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ABSTRACT. Proton NMR spectral resonances of thioredoxifirom spinach have been assigned, and its
solution structure has been determined on the basis of 1156 nuclear Overhauser effect- (NOE-) derived
distance constraints by using restrained molecular dynamics calculations. The average pairwise root-
mean-square deviation (RMSD) for the 25 best NMR structures for the backbone w#s011Q when

the structurally well-defined residues were considered. The N- and C-terminal segmehssafdd 118

119) and residues 4349, comprising the active site, are highly disordered. At the time of concluding
this work, a crystal structure of this protein was reported, in which thioredoxiras found to crystallize

as noncovalent dimers. Although the solution and crystal structures are very similar, no evidence was
found about the existence of dimers in solution, thus confirming that dimerization is not needed for the
regulatory activity of thioredoxiim. The spinach thioredoxim does not unfold by heat in the range
25—85 °C, as revealed by thermal circular dichroic (CD) measurements. However, its unfolding free
energy (9.1 0.8 kcal mof?, at pH 5.3 and 25C) could be determined by extrapolating the free energy
values obtained at different concentrations of guanidinium chloride (GdmCI). The feldimfglding

process is two-state as indicated by the coincidence of the CD denaturation curves obtained at far and
near UV. The H/D exchange behavior of backbone amide protons was analyzed. The slowest-exchanging
protons, requiring a global-unfolding mechanism in order to exchange, are thosgZr@3®, ands4, the

central strands of thg-sheet, which constitute the main element of the core of the protein. The free
energies obtained from exchange measurements of protons belonging dehtiees are lower than

those derived from GdmCI denaturation studies, indicating that those protons exchange by local-unfolding
mechanisms.

Thioredoxins belong to a family of proteins present in all of oxidative damage7), activation of transcription factors
living systems from eukaryotic to prokaryotic cells—<3). (8), life cycle of Escherichia coliphages ), and regulation
A typical thioredoxin can be described as a small(—12 of photosynthetic eventd.().
kDa), monomeric, and heat-stable protein with an acidic  Only one type of thioredoxin has been detected in bacteria
isoelectric point, which functions as a disulfide oxidoreduc- or humans, but eukaryotic photosynthetic cells contains two,
tase enzyme. Its catalytic mechanism involves a conservedand possibly more, very distinct thioredoxins, some of them
pentapeptide sequence, -Trp-Cys-Gly-Pro-Cys-, and occursinvolved in the regulation of several chloroplastic enzymes
via a reversible disulfidedithiol reaction of the two SH (11, 19. For instance, in spinach leaf chloroplasts, two types
groups R). To date there are over 200 known sequences of of thioredoxins have been identified: thioredoXjrwhich
different forms of thioredoxins with lengths ranging from activates the fructose-1,6-bisphosphatak®), (and thiore-
105 to 120 amino acids. Despite the large variation in primary doxin m, which activates the NADP-dependent malate
structure among the members of the family, the location of dehydrogenasel{). These two proteins are reduced by a
these two cysteines in the active site is conserved. Further-ferredoxin-dependent thioredoxin reductase, light producing
more, all members of the family with an available three- in turn the photoreduced ferredoxid4). Also, in other
dimensional structure have a common fald 4), consisting photosynthetic cells there are cytosolic thioredoxins (named
of a centrals-sheet flanked byr-helices. Thioredoxins are  thioredoxin h), whose function remains unknowrl5).
involved in a large number of important cellular processes Recently, the NMR solution structure of thioredoxih of
(for a complete recent description of the biological activities green algaChlamydomonas reinhardt{il6—18) has been
of the thioredoxin family, see re&§ and references therein) reported; the structure is the typical thioredoxin fold. Within
such as deoxyribonucleotide biosynthedis (egeneration  this general context, it is an interesting point to elucidate
whether thioredoxinm of spinach leaves, a higher plant in

" This work was supported by Project of Generalitat Valenciana GV- the evolutionary scale, adopts also a similar fold to that of
00-024-5 (to J.L.N.). - _ thioredoxinh
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stability of the protein against heat and chemical denatur-
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respectively) ad 1 s of recycle delay, 128 scans pér

ations has also been proven and shown to be remarkablyincrement, and with the residual water signal attenuated by
large, as observed in other members of the family. Thesepresaturation during the relaxation delay. TOCSY and
findings would set the basis for (a) studies to explain the NOESY experiments were acquired with a data matrix size

high stability of thioredoxinm when compared to other

of 4K x 512 {, andt,, respectively), with the MLEV17 spin-

members of the same family and (b) studies of the interaction |ock sequence2d) with 50 and 80 ms of mixing time in the

between thioredoxim and NADP-dependent malate dehy-

TOCSY experiments. NOESY spectr25] were collected

drogenase or fragments from it, directed to a better under-with mixing times of 50 and 150 ms. Typically, 128 scans
standing of its role in basic plant photosynthetic processes.yere acquired peti increment in both types of experiments,
For these studies, the resonance assignment arrived at in thigith the residual water signal removed in both cases by the

paper is absolutely crucial.
A crystal structure of thioredoxim has been reported
recently (9) that coincides practically with the one in

WATERGATE sequence?g). Data were zero-filled, resolu-
tion-enhanced, baseline-corrected with phase-shifted sine bell
(DQF-COSY) or square sine-bell window functions (TOCSY

solution determined here. Small structural and dynamiC and NOESY) Optimized in each Spectrum, and processed with
differences will be noted. Although thiOl‘edOXimcryStallizeS the Bruker UXNMR Software_lH NMR resonances were
as noncovalent d_imers, we have not found any evidence forassigned by standard sequential assignment procezges (
dimer formation in solution. The random coil chemical shift values of; lgrotons were
obtained from tabulated data in model peptid28).(3June
coupling constants of nonoverlapping signals were estimated

Reagents and Protein PurificatioReuterium oxide (99 by the analysis of TOCSY and NOESY spectra by the
atom % in2H,0) was obtained from Cambridge Isotope Method of Wishart and co-workerg). Qualitative exchange
Laboratories, and TSP was from Sigma. Standard suppliersexperiments were carried out by dissolving the lyophilized
were used for all other chemicals. Water was deionized andprotein in?H20 at pH 5.8 and 28C and acquiring a NOESY
purified on a Millipore system. Plasmid construction and experiment with a mixing time of 150 ms during 20 h.

