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ABSTRACT. The concentration of MRJ required for optimal activity of chloroplast fructose 1,6-
bisphosphatase (FBPase) decreases when a disulfide, located on a flexible loop containing three conserved
cysteines, is reduced by the ferredoxin/thioredoxin system. Mutation of either one of two regulatory cysteines
in this loop (Cys155 and Cys174 in spinach FBPase) produces an enzymeSyiioa Mg?* (0.6 mM)
identical to that observed for the reduced WT enzyme and significantly lower the® floé 12.2 mM

of oxidized WT enzymek,, for the regulatory disulfide in WT spinach FBPase-805 mV at pH 7.0,

with an Ey, vs pH dependence 6f59 mV/pH unit, from pH 5.5 to 8.5. Aerobic storage of the C174S
mutant produces a nonphysiological Cys155/Cys179 disulfide, rendering the enzyme partially dependent
on activation by thioredoxin. Circular dichroism spectra and thiol titrations provide supporting evidence
for the formation of nonphysiological disulfide bonds. Mutation of Cys179, the third conserved cysteine,
produces FBPase that behaves very much like WT enzyme but which is more rapidly activated by
thioredoxinf, perhaps because tli&, of the regulatory disulfide in the mutant has been increased to
—290 mV (isopotential with thioredoxif). Structural changes in the regulatory loop lo&gk for Mg2*™

to 3.2 mM for the oxidized C179S mutant. These results indicate that opening the regulatory disulfide
bridge, either through reduction or mutation, produces structural changes that greatly d&€gscfase

Mg?™ and that only two of the conserved cysteines play a physiological role in regulation of FBPase.

Fructose-1,6-bisphosphatase (FBPasgjrolyzes fructose-  from the photosynthetic electron flow through ferredoxin:
1,6-bisphosphate to fructose-6-phosphate and phosphate. Twihioredoxin reductasel( 2).

isoforms of this enzyme are present in plants: a cytosolic  chioroplast FBPases are homotetrameric enzymes of about
and a chloroplastic form. The cytosolic FBPase is involved 160 kDa. The chloroplast enzymes for which sequences are
in gluconeogenesis and regulated by AMP and divalent ynown (pea, rapeseed, soybean and spinach) possess only
cations. The chloroplast FBPase is a key enzyme of theseyen cysteine residues per subunit, all of which are
Calvin cycle and regulated by light as well as by Mg conserved and located in the mature form of the polypeptide
substrate, and pH. The regulation by light is achieved through that results from cleavage of the transit peptide. Amino acid
the ferredpxin/thioredoxin system. The FBPase is activated sequence alignments of known chloroplastic and cytosolic
by reduction of a regulatory disulfide through reduced Fppases show that the light-regulated forms have an insertion
thioredoxinf (Trx f), which in turn is reduced by electrons  of ahout 15 amino acids, containing three of the conserved
cysteines. Two of them, separated by only four residues, were
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(DE-FG03-99ER20346 to D.B.K.), and a joint U.S. National Science CryStal structure determined for the spinach chloroplast
Foundation/Centre National de la Recherche Scientific grant (to D.B.K., FBPase 4) provided no evidence for a disulfide bridge, but

M-*H_.r, J--E-J- and Myroslgwa Migtinialté-l\élaslg\g)- 4. Phowd: 32 clearly showed that the amino acid insertion is located on a
0 whom corresponaence snou e adaressed. e H H
718 22 06. Fax+41 32 718 22 01. E-mail: peter.schurmann@unine.ch. flexible loop _eXposed on the surface of the pr(_)tem_ (170s
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methane; DTNB, 5/5dithiobis(2-nitrobenzoic acid); DTT, dithiothrei-  tively active FBPase, whereas mutation of Cys173 or Cys178
tol; FBPase, fructose 1,6-bisphosphatase; mBBr, monobromobimane;produced a partially active enzyme, which still required
MES, 2-N-morpholino)ethanesulfonic acid; MOPS, 8-fnorpholino)- — yaqyction for full activity. In addition, the properties of the
propanesulfonic acid; TEA, triethanolamine; TNES-thio-2-nitroben-
zoate anion; Tricine,N-tris(hydroxymethyl)methylglycine; Trxf, C49S and C190S mutants clearly showed that these two

