1 and refS2) diverge in 80 wobble positions thus yielding an identical protein com-
posed of 447 amino acids. The soybean protein has about 959 similarity with eEF-la proteins of
Arabidopsis thaliana and tomato. Both genes S! and $2 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 S1 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 109,
of the peak value. Genes S 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, S1 transcripts are more abundant in leaves at all measured stages of development than S2
transcripts.

Introduction aminoacyl-tRNAs to the translating ribosome in

a GTP-requiring step. eEF-1a is an abundant
The a-subunit of the complex translation elonga- protein and the corresponding genes (tef ) have
tion factor eEF-1 [12] catalyses the binding of 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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cluding the photosynthetically active eukaryotes
Euglena gracilis [9), Arabidopsis thaliana [1] and
Lycopersicon esculentum [15]. It is generally ac-
cepted that eEF-lo 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-1a 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 sef
genes of thaliana are transcribed in cell suspen-
sion cultures.

We have cloned and sequenced two tef genes
of soybean (S! 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, 16 h, 25 °C, r.h. 70%. Soybean
leaves were hand-picked, immediately frozen in
liquid N,, 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/cm?), frozen in liquid
N, and kept in black bags at — 70 °C. 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 ul of TE buffer (10 mM Tris-Cl pH 8, 1 mM
EDTA), treated with 50 pug/ml of RNase (DNase-
free, Sigma) for 1h at 37 °C and then with
100 ug/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 ug) 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
3?P.DNA probes and 100 pug/ml denatured calf
thymus DNA were donein S x SSPE (1 x SSPE
is 0.18 M Na(Cl, 0.01 M sodium phosphate pH
7.4,0.001 M EDTA) at 65 °C. Filters were twice
washed in 0.2 x SSC(1x SSCis 0.15M Na(l,
0.015 M sodium citrate), 0.1%, SDS, for 20 min
at 65 °C.

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



screened according to standard protocols [13]
with a 1.2 kb ¢cDNA internal fragment coding for
Euglena gracilis eEF-1a [9]. Approximately 10*
recombinant phages grown in Escherichia coli
strain Y1090 were transferred to nitrocellulose
filters. Hybridization conditions were: 5 X SSPE,
309, formamide, 2.5x Denhardt’s solution,
0.1% SDS, 100 ug/ml denatured calf thymus
DNA at 42 °C. Filters were washed twice in 5 x
SSC at 30 °C for 20 min. Two individual plagues
were picked and plaque-purified. The inserts were
Eco RI-digested and sized on 0.99, agarose gel.
Both clones carried an approximately 2.0 kb in-
sert as deduced from Southern hybridization re-
sults. One of these (gt11-EF.1) was subcloned
into M13mp8 and into the Bluescript II vector.
This clone was used for sequencing and as spe-
cific DNA probe (pBSK + EF1a.1).

Screening of genomic library

Soybean DNA (200 ug) was partially restricted
with Sau3A (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 (14-20kb long) was ligated to
AEMBLA4 arms (1:1 ratio) overnight at 14 °C with
0.3 U/ul 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 10° pfu/ug of soybean DNA. Recom-
binant phages were screened by plaque hybrid-
ization (for conditions see under Screening of
cDNA library) except that 509, formamide was
used. Filters were washed twice for 30 min in 1 x
SSC, 0.1% SDS at 42 °C.

RNA isolation, northern analysis and tracing of au-
toradiographs

RNA was isolated according to the guanidinium
isothiocyanate method [13] with some modifica-
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tions. After the CsCl ultracentrifugation step, the
high-molecular-weight RNA was precipitated by
adding 41 vol of 10 M LiCl, quickly frozen in dry
ice and stored overnight at 4 °C. RNA was pel-
leted and dissoived in 500 ul TE and adjusted to
0.1 M NaCl, 1 mM MnCl,, and 100 ug/ml of
RNase-free DNase (Worthington). After 30 min
at 0 °C, 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
H,0 (0.29%, diethyl pyrocarbonate) and stored at
-20°C.

Denaturation and sizing of total RNA (20 ug)
were done according to Thomas [19]. Northern
hybridizations followed standard protocols. Fil-
ters were washed twice for 10 min in 2x 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 °C 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
etal [14].