protein purification was as describe2l). Protein concentra- To check whether thioredoxim forms dimers in solution,
tion was determined by UV spectrophotometry with the the 1.5 mM NMR sample was diluted 10-fold and the
calculated extinction coefficients for model compour@§(  monodimensional spectra of the two solutions (1.5 and 0.15
NMR SpectroscopyNMR samples were prepared by mM) were compared. No change in either chemical shifts
dissolving the lyophilized protein in a 9:1,8/H,0 solution.  or line widths was observed (data not shown), which
The solution was centrifuged briefly to remove insoluble indicates that no aggregation takes place up to 1.5 mM
protein and then transferred &8 5 mm NMRtube. Spectra  concentration.
were recorded on a Bruker AMX-600 spectrometer, working Amide Proton Exchange by NMRyophilized samples

1
a'|[_|aol]:| tﬁgqsuaegcfegfﬁgg'allg.l':g?ezd ?)t 3;}2?;233& ITI hﬁ? of thioredoxinm were dissolved in 0.5 mL ofH,0 at pH
P P ! Y 5.3, 25°C, to detect the maximum number of amide protons.

and NaGH at a final value of 58, to compare with the The exchange behavior was followed by the tandem method

solution structures of other thioredoxins. The pH was 29). Twodi ional h | COSY irain ab
measured at the beginning and end of every experiment with( ). Two-dimensiona omonuciear spectra in- ab-
solute mode 30) were acquired with increased delays for

a Russell glass electrode, without finding any difference X - )
between both measurements. Values of the pH reported heré!P 10 5 days. During data acquisition the carrier frequency

represent apparent values of pH, without correction for Was Set on the water signal, and the spectral width was
isotope effects. TSP was used as the internal chemical shift/801.69 Hz in both dimensions. The spectra were typically

reference. Protein concentration was in the rang.5 mM. recorded with 2048 complex data points and 128&cre-

Assignments are given in Table S1 of Supporting Informa- Ments (128 scans parincrement) by the TPPI method3).
tion, at pH 5.8 and 25C. The spectra were processed with the BRUKERXNMR

One-dimensional spectra were acquired with 16K data software working on a SGI workstation. Prior to Fourier
points, averaged over 512 scans and with 7801.69 Hz spectraffansformation, a mild square sine-bell window functions
width (13 ppm). Two-dimensional spectra with a spectral €dual in all experiments was used. Polynomial baseline
width of 7801.69 Hz in both dimensions were acquired in Corrections were applied in both dimensions. The final 2D
the phase-sensitive mode by the time-proportional phasedata matrix contained 2K« 1K data points. The volume
incrementation technique (TPPB2). Standard phase-cycling  integrals of the cross-peaks were calculated with the BRUK-
sequences were used to acquire the complete set of experiER software for each spectrum. Hydrogen exchange rates
ments in order to achieve assignments and structure elucidawere determined by fitting the decay in cross-peak volumes
tion. The double-quantum-filtered COSY experime@8)( VS time to the equatioh = A exp(—ket) + C, wherel
was acquired with a data matrix size of 8512 ¢, andty, represents the volume of the cross-pells the amplitude

of the exchange curvéy is the observed exchange rate,

1 Abbreviations: CD, circular dichroism; COSY, two-dimensional Is the Flme expressed in m_mUtes’ dnds a constant, which
correlated spectroscopy; GdmCl, guanidinium chloride; NMR, nuclear takes into account the residual nondeuterated water and the
magnetic resonance; NOE, nuclear Overhauser enhancement; NOESYthreshold setting used in the intensity calculations. Data were
two-dimensional nuclear Overhauser enhancement spectroscopy; RMSDy¢; ;
root-mean-square deviation; TOCSY, two-dimensional total correlation fitted b.y the program Kale|dagraph (A.belbeCk software) on
spectroscopy; TPPI, time-proportional phase incrementation; TSP, & Macintosh computer. The full kinetics for the exchange

reaction follows the LiderstromLang scheme, according to

MATERIALS AND METHODS

[2,2,3,32H,]-3-(trimethylsilyl)propionic acid sodium salt.
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Ky Kint less than 2.0 A and (b) doneproton—acceptor angle less
closed?—'r open— exchanged than 35. (b) P P g

Circular Dichroic ExperimentsCircular dichroic spectra
where the closed form represents the exchange-incompetenjyere collected on a Jasco J720 spectropolarimeter fitted with
form of the protein, and the open form is the exchange- a thermostated cell holder and interfaced with a Neslab RTE-
competent form of the protein. In the final step of the above 110 water bath. The instrument was periodically calibrated
reaction, exchange takes place from the opening form with (+)-10-camphorsulfonic acid. Isothermal wavelength
according to the intrinsic constanki.. For each amide  spectra were acquired at a scan speed of 50 nm/min with a
proton, this constant was calculated according to reportedresponse timefol s and averaged over six scans at 25 (
equations from model peptide31]. The other two constants,  .1)°C. The corresponding amount of protein was dissolved
kop andky, are the rates of the opening and closing processes,in 20 mM phosphate at pH 5.3. The reported pHs in these
respectively. Under our conditions (see legend to Table 3), experiments were the readings from the pH-meter. Far-UV
exchange occurs by the so-called EX2 limit, in whigh> measurements were performed with-2D «M protein in a
Kint, andkey is given by 82) kex = (Kop/ke)kint = Kopkin, Where 0.1 or 0.2 cm path length cell. Near-UV spectra were
Kop is the apparent equilibrium constant for the opening acquired with 36-40 uM protein in a 0.2 or 0.5 cm path
exchange-competent state. TiHg, can be converted to  |ength cuvette, which were corrected by subtracting the
apparent free energies BYGe, ™ = —RTIn (Kop) = =RT  proper baseline in all cases. Concentration dependence
In* (kex/kin), where R is the gas constant and is the  experiments were carried out in the range-1604M. No
temperature (in kelvins). It is important to note that this free ifferences in the CD signals were observed in that range
energy is an apparent free energy, siqce its calculation relies(data not shown). Ellipticities are expressed in units of
upon the values ok of model peptides31). We have  gegrees centimetérper decimole, according to the expres-
assumed that all gluta}mlc and aspartic residues are in thegjgp [©] = ©/10icN, where® is the observed ellipticity;
carboxylate form at this pH. is the molar concentration of the proteinis the cell path

