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Abstract

Thioredoxin m from spinach chloroplast has been structurally characterized both by X-ray crystallography and
by NMR. Thioredoxin m is known to be monomeric, a finding which is confirmed by the NMR results. The
crystal structure of this protein, however, contains two independent molecules per asymmetric unit. This fact was
interpreted as contrasting with the NMR results [Neira et al. (2001) Biochemistry 40: 15246–15256]. Based on
computational and biochemical considerations, we show that the presence of two thioredoxin m molecules per
asymmetric unit bears no biological significance and does not contrast with the NMR results. The non-covalent
arrangement of two monomers found in the crystals represents a ‘crystallization intermediate’ formed under the
conditions for crystal growth.

Abbreviations: FPLC – fast protein liquid chromatography; Trx-m – thioredoxin m

Introduction

Thioredoxins are a large family of redox active pro-
teins found in all living cells (Holmgren 1985). Many
of the thioredoxin family members, both prokaryotic
and eukaryotic, have been characterized structurally,
by means of X-ray crystallography and NMR. For
four members, both the crystal structure and the
NMR structure are available. These are Escherichia
coli thioredoxin (Katti et al. 1990; Jeng and Dyson
1994), human thioredoxin (Qin et al. 1994; Weichsel
et al. 1996), thioredoxin h from Chlamydomonas
reinhardtii (Mittard et al. 1997; Menchise et al. 2001)
and thioredoxin m (Trx-m) from spinach chloroplasts
(Capitani et al. 2000; Neira et al. 2001). In the case
of Trx-m, two crystal structures of the protein, in the
oxidized and in the reduced state (PDB codes 1FB6
and 1FB0, respectively), were published first (Capitani
et al. 2000) and were followed one year later by
the NMR structure of the oxidized protein (PDB code
1GL8) (Neira et al. 2001). Comparison of 1FB6 and

1GL8 showed that the two structures, albeit obtained
using different techniques, are remarkably similar
(Neira et al. 2001). The asymmetric unit of the Trx-m
crystals contains two protein molecules, which form a
non-covalent crystal dimer (Capitani et al. 2000). This
feature of the Trx-m crystals was presented by Neira
et al. (2001) as contrasting with NMR data, which
pointed to a monomeric state of the protein in solution.
The goal of the present article is to clarify that the two
techniques do not yield contrasting results on the qua-
ternary state of Trx-m in solution. In fact, the presence
of two molecules in the asymmetric unit is not ne-
cessarily indicative of a dimeric state in solution. The
analysis of the crystal packing shows that the arrange-
ment of the two molecules in the crystal structure ex-
hibits features typical of a crystallization dimer, with
no biological significance. It is noteworthy that a sim-
ilar situation, with two molecules per asymmetric unit
and a monomeric biological form, had already been
described for C. reinhardtii thioredoxin h (Menchise
et al. 2001). In the case of type m thioredoxin from
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Figure 1. Cartoon representation of the two Trx-m molecules found in the crystal asymmetric unit. The direction of the view is along the
non-crystallographic two-fold axis. Figure prepared with SETOR (Evans 1993).

C. reinhardtii, solved by NMR (Lancelin et al. 2000),
analysis of the 15N–1H relaxation data had provided
evidence for a monomeric state in solution.

Analysis of the crystal packing
of thioredoxin m

The crystals of Trx-m belong to the space group
P3121, with comparatively small unit-cell lengths
(a= b= 74.7 Å, c= 74.0 Å) and two molecules per
asymmetric unit, with a VM value of 2.6. Trx-m
had long been known to be a monomeric protein
(Schürmann et al. 1981). The presence of two mol-
ecules in the asymmetric unit was reported but not
discussed in Capitani et al. (2000) since it was not
considered to be a biologically relevant feature. Was
this choice justified?

The interface area for the two Trx-m molecules in
the asymmetric unit, as calculated with the Protein–
Protein Interaction Server (http://www.biochem.ucl.ac.