Melting profiles (T,,) of gene S1- and S2-specific
DNA hybrids

Oligonucleotides (18-mer) specific, respectively,
for gene SI (5'-GTCCCTAACAGCAAACCT,
complementary to sequence positions 1267-1285,
Fig. 1) and gene 52 (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 10 0
¥ ¢ X B K VHISITVYVIGHEVDSGEKSTTT G R
CGCGCAGTTCTICTAGATTTAAGGAAGETG GGT AAG GAR AMG GTT CAC 27C AGT ATT CT€ GIC ATT GGC CRT G7C GAC TCT GGG 2A% TCC 2CT ACC ACT GGT CAC
1%

p==1

30 10 5
L1 YEKLGGIDEKRUYIERTFTEEKEDLAEIYNERST PETY AWV
1% ATD TAC 3G CTT GGA GGC ATT GAC ARG CGT GTT ATT GAG 266 TTT GAG 226 GRA GCT GCT GRG ATG AMT AKG AGG TCT T1C 426 TAT 6CC 36 675
20

80 ! 80 90
LDXL1ZXAEZRERGITIDIMNLW®EPETTETY Y CTVIDA
CT6 GAC ARA CTT ARG GCT GAG CGT GAA AGA GGA ATC 2CC ATT GAT 27T GCT T76 T66 AMG TIT A ACh 2Ch AMG TAT TAT 76C ACA &7T ATT G2T €06
303

160 10 120
P 6 HRDPI KK ¥ITGET?TSOQADCAEVLIITOSTTGGTF L A
CCT GGk CAT AGG GRT TIC ATT A6 ART 76 20T ACT 656 ACA TCC CAA GOT 64C 76T GOT GTT CTT ATC ATT GAT 106 ACC RCT GST €57 TTT GhA GCT
£02
130 140 150 +
6§ 1 S KD Go9 T REHKALILSPT?LGY EQHKICCCHNTZXUEDDLMATE
GGT ATT PCC AAG GAT GG CAG ACT CCT GAA CAT GCT CTG CTT 7CA TIC 20C €37 66T GTG AbA CAG ATG 29T 760 760 I0T AMC A4 AT6 GAT GCT ACT
501
160 0 150 1%
TP K Y S ¥ ARYDEIVEEVS S VYL EKEVGY N?2DEKETIDPEPW
202 C0C 36 TAT TCC A3G GO AGG TAT GAT GAA ATT GF5 ARG G GTC TCT 70C TAC TIG 2AG 2AR GTA GGh TAC AAC CCT GAC A6 277 CCT 7IT GTT
§00
200 20 7]
» 1 $ 6 FPCEGODFKX¥IERSTUHNLDEK Y RGP TL LDATLTSDGQTIS
CCT ATC T 66T BT 626 GGA GC AAC ATG ATT GA 265 7CC ACA BAC CTT GAC 65 TAC A6 65T CCA ACT CT6 CTT GAT GCA CIT GAC CAG ATT 26T
608
2 20 50
EPXRPSDEKP?PLRILPLGDVYYERIGGEI GTIPY GRVET
636 COC AAG AGG CCC ICT GAC AAG COC CTC AGG CTT CCC COT CAG GRT GT6 TAC A3 ATT GGA GGT ATT GGA ACT ATA CCA GTG GGA C6T GTT G2G ALC
798
20 m 280 290
¢ VL EKEPGKVY TP APTOGLTTEV K SVYEEKHDIELSLTEL
65T 6TC TG A2G CCT G6A ATG 676 GTG ACT TP 6CA CCA ACT G4 CT6 ACK ACT GRA GTC 236 7CT CT6 GAG ATG CAC CAT GRA TCT CTT ACA GG GCA
897
300 310 380
B P 6GDEKVGEF NV KNV AV EDLEKRGY V2SS HKSEDDEPATE
CAT CCT GGT GAC AMT G GGA TTC ART GTT A4 AAT GTT GCT GTT AAG GAT TIG A4 CCT GST TAT GTT GOC TCA AAC TCA 2AG GAT GAC CCT GCA 225
ag
320 340 350
E A A K P TAHQUVIISHNHEPGOQEI GHKGY XPVILODCHTSIHI
GAG G6CT GOT ARC T7C ACK GOC ChA GTC ATC 27C AGT 2AC CAC CCT GGT CAG ATT Goh AAT G6C TAT GCC COT 67C CTC GAC TGC CAC ACT TCT CAC ATE
1085
30 37 380