thioredoxinf; Trx m, thioredoxinm. residues are not involved in redox regulatid). (Similar
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experiments performed with rapeseed chloroplast FBFse ( EXPERIMENTAL PROCEDURES

confirmed the importance of the Cys in the redox regulatory . . . . .
loop that is closest to the N-terminus. These experiments All Proteins used in this study are recombinant proteins
also demonstrated that the mutations significantly decreasedEXPressed |nEscher|ph|a col except for a sample of
the S5 of both the oxidized and reduced forms of the enzyme Chloroplast FBPase isolated from spinach leavs) and

for Mg?*. However, the results obtained with the mutants used as a control in the oxidatieneduction titrations.

of the pea and rapeseed enzymes did not allow the unequivo_lsola’[ion of genes, site-directed mutagenesis, and purification
cal identification of a specific second cysteine involved in Procedures were described previoudl§-{15). Reduced and

the regulatory disulfide bond. Instead, the experiments oxidi;ed forms of dit_hic_)thr_eitol (PTT) were ob.tained from
suggested the involvement of all three cysteines in regulation. €a/Piochem and S &lithiobis-(2-nitrobenzoic acid) (DTNB)

More recent crystallographic dat&’)( obtained with from FIka”" ) .
oxidized pea chloroplast FBPase, provide evidence for a Determination of the Molar AbsorbencRecombinant
disulfide bond between Cys153 and Cys173 (correspondingSPinach chloroplast FBPase and Tinwere extensively
to Cys155 and Cys174 in spinach). The authors propose thadidlyzed against 20 mM ammonium formate buffer at pH
this bond represents the regulatory disulfide. It is thought to 97 for FBPase and pH 7.5 for TfxSpectra of the proteins
stabilize the inactive form of the enzyme by displacing the Were recorded against dialysis buffer and the protein solutions
glutamate coordinating the Mt ion involved in catalysis (;ilstrlputed in desiccated, weighed micro-tubes and lyophi-
from its correct position. It has been proposed that this occurslized in a Speed Vac Concentrator (Savant). The mass of
through the movement of the N-terminastrands toward the dried samples was m(_aasured three tlmes,_and the molar
the active site about 20 A away. Upon reduction by Trx absorbency calculate_d using the molecular weights ded_uced
the regulatory loop is probably relaxed, allowing the active from the sequences, i.e., 157 300 g/mol for the recombinant
site to adopt a competent conformatiof).(However,  FBPase and 12579 g/mol for a form of Thtruncated at
structural analysis of the constitutively active FBPase mutant @Mino acid number nind§). The experimentally determined
C153S led to the proposal that the reduced FBPase can retaifiolar absorbancieszzon,= 144 000 M* cm* for FBPase
the inactive conformation found in the oxidized protein and @ndezzonm= 14 200 M cm* for truncated Tn{, were used
that it is the presence of substrate and/or of divalent cationst© calculate the protein concentrations in all experiments.
such as M@", which initiates the conformational change at Redox TitrationsOxidation—reduction titrations of WT
the catalytic site 7). FBPase, using enzymatic activity to measure the oxidation

The function of the third conserved cysteine of the 170s state of the enzyme, were carried out at®25 under either
loop (i.e., Cys179 in spinach FBPase) remains unclear. It is @rgon or air atmospheres, essentially as described previously
located at the beginning of axrhelix and oriented toward ~ (8). FBPase samples were incubated in activation mixtures
the interior of the protein structure. On the basis of the containing varying amounts of oxidized and reduced DTT,
structural results, it was proposed that in a C173S mutant oft0 achieve equilibrium at defined redox potentials. The
FBPase this Cys might be able to form an artifactual disulfide activation mixtures contained a total DTT concentration of
bond with Cys1537), explaining the necessity of reduction 10 mM in 100 mM buffer and a catalytic amount of Tix
to achieve full activation. (0.05uM). Incubation was carried out for-23 h either under