Determination of Three-Dimensional Structufmalysis length (in centimeters), and is the number of amino acid
of the 50 and 150 ms NOESY spectra was carried out with residues in the sequence.
the program XEASY §3). Cross-peaks were integrated by Thermal denaturation experiments were performed at a
use of the integration routines of the XEASY package. heating rate of 56C/h and a response time of 8 s. Thermal
Intensities were converted into upper distance bonds by Uségcans were collected in the far-UV region at 222 nm from
of the program CALIBA 84). Scaling factors were chosen 55 14 85.0°C in 0.2 cm cells with a total protein concentra-
to reproduce the correct distance limits for protons pairs o of 20-30 uM at pH 5.3. The solution conditions were
separated by fixed distances, such as-fic of aromatic {he same as those reported in the far-UV experiments. The
rings or Hu—methyl in valine residues. Cross-peaks that yeyersipility of thermal transitions was checked by recording
could not be integrated due to either partial overlap or close 5 hew scan after cooling of the thermally denatured sample
proximity to the residual water signal were qualitatively .4 comparing the new scan with the spectrum obtained
assigned as strong, medium, and weak and were assigneflatore heating. The possibility of drifting of the CD

distance copstralr?tz of 3'0'b4'0d’ andf5.0 A, resl,_pecnvely. NO ghectropolarimeter was checked by running two samples
constram(t_js. rorr]n ydrogen CI’” IS orirom ,C,Olljp INg constants o naining buffer before and after the thermal experiments.
were used in the structure calculations. Initial structures were . qitferonce was observed between the seans.

calculated from the NMR-derived upper bounds by the L . .
method implemented in the program DYAN2H, 3§. The GdmcCl titrations were carried out under the same condi-

best structures were used to solve for ambiguities in the cross-ions as the exchange experiments, that is, pH 5.3 and 25

peak assignment. Thus, long-range and nonsequential NOE C. by dissolving the proper amount of the denaturant from
n 8 M stock solution and leaving the solution overnight to

cross-peaks were assigned in several consecutive rounds of"? © _
peak assignments and DYANA calculations. Stereoespecific auilibrate. Spectra were acquired at a scan speed of 50 nm/
assignments were obtained by comparison of the NOE Min, and six scans were recorded atZ5 The response
patterns of experimental results with those expected from {ime was 2 s. The path length of the cell was 0.1 cm, with
the structures obtained in the final stages of the distance Protéin concentration of 2630 «M. For the experiments
geometry calculations. They are duly marked in the table of In the near-UV, 0.2 cm path length cuvettes were used.
assignments (Table S1 of Supporting Information). For Spectra were co_rrected by su_btractlng th_e baseline in all
protons not stereoespecifically assigned and for methyl andC2Ses: The chemical den.atura.tlon sample is fylly reverS|b_Ie,
aromatic protons, the usual pseudoatom corrections weredS demonstrated by the sigmoidal curves obtained by starting
applied. Finally, the best structures in the last round of from diluted 6 M GdmCl (data not shown).

DYANA calculations were further refined by restrained Analysis of Denaturation Cwes and Free Energy De-
molecular dynamics with the program GROMO&) and termination Denaturation curves were analyzed with a two-
the protocols of our laboratory for structure calculatidB& state model for the native/unfolded equilibrium, according
40), obtaining 25 structuresThe atomic coordinates have to the linear extrapolation mod@&G = m([U] s — [U]),

been deposited in the Brookhaven Protein Data Bank, PDBwhere AG is the free energy of denaturation, [U] is the
code 1GL8. The program MOLMOL4Q) was used in denaturant concentration, and [} is the concentration at
structure analysis, molecular graphic manipulations, and the midpoint of the transition. The denaturation data obtained
detection of possible hydrogen bonds. The criteria for by CD (far and near) were fitted to the two-state equation
hydrogen-bond formation were (a) proteacceptor distance  (42)
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©, + @De—AG/RT) Trp 41 were straightforward. The NH of Cys42 could be
= “AGRT identified from a weak, but distinctive, NN, ({ + 1) NOE
(1+e ) connectivity between Trp41 and Cys42. We could not assign

the resonances ofddprotons of Gly43 and Pro44 until we
where®y and©®p are the corresponding ellipticities of the  had almost finished the assignment of the protein. However,
folded (N) and unfolded states (U), respectively, for which the NH chemical shift of Gly43 could not be identified.
a linear relationship with denaturant (i.@y = o + fn- Similar results have been observed in the oxidized forms of
[U] and ©p = ap + fp[V]) is admitted;Ris the gas constant g coli thioredoxin @3) and the thioredoxirh form C.
andT is the temperature in kelvins. Fitting by nonlinear least- reinhardtii (16). The sequential connectivities between Pro44
squares analysis was carried out by using the general curveand Cys45 are obscured due to overlapping with other
fit option of Kaleidagraph (Abelbeck software) on a Macin- resonances.
tosh computer. The results are indicated in Table 4. Among the eight proline residues of thioredoxm only
RESULTS Pro86 was found to be in a cis configuration, as evidenced
from the intense NOE contact between the Hroton of

H NMR Sequential Assignmeni®&ioredoxin (13 kDa) [le85 and the t proton of Pro86 (Figure 1). There is no
is just around the high molecular weight limit for NMR evidence of minor populations in the trans conformation. The
structure determination, with only unlabeled samples. Nev- remaining prolines showed intense NOEs between théir H
ertheless, due to the high content of secondary structureprotons and the & of the preceding residue, as expected
elements, the overlapping of resonance lines is not too severefor a trans conformation.
so that the assignment could be carried out by the strategy Secondary Structure Pattern Recognition and Protein
based upon homonuclear experimeras) ( Main-Chain Fold.Figure 1 provides additional qualitative