AV EP AGELY¥TEIDRGRS 6KCELESRKTEPETPLEENKGDAGT
GCT GTC AAG TIT GCT GA CTC ATG ACC 246 ATT GAC AGG CGA TCC GGC AAA GRG CTT €AG AAG GAG CCC AAG TTT TIG AAG AXC GGT GAT GCT GGT 777
1194

190 400 410 0
VENIP?TEP KV VETTFSEYPPLGRTP2L2ZUYVRDYXROQT VR
CTT AAG ETG ATT CCA ACC Ak COC ATG GTT OTP GA ACT TTC 'TCC GAG TAT CCT CCA CTT CGT AGG ™07 GCT GTT AGS GAC ATG CGT CAA ACT 47T 6CT
120

40 440 i
V6V IERVEEEDPTGAEKEY T K AAOQERTETR:*

076 GGA GTC ATC ARG ARC GTT GEG AAG ARG GAT CCT ACC GGA GOC 2AG GTC ACC 4G GCT GCC CAG AAG ARG 2AG TGA ATCGIGCGGGCTSRTTCATCAGIATS
1298

TrSGTTACLATAALTGTTGCTTICTTTTCTTACTCTE TS T
144]

Fig. I. Nucleotide sequence of eEF-1a cDNA (pBSK + EFla.1) and decoded amino acid sequence (one-letter code). The arrow
marks the position of the intron. Bold letters (5’ end) mark parts of the leader.
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S1

] | 52

1 kb

Fig. 3. Tentative restriction sites map of gene loci S7 and S2. Interrupted stippled bar: transcribed region with small intron (line).
— — translation polarity. R-enzyme symbols as in Fig. 2.

mann, unpublished) suggest that the SI 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 SI (tefS1). 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-
la protein.

939

AAA gtaaattatg tctcgtgttt taa??cccct ttcattttat ta

AAG gtaaattatg tgttgaattt taaggcccectt atgtctcctt tacatcacac

caatatcttc attccttttg tggttcatat gagattaatt agtgttgtct

1024
tcccattttg caaca? ATG

tctcattttg aaacag ATG

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

..gattattt tattttaatt aatgttcttg

Length of stable transcript, untranslated leader and
introns

Sequencing of the two genomic clones revealed
that both genes S/ 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 SI and
S2 the respective intron length is 86 and 116 nu-
cleotides with about 709, 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

Sl

S2

gap in SI.









translated leader of genes S/ 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-1a 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-1o mRNA than older tissues [11]. Accord-
ing to our data fef mRNA concentration drasti-
cally increases in a specific way in developing
seedling leaves. Though we have not measured
eEF-1a activity per se we may reasonably assume
that the increased zef mRNA concentration re-
sults in a proportionate increase in eEF-1a pro-
tein concentration in greening leaves. More sur-
prising is the pronounced decrease in fef
transcripts during the greening phase, i.e. after a
peak around three hours after onset of light. The
sharp rise and fall of z¢ff mRNA is seen with both
the S1 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 fef genes transcription pattern is
also distinct from that of the rbeS genes as shown
here under strictly comparable conditions. We
therefore postulate that soybean genes SI 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 S/ and S2
are differentially 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 S! 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~ cm™!,
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
c¢DNA libraries in Agt11. 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 serve as subunit
for a virus DNA polymerase [1]. In photosynthetic cells
thioredoxins play an important role in a light-dependent en-
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 CO, assimilation are called {-
type thioredoxins, those activating NADP-dependent malate
dehydrogenase (the enzyme responsible for malate synthesis

Correspondence to P. Schiirmann, Laboratoire de Biochimie, Uni-
versit¢ de Neuchatel, Chemin de Chaniemerle 18, CH-2000
Neuchitel, 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-1,6-bisphosphaiase (EC 3.1.3.11); NADP"*-
dependent malate dehydrogenase (EC 1.1.1.82); restriction endo-
nucleases (EC 3.1.21.4); DNA polymerase 1 (EC 2.7.7.7); T4 DNA
ligase (EC 6.5.1.1).