We have previously reported the oxidatiereduction argon or air. Then the activity of the FBPase samples was
potentiais of WT pea and Spinach FBPases and oif"ﬁhe measured by monitoring the formation of NADPH at 340
specific regulatory protein for the enzyn®.(The potential "M in a 1 mLreaction medium containing 100 mM Tris-Cl,
of spinach FBPaseEf, 70 = —330 mV) was significantly ~ PH 7.9, 0.1 mM EGTA-Na, 10 mM MgSQ1 mM fructose
more negative than that of Tl’b((Emj_o: —290 mV) and 1,6—bisphOSphate, 0.3 mM NADP, 1.75 units of phOSphO-
also more negative than the value obtained for the peaglucose isomerase, and 0.7 units of glucose-6-phosphate
enzyme Enzo = —315 mV). Different results were also dehydrogenase. For the redox titrations of the C179S FBPase
obtained for the pH dependencyf, for the two chloroplast mutant, it was necessary to decrease thé'\égncentration
FBPases. For the Spinach enzyme, the apparent presence dﬁ the reaction mixture to 1.5 mM to obtain reprOdUCible
two Components with differenE,, vs pH profiies was data. Buffers used were SOdiUm'acetate, pH 5.5, Bis-Tris-
explained by different bonding partners to Cys155 depending C! PH 6.0, 6.5, 7.0 and tricine-NaOH pH 7.5, 8.0, 8.5. The
on the pH. The oxidationreduction potential measured for ~redox poise of the DTT mixtures was confirmed by titration
Trx f in this study, determined with the mBBr-labeling With DTNB.
technique @), was somewhat more negative than a value Redox titrations of Trxf using enzymatic activity were
reported previously for the same protein, which was obtained accomplished by incubating thioredoxin in DTT redox
by measuring the ability of Trkto activate FBPased). mixtures as described above, followed by treatment with

To gain more information on structural and functional roles N-ethylmaleimide to block free cysteinyl residud$) The
of the three conserved cysteines of the 170s loop of concentration of unmodified Trk was determined by its
chloroplast FBPases (i.e., Cys155, 174, and 179 in spinach capacity to activate FBPase as described by Schan et
Cys153, 173, and 178 in pea), we replaced them individually al. (10).
or in pairs by site-directed mutagenesis and analyzed the The Mg dependency of FBPase activity was determined
redox potentials, the thiol content, the kgdependency,  using the assay described above with varying®Mzpncen-
and the activation kinetics of the recombinant mutant tration in the reaction mixtures and with FBPase either not-
proteins. We have also reinvestigated Eyevs pH profile activated (i.e., oxidized) or activated (i.e., incubated in 100
for wild-type spinach FBPase and tkg value for spinach mM TEA-CI, pH 7.0, in the presence of @M Trx f and 5
Trx f. mM reduced DTT for 10 min at 28C). An amount of
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FBPase corresponding to 0.1 unit was tested for activity in 1 T = BRSSO A

the coupled spectrophotometric assay. Results were evaluated {E_=-305mV(pH7.0) -

using the simplified Hill equationi(7) to characterize the sl OO .

sigmoidal curves and to calculate th®s the Mg™" 2 |

concentration at half-maximal activity. 2 o6l ]
Activation kinetics of FBPase with reduced thioredoxin -

were measured using the coupled spectrophotometric assay @ 4 e 1

described above. Samples of WT FBPase or of its C179S H J

mutant were mixed with Trx and 5 mM reduced DTT in E o2 Il 5 ]

100 mM TEA-CI, pH 7.0. After 0, 5, 10, 20, and 30 min of '

incubation, samples of activation mixture corresponding to oll s

0.1 unit of FBPase were injected in the reaction mixture. al IR S

The thioredoxins used to activate the FBPase werefTrx -400 -360 -320 -280 -240

Trx m, and C49S TrX, a Trxf lacking the buried cysteine Ey, (mV)

of the active disulfide, at concentrations of 0.2 andM. FicURE 1: Oxidation-reduction titration of recombinant spinach

Thiol ConcentrationsTotal free thiols were titrated with ~ chloroplast FBPase. Average of four titrations at pH 7.0 obtained

DTNB in the presence of 2% SDS in 100 mM Tris-Cl. bH with the recombinant enzyme. Oxidatiereduction equilibration
P P was carried out fo2 h atambient temperature under argon using