A summary of the observed interresidue sequential NOE information useful in the identification of secondary structure
connectivities for oxidized thioredoximis shown in Figure  along the protein chain. This information is the following:
1. Continuous sequential backberigackbone NOEs facili-  (a) an estimation of théJun, of nonoverlapping signals
tated the assignment for the majority of the backbone obtained by applying the procedure developed by Wishart
resonances, except for those regions where they were absenaind co-workersZ8) to TOCSY and NOESY experiments;
Especially difficult was the region involving residues-80  (b) amide proton exchange rates observed for a period of 20
87, belonging to a helical structure (see below), where the h to identify hydrogen-bonded protons; and finally, (c)
Ho resonances of several residues were close to the wateiconformational shifts [l chemical shifts minus random coil
signal (see Table S1 of Supporting Information) or obscured values 27)]. By using these data and the complete set of
by overlapping with other resonances. Similar difficulties long-distance NOEs, we were able to characterize the
were found for the pair Ser118-Pro119. The highly flexible elements of secondary structure of thioredorin which
segment comprising the first 13 N-terminal residues could consists of four helices and fiyé-strands.
not be assigned unambiguously because of the severe The four helices roughly spanning residues-28 (o.1),
overlapping in the region where those amide protons appear50—60 (@2), 72-82 (@3), and 106-117 (@4) can be inferred
Resonances in that region were tentatively assigned on thefrom Figure 1 by (i) strong or medium NN, { + 1), medium
basis of similarity of the observed chemical shifts with those aoN (i, i + 2), and mediunug (i, i + 3) connectivities; (ii)
of random-coil modelsZ7). All evidence (shifts and line  coupling constants< 6 Hz; (iii) negative conformational
widths) points toward that region being totally unstructured. shifts; and (iv) amide protons protected against exchange

Residues belonging to thg-strands could be easily after 20 h.
assigned because of the strong sequeabi&(i, i + 1) NOEs The presence of fivg-strands spanning residues-1B87
and interstrand long-range NOEs. Figure 2 shows the (51), 32-38 (52), 63-69 (33), 86-92 (54), and 96-102
pB-strand connectivities within thgg-sheet. Some NOE  (f5) could be inferred from (i) long-distance NOEs involving
connectivities, which were to be expected on the basis of backbone amides andoHprotons of residues located in
scaffolding of theS-sheet, could not be observed because differents-strands (Figure 2)43 tightly associates witfi2
of their proximity to either the diagonal or the residual water in a parallel manner, as well # with 51 (see below), and
signal, such as that between thet ldrotons of Trp38 and 4 is associated wit(5 andS2 in an antiparallel fashion];
Pro86. (ii) coupling constants> 6 Hz (Figure 1); (iii) positive

Amino acid residues in the first helix (residues-229) conformational shifts; and (iv) consistency between the
were difficult to assign because of overlapping of NH and observed slow-exchanging protons after 20 h and the
Hoo chemical shifts of adjacent residues. For instance, hydrogen-bond scaffolding characteristic of tffesheet
residues Trp22 and Lys23 have very similan ldhemical conformation (Figure 2).
shifts, as it happens also with those of Glu24 and Phe25 Residues 1317 have large positive conformational shifts
(Table S1 of Supporting Information). Similar difficulties (Figure 1), but no evidence of long-range contacts of this
were found in the fourth helix: the NH resonances of region with the othep-strands was found (Figure 2), nor
residues Thr108 and Leul09 are identical (7.39 ppm), andwere slow-exchanging protons detected in the strand (Figure
also those of Lys106 and Thr110 (8.88 ppm). Conversely, 1). Long-range contacts were observed, however, between
residues in the second helix following the ones belonging the side chain of Vall4 and Tyr66, indicating the proximity
to the active site were easily followed through the sequential between both residues. Similar behavior was observed in the
NH—NH NOE connectivities. thioredoxinh of C. reinhardtii (16), although long-range

We also experienced some difficulty in assigning the main-chair-main-chain NOEs were also detected in that
active-site region. Sequential assignments of residues up tocase.
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Ficure 1: Summary of NMR data. NOEs are classified into strong, medium, or weak, according to the height of the bar underneath the
sequence. The corresponding sequential NOE with the following H) of the proline residue are indicated by an open bar in the row
corresponding to theN (i, | + 1) NOEs. The white squares indicate those residues that were detected after 20 h of exchange; exchange
was initiated by dissolving the protein #d,0O at pH 5.8 and 33C. Residues whose conformational shifts (see text) are larger, positive

or negative, are represented by-ar —, respectively; O indicates those residues whose conformational shifts are lower (positive or negative)
than 0.1; and asterisks indicate the glycine residues, with two different chemical shifts for @gebtbin. Amide protor-o-proton vicinal
spin—spin coupling constanyqne, are represented by-a for those residues with a value larger than 6 Hz anfbr those with a value

lower than 6 Hz.

Solution Structure Calculations of Thioredoxin m of  Analysis of the Three-Dimensional NMR Solution Structure
Spinach. Structure calculation followed the protocol de- of Thioredoxin mThe structure of thioredoxim is formed
scribed under Materials and Methods. Several repeatedby a five-strandeg@-sheet surrounded by four helices, with
rounds of long-range and nonsequential NOEs were assignedhe first 13 residues disordered. The five strands in the
and converted to distance constraints to use as input data in-sheet are arranged in a parallel and antiparallel manner
DYANA. Distance constraints were derived from the 50 ms (Figure 2). Well-defined secondary structure elements ac-
NOESY experiment. The best DYANA structures together count for 80% of its structure. Except for the first 13 residues
with the NOESY spectra were used to assign stereoespe-and the loop region following3, all residues are involved
cifically the methyl protons of six out of 11 valine residues, in either-strands, helices, or turns. The extension of the
and thesp' protons of appropriate residues showing different different elements of secondary structure as determined by
chemical shift and nonoverlapping signals. The resulting the structure calculation matches very closely the one derived
structures were subjected to another DYANA calculation and qualitatively in the previous section, by use of the chemical
further refined by restrained molecular dynamics with shift, NOE, and exchange data information.