Note. These sequence data will appear in the EMBL/GenBank/
DDBJ Nucleotide Sequence Dalabases under the accession number
X 14959 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

acid

quence of the p6SocT[-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 Bochringer (Mannheim) and Biolabs Inc.
(Bad Schwalbach, Taunus), {a-3?P}JdNTP (specific activity
400 Ci/mmol) and [**S}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 Percoll (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 eluted by FPLC from a Mono Q
column with a 0—350-mM NaCl gradient in 20 m! 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~* ¢cm ™!, 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-cellulose and

. Sephacryl $-300 chromatography. The purified antibody frac-

tlon was concentrated by ultraﬁltratxon and stored frozen
—20°C.

Thxorodoxin f was carboxymethylated with iodo{*H}-
acetate (100 Ci/mol, Amersham) as described in {28]. The
carboxymethylated protein was either cleaved by CNBr or
succinylated with ["*Clsuccinic anhydride (100 Ci/mol
Amersham) according to [29] and digested with trypsin. The
peptides were separated by molecular sieving through Biogel
P10 and P2 columns (0.9 x 120 ¢m) and further purified by
HPLC using a TSK IEX 540K column (Toyosada, Japan)
with a linear gradient of 0.1 —1 M NH,HCOj; or by reverse
phase chromatography on a Microsorb C,4 column (Rainin
Instruments, USA) with a gradient of 0—100% acetonitrile
in0.1% 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 Agt11 cDNA libraries
using polyadenylated RNA from etiolated spinach scedlings
illuminated for 4 h and 16 h has been described {32, 33]. The
phage were digested with EcoRl], and the cDNA inserts were
recloned into the EcoRI sites of vectors M13mp18 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 cleavage and tryptic digestion
Vilues of amino acids in bold-face type were taken as the bases for the calculations. Values in parentheses are integer valu&s of the number

of amino acnds The data i is taken fmm the sequence

Residue

Cyanogen bromide peptides Tryptic peptides Thioredoxin f

C(2-32) C(33—-43) C(44—113) T(1-78) T(79-111)

mol/mol
Asx 4.8 4) 04 ©) - 61 (6) 85 (8- 2.1 2) 10
Thr 1.8 (2) 0.8 (1) 24 (3) 3.2 (9 1.5 ) 6
Ser 03 ()] 0.6 ©) 21 3 08 (0) 1.3 ) 3
Glx 24 (2 1.6* () 104 (10) 94 (9 4.1 @ 13
Pro 18 @ 1.1 (1) 21 @) 45 (4 1.0 () 5
Gly 24 (2) 1.5 1 3.5 @3 46 (4) 25 ) 6
Ala 3.0 3) 1.0 ¢)) 70 (D) 70 () 4.0 (4) 11
Val 5.1 ) 0 0) 5.1 (6) 60 (7 41 (5 12
Met 0 (1) 0 1) ) 23 (@) 0 (0) 3
fle 1.7 ) 0 0) 32 @ 33 @ 1.5 ) 6
Leu 1.1 (1) 0 ()] 9.1 9) 66 (7) 2.7 ) 10
Tyr 0.2 ()] 0 ©) 24  (3) 1.7 ) 0.7 (1) 3
Phe 1.1 (1) 1.2 {1) 20 (2 31 3) 1.0 (1) 4
His 0 () 0 ©) 0 (0 o (0 0 () 0
Lys 36 (4 1.0 (1) 82 (9) 104 (10 42 @ 14
Arg 0 © 0 ) 21 (2 1.1 () 10 () 2
Cys 0 (0) 12 (2 0.7% (1) 24 (3) 0 (0) 3
Trp - () - ¢)) - ©) - 6)] - @ 2
Total 31) (11) (70) (78) (33) 113

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

{34] of single stranded (M13) or double-stranded (Bluescript
M13*) templates.

The 5'-terminal 136—bp EcoR1/BstNI fmgment of p6SocTt-
2 used for plaque screening was cloned into appropriately
digested Bluescript vector. DNA (2 pg) 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 pul. RNA transcribed from 0.5 pg p6SocTf4 DNA
lincanzed with Sphl was translated in a rabbit reticulocyte
assay (Amersham, Braunschweig) following the supplier’s in-
structions, in the presence of 500 pCi [3*S]methionine. The
translation products were used for in arganello 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) and C(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-

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 C(2—32) and C(33—43) had been
established in the previous report [24]. Thus these three CNBr
peptides were linked as C(2—32) — C(33-43) — C (44—~
113).