8.0, and surface-exposed cysteines in 100 mM TEA-CI, pH 3 3 ynits/mL spinach FBPase and a catalytic amount of spinach
7.0, without SDS. Release of TNBvas monitored at 412 thioredoxinf (50 nM) in 100 mM buffer containing DTT at a total

nm and its concentration was calculated with a molar concentration of 10 mM. Aliquots were withdrawn and assayed
absorbency of 13 600 M cm (18). for FBPase activity in the presence of 10 mM Mas described

. L in the Experimental Procedures. The solid titration curve was
Dissociation of the C174S FBPase-TNB Compkeeshly calculated by fitting the data to the Nernst equation with the value

purified C174S FBPase was treated with DTNB for 20 min of n fixed at 2. (Insert) Effect of pH oiE, for recombinant @)

at pH 7.0 followed by desalting over a G-25SF column and chloroplast £) FBPase. The datapoints, with an average
(Pharmacia). The release of TNBas followed by recording deviation of5 mV, represent the result from several independent
absorption spectra between 500 and 250 nm every hourgt_rda_"?_%i Sﬁgﬁﬁc‘ﬁgm"gé’ﬁ l(\lpaﬁa;:;estgtg).(pH 5.5), Bis-Tris-Cl (pH
during 12 h at 25C.

Circular Dichroism Spectroscopysamples of WT and 1 e d o T
mutant FBPase, extensively dialyzed against 10 mM potas- [ g :
sium-phosphate buffer, pH 6.0, were diluted to a concentra- I L ON
tion of 1.5uM. CD spectra were recorded from 190 to 250 i
nm in a cell of 0.1 cm path length at 2&. The secondary
structure composition was predicted using the program
“CDdeconvolution” (Dr. G. Boehm, http://bicinformatik-
.biochemtech.uni-halle.de/cdnn)

o
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RESULTS

Oxidation—Reduction Titration of Trx f and FBPas&o = SR A e
confirm the redox potential for spinach Tiwbtained earlier, 280 240 -200
in which the fluorescent probe mBBr was used to monitor Ep (mV)
the extent of reductior8], we have reexamined the protein Ficure 2: Oxidation-reduction titration of the spinach FBPase

by an independent method. Using the ability of reduced Trx C179S mutant at pH 6.0 and pH dependency of Ehefor the

f to activate FBPase the oxidatiereduction midpoint mutant protein. Experimental conditions were as for Figure 1 except

potential at pH 7.0Em 7o was found to be-290+ 10 mV, ‘I[\r/llg‘gfhe activated enzyme was tested in the presence of 1.5 mM

a value identical to our earlier determination.

The redox potential for spinach FBPase determined earlierregulatory disulfide, showed a slightly more positive potential
was found to be 40 mV more negative 330 mV, pH 7) of —290+10 mV at pH 7.0 (Figure 2), a value that is very
than that of Trxf and its pH dependency suggested the similar to that obtained with the corresponding pea FBPase
presence of two components. These results also differed frommutant C178S (Figure 3). These titration data all gave
those observed with the pea enzyr8g For these reasons, excellent fits to the Nernst Equation for a single two-electron
and to facilitate comparisons between the WT enzymes andtransfer. The pH dependency of thg, value for the WT
site-specific mutants, we have reexamined the redox proper-and C179S mutant spinach FBPases show a slope close to
ties of WT spinach FBPase. Figure 1 shows a titration of —59 mV/pH unit value expected for a redox reaction that
recombinant WT spinach FBPase at pH 7.0. The pH involves the uptake of two protons per two electrons
dependency for thés, values of both recombinant WT transferred (see inserts in Figures 1 and 2). Titrations of the
FBPase and of the chloroplast enzyme isolated from leavesC179S mutant FBPase at pH values higher than 7.0 showed
are shown as an insert in Figure 1. An average redox potentialconsiderable scatter and gave poor fits to the Nernst equation,
of =305+ 5 mV at pH 7.0 was determined for both proteins. probably due to the instability of the mutant at these pHs.
Identical redox properties were observed regardless of The E, value for the corresponding C178S pea mutant
whether redox equilibration was carried out under air or showed the same pH dependency as observed for the spinach
argon. The C179S mutant FBPase, which has an intactenzyme.
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1 L u e ] Table 1. Thiol Group Content of WT and Mutant FBPase
i 5 : FBPase -SH total -SH surface
2 : : : : » C155S 6 051.6
Qosl i BN N C174S 5.7 0.51.6
o : c178s : : ‘ C179S 4 0
> o Em=-295mV: ‘ ; -
E R R I SR W s e a See text for explanation
o [ | | —e=—c1735pH7 | ; o
0:02 .| ==—C178S pH7 | : C o L .
e ; NN containing some reduced DTT, the activity increases until it
o L ': ; ] reaches the maximal value.
400 360  -320 280  -240 Thiol Content of the WT and Mutant FBPasg&s. verify