uk/bsm/PP/server/index.html) (Jones and Thornton
1996), is 1159 Å2. How does this value compare to
that of a typical crystal contact interface? Janin and
Rodier (1995) studied 1320 pairwise interfaces formed
by crystallographic symmetry in 152 crystal forms
where the asymmetric unit contains a monomeric pro-
tein. The studied pairwise interfaces are therefore a
result of the crystallization process and do not pos-
sess biological significance. Their average area was
calculated to be 570 Å2, and the bulk of the values
was in the range of 200–1200 Å2 (Janin and Rodier
1995). Thus, the value for Trx-m is in the normal range
(albeit on the high side) for a crystal-contact interface.
To confirm this indication, the packing of 1FB6 was
analyzed using the PQS server (http://pqs.ebi.ac.uk/)
(Henrick and Thornton 1998). PQS uses an empir-
ical, weighted score of several factors to determine
whether the protein contacts are specific (a true macro-
molecular oligomer) or non-specific (crystal packing).
The contributing factors are the size of the solvent-
accessible surface area buried in the oligomeric
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interaction (�asa), the number of buried residues at
the interface and the difference in solvation energy
of folding (Eisenberg and McLachlan 1986) between
the complete assembly and that for each chain, and
the number of interchain salt and disulfide bridges
(Henrick and Thornton 1998). The PQS prediction
for 1FB6 was that the presence of two molecules in
the asymmetric unit resulted from a non-specific inter-
action (OLIGOMER of two independent molecules).
An interesting feature of the Trx-m dimer interface
is that it possesses a point-group symmetry, as the
two molecules are related by a non-crystallographic
two-fold axis (Capitani et al. 2000) (Figure 1). The
residues participating in the molecular contacts do not
correspond to those found in the asymmetric unit of
the C. reinhardtii thioredoxin h crystals (Menchise
et al. 2001). In a systematic study of protein–protein
interactions at crystal contacts, Wang and Janin (1993)
showed that some unexpectedly large interfaces oc-
cur in crystals of monomeric proteins, and are nearly
always associated with point-group symmetry. The
same phenomenon was observed for crystals of mono-
meric proteins having more than one molecule per
asymmetric unit (Wang and Janin 1993; Menchise
et al. 2001). Janin and Rodier (1995) pointed out that
such comparatively large interfaces, with point-group
symmetry, may result from dimeric (or multimeric)
intermediates in the crystallization process. Since the
interface between the two molecules in the asymmetric
unit of Trx-m crystals is on the high side of the range
for a non-specific interaction and it does possess two-
fold symmetry, we decided to investigate whether a
significant percentage of Trx-m dimer could be detec-
ted in solution at a concentration and ionic strength
similar to those of crystallization.

Biochemical evidence for monomeric state

Trx-m, prepared as described in Schürmann (1995),
was analyzed for oligomeric state by analytical gel fil-
tration on a Superdex 75 HR 10/30 FPLC (Amersham
Pharmacia Biotech, UK) column (Figure 2). Three
different concentrations of the protein (8.4, 27.4 and
55.6 mg/ml) were used, with 100 mM Tris-HCl buf-
fer pH 7.3, 200 mM (NH4)2SO4 and 0.02% (w/v)
NaN3 (buffer 1). As a comparison, Trx-m had been
crystallized by mixing 1 µl of protein (50 mg/ml in
50 mM Tris-HCl buffer pH 7.3 and 0.02% (w/v)
NaN3) with 1 µl of precipitating solution containing
200 mM (NH4)2SO4, 0.1 M sodium acetate pH 4.6

Figure 2. Analytical gel filtration of recombinant thioredoxin m by
FPLC on a Superdex 75 HR 10/30 column. Sample volume: 25 µl.
Flow rate: 1.0 ml/min. Buffer 1: 100 mM Tris-HCl buffer pH 7.3,
200 mM (NH4)2SO4 and 0.02% (w/v) NaN3. Buffer 2: 50 mM
Tris-HCl pH 8.0 and 0.02% (w/v) NaN3. The peak areas were in-
tegrated using the FPLC manager software. A – dimer peak; B –
monomer peak.

and 30% (w/v) PEG monomethylether 2000 (Capitani
et al. 2000). Trx-m crystals formed at a concentration
higher than 25 mg/ml, due to the equilibration process
in the vapor diffusion method. Buffer 1 provides con-
ditions of comparatively high ionic strength, similar
to those of the Trx-m crystallization experiment. Trx-
m solutions at the same concentrations as above (8.4,
27.4 and 55.6 mg/ml) but in 50 mM Tris–HCl pH 8.0
and 0.02% (w/v) NaN3 (buffer 2) were also prepared
and analyzed.

The results of the gel filtrations, as obtained by
peak integration, are summarized in Table 1 and
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Table 1. Percentage of Trx-m dimer in different conditions.

Trx-m conc (mM, mg/ml) % dimer, % dimer,

buffer 1 buffer 2

0.63 mM, 8.4 mg/ml 12 2

2.00 mM, 27.4 mg/ml 10 5

4.17 mM, 55.6 mg/ml 24 9

clearly indicate that there is a small percentage of
dimer, rising with protein concentration, both in buf-
fer 1 and in buffer 2. Thus, there is evidence of a
monomer–dimer equilibrium, in which the dimer is a
minor species. The amount of dimer is larger (even
though still small in absolute terms) in buffer 1 than
in buffer 2 (Figure 2), probably due to hydrophobic
interactions promoted by the higher ionic strength of
buffer 1. Neira et al. (2001) carried out preparative gel
filtration on their Trx-m samples in the range of con-
centrations 50–200µM (no buffer details were given).
They used a Superdex 75 (26/60) column and did not
detect dimerization in the 50–200µM concentration
range, which was much lower than that described in
this work (0.63–4.17 mM). It is conceivable that, un-
der the conditions explored by Neira et al. (2001), the
amount of Trx-m dimer is so low that it is undetectable.