GROMOS to generate 25 energy-minimized NMR solution (i) o-Helices. The four a-helices are displayed on the
structures. Table 1 summarizes the number of structurally external surface of the globular molecule. All helices are
relevant intraresidual, sequential, and medium- and long- rather regular with only minor deviations for the main-chain
range constraints. In Table 2, the residual violations and thetorsion anglesg andw, in relation to the standard-helical
potential energies of the calculated structures are given. Thevalues. The length of the helices is very similar in the NMR
average pairwise RMSD values for all backbone atoms andstructures and in the crystallographic one, with the exception
heavy atoms between residues 13 and 117 weret1043 of theo2 helix (19). In the crystal structure this helix extends
and 2.1+ 0.4 A, respectively. The region between residues from residues 44 to 60, while in solution the helix runs only
41 and 49 is poorly defined. When these residues arefrom 49 to 60.

excluded, the global RMSD is 14 0.1 A for the backbone (i) p-Sheet The five-stranded pleatgtisheet forms the
and 1.8+ 0.2 A for the heavy atoms. Figure 3 (top) shows core of the molecule, with most residues being highly
the backbone conformations in the final 25 energy-minimized hydrophobic. The sheet is twisted and composed of parallel
structures superimposed for minimal RMSD over the struc- (p) and antiparallel (a) strands with the arrangengdmt53p
turally well-defined residues 13117 with the first 13 and  32p f34af5a. In Figure 2, the observed NOE connectivities
last residues omitted for the sake of clarity. Figure 4 describesare represented.

the backboned, ) dihedral angles of each residue in the  Residues 1317 could not be defined at first as a part of
25 energy-minimized structures. the5-sheet, due to the absence of backbelbeckbone NOE
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Ficure 2: Alignment of the fiveg-sheets of thioredoxim. Long-
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latter protons (Table S1 of Supporting Information) are in
favor of defining that segment as fa&strand (31). The
absence of observed NOE connectivities could be due to
signal overlapping, proximity to residual water signal, or a
looser secondary structure, as shown in a thioredoxi@.of
reinhardtii (16). The remaining four strands present a regular
and well-defined conformation, almost identical to the X-ray
structure (Figure 3, bottom).

(iii) Packing of Secondary Structure Elements gficlirns.
There are foups-turns in thioredoxirm and a reverse turn,
which involves cis Pro86. Most of these turns are rather
flexible, but in general, the most populated conformer in the
NMR ensemble coincides with the X-ray conformation.

Helicesal anda3 pack on one side of thg-sheet and
o2 and a4 on the opposite side. The side chains form
hydrophobic clusters on either side of thesheet. A first
cluster involves the side chains of Trp221{), Val26 @1),
Val35 (52), Phe372), lle76 @3), Tyr80 @3), lle82 (loop),
Phe91 §-hairpin), and Arg96£-hairpin). The aromatic side
chains of this cluster are arranged in a tetrahedral geometry
and are the most important contributors to the cluster
stability. Similar arrangements occur in the corresponding
residues of thé&. colithioredoxin é3,44 and in thioredoxin
h of C. reinhardtii (17,18. On the opposite side of the
p-sheet, the cluster is formed by lle522), Val65 (33),
Val88 (34), and Tyr59 (at the C-cap @f2). This cluster is
organized around the aromatic chain of Tyr59, which is at
the end of a groove formed by helice? andoA4.

Helicesa2 ando4 pack against each other via hydrophobic
interactions and through a network of ionic interactions

distance NOEs observed in NOESY spectra are shown by continu-involving Glu54, Glu58, and Lys106. On the basis of the

ous double arrows.

Table 1: NMR Structure Constraints Summary

no. of constraints

type of constraings total <35A 35-45A >45A
intraresidual i — j| = 0) 174 22 92 60
sequential|{ — j| = 1) 336 87 80 169
medium-range (X |i —j| <5) 265 8 49 208
long-range|i — j|> 5) 381 6 18 357
all 1156

2j andj represent two residues in the primary sequehdde upper
limit is 5.0 plus appropriate pseudoatom corrections (see text).

Table 2: Residual Constraints Violations in the Final 25 Structures

avg no. of distance

range (A) constraint violations

0.00-0.25 132.2

0.25-0.50 43.7

0.50-0.75 4.4

0.75-1.00 0.7

>1.00 0.0

maximum violation (A) 0.7

avg sum of violations (A) 32.7

avg range

total energy (kJ mott) —3432 —3820 to—3130
Lennard-Jones energy (kJ m¥) —1540 —1781to—1110
NOE term (kJ mot?) 330 28610 372

contacts with the region 6369 and to the lack of protection.
However, the presence of side-chaBide-chain contacts
between some residues 68 and those of the region 13

large number of salt bridges presentoit and in computer
simulations 45), it has been suggested thst could act as
a protective element for the whole molecul), Those
interactions would prevent the fraying of the C-terminus of
helix o4 and then the denaturation of the whole protein.
Helicesal anda3 do not interact as extensively a2 and
o4, although NOE connectivities do exist between the side
chains of Trp22 and Tyr80 and between Ala73 and Asn18.

(iv) Redox-Actie Site.The active site involves residues
Trp41-Cys42-Gly43-Pro44-Cys45, at the N-terminusdf
It is a flexible region, as judged by a local backbone-atom
RMSD of 1.5+ 0.3 A. Only the 6, ) dihedral angles of
Trp41l are well-defined, the others being completely disor-
dered (Figure 4). The active-site side chains protrude from
the surface of the protein and display very few interactions
with the rest of the structure. The only interaction present
in the calculated structures was the one between the indole
proton of Trp41 and the side chain of Asp71. However, no
NOE connectivities could be observed between the two
residues. Conversely, the preceding and the following part
of the segment containing the residues at the active site are
held tight through long-range interactions. The preceding
region isf32, which is a constituent of the core of the protein,
and the following region is2, which makes strong interac-
tions with a4 and the rest of thg-strands.

Comparison with the X-ray Structur€he main difference
between the crystal and solution structure of thioredaowin
is that in the first case a noncovalent dimer is form&@) (
while no evidence has been found in the latter to support
dimerization. The RMSD between the average solution

17, as well as the downfield shift observed for most of the structure and each subunit of the X-ray structure is 1.3 A
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Ficure 3: Stereoview of the polypeptide backbone of thioredarir{Top) Final 25 energy-minimized NMR structures superimposed over
residues 13117. (Bottom) Superpositions of the average NMR structure and the crystallographit3ne (
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Ficure 5: RMSD per residue between the 25 NMR structures (solid
line) and between the X-ray and the average solution structure
(dashed line).