Succinylated thioredoxin f was digested with trypsin which
vielded, after Bio-Gel P10 column chromatography the two
peptide fragments T(1 —78) and T(79—111). Their compo-
sition is shown in Table 1. The amino terminus of the peptide
T(1 —78) was also found to be blocked, suggesting this peptide
1o 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) ovcrlapped with those of T(1 —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 protcm sequencing results are in complete agreement
with the amino acid sequence deduced from the nucleotide

gt g gy -k e v
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Fig.2. Comparison of the amino acid scquences of thioredoxins. (a) Thioredoxin from E. coli 7, 14], (b) thioredoxin mb from spinach
chloroplasts [13]. (c) thioredoxin f {from spinach chloroplasts. Strictly conserved residues are enclosed in frames

Table 2. Thiol contents of spinach chloroplast thioredoxins

Thiol contents were determined according to Habeeb [59) and are
expressed as number of sulphydryl groups/mal protein. Thioredoxins
were reduced by incubation with 10 mM dithiothreitol 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-25SF column
cquilibrated with the incubation bufler kept under nitrogen. The
protein-containing fractions were immediately recacted with 5,5'-
dithiobis(2-nitrobenzoate)

Protein Oxidized Reduced Reduced
minus
- SDS + SOS oxidized
SH groups/mol protein
Thioredoxinm O 0 1.7 1.7
Thioredoxin 038 0.8 29 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 acids (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 { 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 (1]. 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],
Metd3 was erroneously positioned 16 residues further away
from the active site towards the C-terminus, duc to contami-
nation of the peptide analyzed. This error is corrected by the
present analysis. a 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
onc 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 coefTicient (17700 M™% cm™!) is smaller than that for
thioredoxin m (19300 M™% ecm™?! [13]) which contains one
more Trp residue. Oxidized thioredoxin f, when excited at
280 nm, shows a weak fluorescence maximuim 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 chioroplasts which is related to
the E. coli thioredoxin, the primary structures of these three
thioredoxins have been ahgned, 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 f turn scores, calculated with a six-residue window according to [45] for thioredoxin from E. coli (------ ). thioredoxin
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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
B-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.
colif 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-1,6-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-1,6-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 of cDNA clones

Approximately 10° recombinant phage from Agt11 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 10° 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
EcoRl, sized on polyacrylamide gels, recloned into the ex-

* pression vector Bluescript M13* (Stratagene, San Diego) and

sequenced. A 5'-terminal 136-bp EcoRI/BstNI fragment of
the largest insert (550 pucleotide 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 (p6SocT{-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 kDa). 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 p6SocTf-
1 to p6SocTf-14 are very similar to thioredoxin f mRNAs.
Moreaver, the sequences of all inserts were identical, with the
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Fig. 4. In vitro franscriptionftransiation of p6SocTf-4 RNA and uptake
aof the in vitro thioredoxin f precursor product into isolated spinach
chloraplasts. Fluorograph of a 15% denaturing SDS/8 M urea
polyacrylamide ge! [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; lanc 4, equivalent data from
the thylakoid fraction; lane 5, stromal fraction after treatment with
thermolysin, and lanc 6, authentic thioredoxin f (Coomassie brilliant
blue stain). Molecular mass markers: glyceraldehydc-phosphate de-
hydrogenase (36.0 kDa), carbonic anhydrase (29.0 kDa), trypsinogen
(24.0 kDa), soybean trypsin inhibitor (10.0 kDa) 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).

Impori in 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 f is 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 hydrophabic region that is preceded by
an amphipathic § sheet [S5, 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 Glu, 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 {57]. The proposed
cleavage site between transit sequence and mature protein and the active site of the mature protein are indicated



In order to test that thioredoxin f is produced as a precur-
sor and that the isolated cDNA clones carried the entire transit
sequence with the basic autributes for intracellular sorting and
import into the chloroplast, p6SocTf-4 DNA 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
[*3S)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 10 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 [ 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
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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