Conclusions

In conclusion, the non-covalent dimeric arrangement
in the asymmetric unit of the Trx-m crystals possesses
the features defined by (Janin and Rodier 1995) as
indicative for a ‘crystallization intermediate’. In fact,
the two Trx-m molecules have an interface area in the
normal range, but on the high side, for a crystal con-
tact interface. Thus, bioinformatic tools, like the PQS
server, recognize this arrangement to be a non-specific
dimer, which also possesses point-group symmetry
(a two-fold axis). In solution, at high concentration
and ionic strength, a monomer–dimer equilibrium is
detectable, with small but significant percentages of
dimer. It is conceivable that the crystals of Trx-m have
assembled from the small amount of dimer present
in solution. The dimeric arrangement observed in
the asymmetric unit appears, therefore, not to be
biologically significant but rather to be a possible
‘crystallization’ intermediate under the conditions for
crystal growth. In Capitani et al. (2000), the discussion
about the structural and functional properties of Trx-m

assumed that the protein was monomeric in solution.
The presence of two molecules per asymmetric unit
was described, but not discussed, since it was con-
sidered to bear no biological relevance. That choice
appears to be justified in the light of the considerations
and results described above.

Acknowledgements

G.C. would like to thank Prof. Markus G. Grütter
for support, as well as the Swiss National Center
of Competence in Research (Structural Biology) and
the Baugarten Foundation, Zürich. Research in the
laboratory of P.S. is supported by the Swiss National
Science Foundation (Grant no. 3100-67934.02).

References

Capitani G, Markovic-Housley Z, DelVal G, Morris M, Jansonius
JN and Schürmann P (2000) Crystal structures of two function-
ally different thioredoxins in spinach chloroplasts. J Mol Biol
302: 135–154

Eisenberg D and McLachlan AD (1986) Solvation energy in protein
folding and binding. Nature 319: 199–203

Evans SV (1993) SETOR: hardware-lighted three-dimensional solid
model representations of macromolecules. J Mol Graph 11:
134–138, 127–128

Henrick K and Thornton JM (1998) PQS: a protein quaternary
structure file server. Trends Biochem Sci 23: 358–361

Holmgren A (1985) Thioredoxin. Annu Rev Biochem 54: 237–271
Janin J and Rodier F (1995) Protein–protein interaction at crystal

contacts. Proteins 23: 580–587
Jeng M-F and Dyson HJ (1994) High-resolution solution structures

of oxidized and reduced Escherichia coli thioredoxin. Structure
2: 853–868

Jones S and Thornton JM (1996) Principles of protein–protein
interactions. PNAS 93: 13–20

Katti SK, LeMaster DM and Eklund H (1990) Crystal structure of
thioredoxin from Escherichia coli at 1.68 Å resolution. J Mol
Biol 212: 167–184

Lancelin JM, Guilhaudis L, Krimm I, Blackledge MJ, Marion
D and Jacquot JP (2000) NMR structures of thioredoxin m

from the green alga Chlamydomonas reinhardtii. Proteins 41:
334–349

Menchise V, Corbier C, Didierjean C, Saviano M, Benedetti E,
Jacquot JP and Aubry A (2001) Crystal structure of the wild-type
and D30A mutant thioredoxin h of Chlamydomonas reinhardtii
and implications for the catalytic mechanism. Biochem J 359:
65–75

Mittard V, Blackledge MJ, Stein M, Jacquot JP, Marion D and
Lancelin JM (1997) NMR solution structure of an oxidised
thioredoxin h from the eukaryotic green alga Chlamydomonas
reinhardtii. Eur J Biochem 243: 374–383

Neira JL, Gonzalez C, Toiron C, de Prat-Gay G and Rico M (2001)
Three-dimensional solution structure and stability of thioredoxin
m from spinach. Biochemistry 40: 15246–15256

Qin L, Clore GM and Gronenborn AM (1994) The
high-resolution three-dimensional solution structures of the

4



oxidized and reduced states of human thioredoxin. Structure 2:
503–522

Schürmann P (1995) The Ferredoxin/Thioredoxin System. In:
Packer L (ed) Biothiols, Part B, Vol 252, pp 274–283. Academic
Press, Orlando, Florida

Schürmann P, Maeda K and Tsugita A (1981) Isomers in thiore-
doxins of spinach chloroplasts. Eur J Biochem 116: 37–45

Wang X and Janin J (1993) Orientation of non-crystallographic
symmetry axes in protein crystals. Acta Crystallogr D Biol
Crystallogr D49: 505–512

Weichsel A, Gasdaska JR, Powis G and Montfort WR (1996)
Crystal structures of reduced, oxidized, and mutated human
thioredoxins: evidence for a regulatory homodimer. Structure 4:
735–751

5