have used four different approaches covering a complete
range of protein concentration. First, we have carried out
concentration-dependence CD experiments in the range 10
. 150 uM; no differences in the shape or the intensity (after
"o 80 s 10 1o normalization) of the CD signals were observed in that
Seq. concentration range (data not shown). Second, the 1.5 mM
FIGURE 4: Backbone ¢, v) angles for each residue in the 25 best NMR sample was diluted 10-fold and the monodimensional
NMR structures. Each dot indicates the value in one NMR structure, spectra of the two solutions (1.5 and 0.15 mM) were
and the bar indicates the range of NMR values. compared. No change in either chemical shifts or line widths
) ) i was observed; for example, the line widths for the methyl
for the well-defined region, only slightly _Iarger than the groups of Val26 and the methyl group of Ile76 (the most
RMSD between the different structures in the NMR en- pfield-shifted protons in thioredoxim; see Table S1 in
semble. The largest differences between the structures arg&sypporting Information) at both concentrations are 25 Hz,
located in regions where the solution structure is poorly jn the range observed for the same resonances in other
defined (Figure 5). From that we may conclude that there monomeric thioredoxins, where a value of 20 Hz is found
are not large conformational changes upon dimer formation (49). Lower concentrations than 0.15 mM yielded poor
in the crystal. signal-to-noise NMR spectra. Thus, both sets of experiments
Dimerization in human thioredoxin was interpreted as a (CD and NMR) indicate that no aggregation is taking place
possible regulatory mechanisdi/(, 6, a hypothesis that was  from 10uM up to 1.5 mM concentration. Third, a calculation
challenged by NMR-based studiet8]. To check whether  was performed in order to list the possible intermolecular
thioredoxinm from spinach forms dimers in solution, we NOEs in a dimer like the one in the crystal structure, and a
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Table 3: Amide Proton Exchantje §305 T
secondary  knd Kex? AGe,dPPe 2
NH residue structure (min=?) (min—1) (kcal mol™) ;
Glu24 al 7.93  0.0015k 0.0004 5.0+ 0.4 2
Val3z B2 slow >6.0 =
Asp36! B2 slow >6.0 z-
Ser60 o2 8.49 0.0069t 0.0004 4.2+ 0.3 I
Lys67 p3 slow >6.0 20 e
Ala73 a3 2.28 0.0004%0.00007 5.0+ 0.5 B gt oy 2020
Tyr80 a3 2.75 0.0014t 0.0005 45+04 12 ! — gf B
Thr87 p4 10.94 0.0003t 0.0001 6.0+ 0.6 : ® ]
Leus9 B4 slow >6.0 c 1P - —e—234 |
Phe91 B4 slow >6.0 59 0gt w222
Lys92 p4 slow >6.0 g goe b 7280 )]
1le100 p5 1.28 0.0022t 0.0004 3.8:0.3 So b
Serll2 o4 5.00 0.0025t 0.008 45+04 Sgoar E
Vall16 o4 2.28 0.001H 0.0007 4.3t 05 So2f (B E
a Calculated according to Englander and co-workers at pH 5.3 and o S - ‘ ! ‘
298 K (31). P Errors are fitting errors to the exponential decalree 0 1
energies are calculated assuming EX2 mechanism in thioredoxin
The mechanism of exchange is EX2, as can be concluded from several =~ i +
observations §1). First, in an EX1 mechanism, all the observed 3 0 :‘(C) —e—280
exchange rates must be similaé#2), while in our conditions the £ S E - 230
exchange rates are very different. Second, the apparent free energies 2 10 =222
determined for Ala73 and Thr87 are identical, within error, despite the 8 15 E v B e o g
large differences in the values &f;. 9 These signals overlap in the £ -20 ¢+ E
COSY experiments. ; -25 3
I T Rk e TOONNE
search for those NOEs was conducted for tracing them in 290 300 310 320 330 340 350 360

. T t K
the spectra, which was unsuccessful. In fact, the number of emperature ()
FIGURE 6: (A) Far-UV CD at 0 ad 6 M GdmCl at 25°C. (B)

NOEs left unassigned was very low indeed. Finally, gel- GdmCIl denaturation followed by far- and near-UV (pH 5.3, 25

filt_ration _experiments carried_ out during purification of °C). (C) Thermal denaturation of thioredoxim at different
thioredoxinm, on a gel-filtration Superdex G75 (26/60) wavelengths (the units are arbitrary).

column (Amersham Pharmacia Biotech), showed that thiore-
doxin m elutes at the volume expected for a protein with a Table 4: Thermodynamical Parameters for GdmCl Denaturation

molecular weight of 1213 kDa in the range of concentra- m (kcal [GAMCllsos AGuater

tions explored, 56 200uM. These facts further confirm the spectroscopic probe mol~t MY (M) (kcal moly)

absence in solution of a dimerization of thioredorirlike far-UV CD (234 nm) 3405 2.88+003 98+09

the one observed in the crystal. far-UV CD (222 nm) 3.1+£03 2.83+0.03 8.8+0.8
Amide Proton Exchange in Thioredoxin The exchange near-Uv CD (280 nm) 3204  2.87+0.04 9.2£08

rate of residues Lys6738), Leu89 $4), Phe91 4), Lys92 mean 32604 286£003 9.1+08

(B-bulge), and Val33 and Asp338) could not be deter- aErrors are fitting errors to the two-state equation (see Materials

mined because their exchange rates were too slow to be2nd Methods section).

measured under our conditions (i.e., the intensity of their

respective cross-peaks decreased less than 10% during the CD Measurements of Thioredoxin m Folding and Stability.
time of the experiment) (Table 3). These residues are deeplyThe folding and stability of thioredoxim under the same
buried in the core of the protein and their exchange takes exchange NMR conditions were examined by near- and far-
place by a global-unfolding mechanism. There were other yv CD and thermal denaturation. In the absence of denatur-
residues whose exchange rates could not be measured dugnt native thioredoxirm has a very intense far-UV CD

to poor magnetization transfer through theoupling inthe  spectrum with a minimum at 220 nm and a smaller one at
absolute-mode COSY experiment. The exchange rates anth34 nm (Figure 6A). The latter must be due to the presence
unfolding free energies of the remaining residues are uf {yniophan residues in the sequence, as it has been reported
collected in Table 3. We have probes at every element of ¢ 5ther proteinsj0, 53. When the denaturant concentration
secondary structure byitl. For a1, monitored by Glu24, ¢ increased, the ellipticity decreased, showing sigmoidal

i iti 1
the free.tene(rjgg 'SSS'OG'SC?L”TGI lFOW?é It 'Sf4'2 l;]c_:arllmo‘rr; behavior. The thermodynamic parameters obtained from the
as monitored by Sero®, the only residue for which exc angeﬁtting to the two-state equation at several wavelengths are
could be measured. 3, residues Ala73 and Tyr80 could . ; .
given in Table 4 (Figure 6B).

be observed displaying very close free energies, probably
indicating that both residues exchange by the same local- The near-UV spectrum of native thioredoxin is very
unfolding event. Finally, Ser112 and Tyr116 map the stability intense, as could be expected for a protein with six tyrosine
of a4 in the middle of the helix and at its C terminus, with ~ residues, three tryptophans, and five phenylalanines (data not
very similar free energies. 1le108%) was the only residue  shown). There is a clear maximum at 280 nm. No near-UV
involved in the -sheet whose exchange rate could be signals could be observed, however,6aM GdmCl. The
measured, probably due to the fact that/fbds not involved chemical denaturation followed by near-UV also showed
in the central scaffolding of thg-sheet. sigmoidal behavior (Figure 6B).
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Table 5: RMSD between Thioredoxm from Spinach Leaves and
Other Thioredoxins

B. acido- C. rein-

atoms E. coli Anabaena caldarius hardti  human
backbone atomis 1.5 1.3 1.9 1.8 1.7
p-sheet 0.6 0.7 1.1 0.9 1.4
o helice$ 1.4 1.1 1.7 1.5 1.7

2The PDB data entries are as follows: fiar coli (molecule A),
2TRX (44); thioredoxin 2 fromAnabaena(54), 1THX; thioredoxin
from B. acidocaldariug46), 1QUW; thioredoxirh from C. reinhardtii

Neira et al.

hydrophobic residues that are thought to be important in the
binding to other proteins5@, 53. In thioredoxinm these
residues are Trp38, lle85, Pro86, and those in the segment
lle100—-Alal103. Although those residues are not conserved
among the members of the family, the orientations of the
particular side chains are essentially the same. It should be
interesting to elucidate in future studies whether these
residues are important for the binding of thioredorirto
NADP-dependent malate dehydrogenase or even to fructose-
1,6-bisphosphatase.

(19), ITOF; and human thioredoxi69), 1TRS. The protein sequences In the active site, the backbone of both catalytic cysteine
were aligned by a least-squares fit of the backbone atoms. Sequence !

numbers in parentheses refer to thioredoxirfrom spinach leaves. fesidues is dlfferent.. Cys4s ha; awell-deflned conformation,
b Residues 1341 and 49-117 (residues between 41 and 49 are poorly and that of Cys42 is very flexible. A similar fact has been
defined).c Residues 1317 (31), 32-38 (52), 63—-69 (33), 86-92 (34), observed in all other thioredoxin solution structur&s, (44,
and 96-102 (85). ¢ Residues 2230 (a1), 41-60 (@2), 72-84 (@3), 48), which must be an intrinsic characteristic of their active
and 107117 (4). site. The side-chain torsional anglé for Cys 42 is also
) . ] ~spread among several conformations with a mean value of

Up to the highest temperature examined, no sigmoidal 15¢¢ This value is similar to that found for this cysteine
temperature dependence of the ellipticities was observed. Thgesidue inE. coli (44) and B. acidocaldarius(46) thiore-
signal at 222 nm just decreased slightly in a linear and qoxins, but it differs from the one found in thioredoxin from
monotonic way with increasing temperature in the examined ¢ reinhardtii (17,18. The reason for this discrepancy might
range (Figure 6C). be related to the different reactivity of the members of
thioredoxin family shown during the first step of the
DISCUSSION enzymatic reduction, when Cys42 is involved. Conversely,

Comparison of the Thioredoxin m Structure with Those Cys45 has a similgyl value among all thioredoxins known
of Other Thioredoxins A qualitative inspection of the  so far, namely—52°. The S-S disulfide bridge has a unique
structure of this thioredoxin of plant origin with those right-handed conformation, which is similar to the one
previously described belonging to inferior organisms indi- observed in other oxidized thioredoxirs( 46, 54, 5h
cates that the overall fold is very similar indeed (Table 5).  Dynamical AspectsWe have found that amide protons
The structural similarity observed in the main chain is not with exchange rates susceptible to being measured are all
surprising because of the high structural homology found hydrogen-bonded (Table 3). Protons with exchange rates too
within the thioredoxin family {) and the high sequence slow to be measured belong to the central core offtsbeet.
similarity between thioredoxim from spinach leaves and These residues exchange by a global-unfolding mechanism,
thioredoxinh of C. reinhardtii (50%), whose fold fits well ~ which must show a free energy coincident with that obtained
within the overall thioredoxin fold 6). In general, the by thermal or chemical denaturation (Table 4). The remaining
superposition of each known thioredoxin with the one from residues exchange by local-unfolding mechanisms, with
spinach reveals that the fit is best fothelices and that there  apparent free energies lower than that obtained by CD
are minor differences in th@g-sheet, due to the looser denaturation equilibrium measurements.
structure inB1 of thioredoxinm. An important aspect of the protein dynamics is the side-

Among the highly conserved residues, the hydrogen-bond chain mobility. Side chains play key roles in many important
pattern and side-chain conformations are also maintained.processes, such as packing of hydrophobic residues at the
There are some conspicuous structural features of otherinterior of the protein, recognition and binding of other
thioredoxins that are also present here, e.g., the unusual leftmolecules, and enzymatic catalysis. Although we could not
handed helical conformation adopted by GIlu30 and the measure thél,s coupling constants, some conclusions could
central role played by Tyr59 in organizing in its surroundings be drawn from the low conformational flexibility of a number
a cluster of hydrophobic residues in which residues from of side chains and their accessibility. The side chains of 48
helices 2 and 4 are involved. Similar reasoning can be maderesidues are well-defined and show low conformational
on the other hydrophobic cluster (see before) located in aflexibility (1 order parameter larger than 0.8). The majority
different region of the protein: the residues change from of these residues are completely or partially buried, and they
one thioredoxin to the other, but the orientation of the side are located in regions of well-defined regular secondary
chains is rather the same. There are, however, some smaltructure, such as helices g¢k-strands. The side-chain
differences, apart from that already mentioned about the conformation of aromatic residues, especially that of the Trp

flexible strandfl, like those in the region oft3, which
appears in our case more distorted thaR.igoli thioredoxin,
where this region comprises two turns @felix and two
turns of a 3o helix (43, 44, and in thioredoxin fromC.
reinhardtii, where a quite regulax-helix with the expected
CGO—NHi+4 hydrogen-bond scaffolding is observed( 18.

residues, is also well-defined. In the three tryptophan residues
of thioredoxinm, they, angle is+90°, which appears to be
its preferred conformation in most proteirsgy.

Folding and Stability of Thioredoxin nThe criteria used
to verify a two-state folding behavior include the coincidence
of equilibrium denaturation transitions from different probes,

The similarity between the structure of spinach thioredoxin the equivalence of the calorimetric and van't Hoff enthalpies,
m and those of other known thioredoxins extends also to and the requirement that the free energy of unfolding and
the active site, where most residues are conserved. In thets dependence on equilibrium denaturation measurement be
analyzed thioredoxins, the active site is surrounded by highly identical to that obtained from kinetic studiés/). We have
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used several biophysical probes to follow the chemical 6. Laurent, T. C., Moore, E. C., and Reichard, P. (1964iol.
denaturation of thioredoxim. It is well-known that we can Chem. 2393436-3444. _
monitor by far-UV the secondary and/or tertiary structure /- Russel, M., Model, P., and Holmgren, A. (1990Bacteriol.
depending on the observed wavelength, while by near-Uv 172 1923-1929.

. . . 8. Matthews, J. R., Wakasugi, N., Virelizier, J. L., Yodoi, J.,
we are just observing the tertiary structure. In both cases, " anq Hay, R. T. (1992)Nucleic Acids Res. 2B821-3830.

the obtained transition curves were superimposable (Figure 9 Russel, M., and Model, P. (198BJoc. Natl. Acad. Sci. U.S.A.
6B), what demonstrates that under equilibrium conditions 82, 29-33.
the folding of thioredoxin is two-state. 10. Scheibe, R. (199Plant Physiol. 96 1—3.

Unfolding of thioredoxinm could not be followed by 11. Buchanan, B. B. (199rch. Biochem. Biophys. 288—9.
thermal denaturation, since no evidence of sigmoidal be- 12. Muller, E. G. D., and Buchanan, B. B. (198B)Biol. Chem.
havior was observed in the temperature range explored (25 264, 4008-4014.

85°C). A high thermal midpoint has been observed in other 3. \B/\_/(zllogs%l%%%l’_ %rﬁ:fn?rgéld\fliéglegég. C., and Buchanan,

[EEN

thioredoxins, such as iB. coli thioredoxin, with a thermal 14 knaff, D. B., and Hirasawa, M. (199Bjochim. Biophys. Acta
midpoint of 88°C (58), and in that fromB. acidocaldarius 1056 93—125.

with 103 °C (45, 59. We were able to determine the  15. Rivera-Madrid, R., Mestres, D, Marinho, P., Jacquot, J.-P.,
midpoint and the free energy of the transition by means of Decottignies, P., Miginiac-Maslow, M., and Meyer, Y. (1995)

GdmCl denaturation (Table 4). The obtained values were __ Proc. Natl. Acad. Sci. U.S.A. 98620-5624. _

higher than those measured for proteins of similar size but 1% (I_T%nlfegl)niihhﬂéiieig'lM" and Jacquot, J.-P. (13P&iochem.
very similar to those measured in other thioredoxins. Thus, 17. Mitta);d., V.,’Morelle, N Brutscher, B., Simorre, J.-P., Marion.
the m|dp0|nt |nE CO” thioredOXin at neutral pH and the D_’ Stein’ M_’ Jacquot, \]_-P., LirsaC, P._N., and Lance"n’ J.-
same temperature is 2.5 M@, which is close to that M. (1995) Eur. J. Biochem. 229473-485.

obtained here for thioredoxim in spinach (2.9 M). The high 18. Mittard, V., Blackedge, M. J., Stein, M., Jacquot, J.-P., Marion,
stability of the members of the thioredoxin family has been D., and Lancelin, J.-M. (1997ur. J. Biochem. 243374~

. . . . . . 383.
attributed to the tight packing of buried side chains and to 19. Capitani, G., Markovic-Housley, Z.. DelVal, G., Morris, M.,

the presence of an array of elementg involvgd in hydroggn- Jansonius, J. N., and Saimann, P. (2000). Mol. Biol. 302
bonded secondary structure. It will be interesting to determine 135-154.

whether other thioredoxins of superior plants share the same 20. Schurmann, P. (1995)ethods Enzymol. 25274-283.
stability and the same fold. The knowledge of the solution 21. Gill, S. C., and von Hippel, P. H. (1988)al. Biochem. 182
structure described in this work will be the basis for further 319-326.

studies in our laboratory on the stability and folding of this  22. Marion, D., and Wihrich, K. (1983)Biochem. Biophys. Res.

. . . . . . - Commun. 11967-975.
thioredoxin, using mutants designed by protein engineering 23. Rance, M., Sgrensen. O. W., Bodenhausen, G., Wagner, G.,

techniques. . . Ernst, R. R., and Whhrich, K. (1983)Biochem. Biophys. Res.
In summary, we may conclude that thioredoxmfrom Commun. 117479485,

spinach, the first thioredoxin of this class whose solution 24.Bax, A., and Davis, D. G. (1985) Magn. Reson. 6855~
structure has been solved, displays a three-dimensional  360.

structure very close to that determined for other members 25. Jeener, J., Meier, B. H., Bachmann, P., and Ernst, R. R. (1979)
of the family. This structure set the basis for future studies __J: Chem. Phys. 714546-4553. ,

on the thermostability of thioredoxin and most importantly 26'5 |%téol,_l\(/lsé,58audek, V., and Skienar, V. (1993giomol. NMR

to understand the molecular interactions between this protein ,7 \/VLthrich, K'. (1986)NMR of proteins and nucleic acid3ohn

and NADP-dependent malate dehydrogenase and fructose-  wiley and Sons, New York.

1,6-bisphosphatase or fragments from them, a first step 28.wang, Y., Nip, A. M., and Wishart, D. S. (1997) Biomol.
toward a deep understanding of photosynthetic events in NMR 1Q 373-382.
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higher plants. 29. Wang, A., Robertson, A. D., and Bolen, D. W. (1995)
Biochemistry 3415096-15104.
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