E,, (mV) whether the site-specific mutations that replace Cys by Ser

affect the number of accessible thiol groups, we have titrated

FIGURE 3: Oxidation-reduction titrations of the pea FBPase the WT and mutated FBPases with the thiol-specific reagent
mutants C1783) and C173SQ) at pH 7.0. Oxidatior-reduction DTNB. Table 1 summarizes the contents of accessible and

equilibration was carried out f8 h atambient temperature under  {4t5] free thiols found per subunit of enzyme for WT and
air using 70ug/mL pea FBPase and a catalytic amount of pea . . -
thioredoxinf (0.2ug/mL) in 100 mM MOPS buffer containing DTT mutant spinach FBPases. The primary structure indicates that

at a total concentration of 10 mM. Aliquots (280 uL) were ~ SEVen cysteines are present per subunit in the WT protein,
withdrawn and assayed for FBPase activity in 1 mL reaction mixture two of which are involved in the regulatory disulfide.

containing 100 mM Tris-Cl, pH 7.9, 10 mM Mg, 1.7 mM EDTA, Titration of WT spinach FBPase with DTNB under denatur-
2;1021'\k?ofrtjuccfg:g—ils’gr-ls)(lasrgzgsgr?c?tg’7O§nirt7;Mof’\|AiE(f)o’st765- uhnOItSS ggting conditions yields the five thiols expected per subunit.
pnospnog ' 9 PhOSPNaGirations of the mutants were more variable, especially when

dehydrogenase. the enzymes had been stored under air. However, measure-
Em vs (%) ments performed on freshly purified proteins gave good
100 e D L T agreement with the theoretical value. We obtained a_total of
0B 7o 8 3 3 8 6 thiols for the C155S and C174S mutants and 4 thiols for
80 Lo 00 C179S. WT FBPase and mutant C179S show no surface-
Lo 3 : é P exposed thiols, even after prolonged incubation times. In
60 [ i ] contrast, the number of exposed thiols observed for the

C155S and C174S mutants increases with increasing time
in the reaction mixture (data not shown), suggesting that

Relative Activity (%)

O c1538 pHe | f ‘ ‘ internal cysteines become slowly exposed to the solvent. The

PP LR : final values obtained for both these mutants are between 0.5
. ; ‘ : 3 . f and 1.6 thiols/subunit. It is important to point out that, after

oL L P L i aerobic storage, we observed a decrease in the total free thiol
360 -340 -320 -300 -280 -260 -240 content from 6 to about 4 thiols/subunit for both the C155S

En (mV) and C174S active-site spinach mutants. To analyze this

o o . change, the C174S mutant was treated with DTNB to obtain
Ficure 4: Oxidation—-reduction titrations of the pea FBPase single

mutant C153S@) and the double mutant C153/1739)(at pH TNB-tIabeIe(_jthliEPaset. .Thls ﬁnglse())( has 3” absirb;’igts:g
6.0 in 100 mM MES buffer. Experimental conditions were as for SPECUTUM with the protein peak a nmand a peak a
Figure 3. nm due to the complex of the enzyme with TNB3J. The

labeled enzyme was incubated at®Z5and spectra recorded

When either the Cys closer to the N-terminus or both of at intervals (Figure 5). These spectra exhibit an increase in
the two other cysteines of the regulatory loop are replaced absorbance at 412 nm, due to liberation of TN®&hereas
by Ser, a constitutively active enzyme is produced, which the absorbance at 330 nm decreases. This observation implies
no longer shows a response to the redox potential (Figure 4;that the Cys155TNB bond is attacked by some other
data for the spinach enzyme not shown). The situation is cysteine, since the presence of air, which leads to an
more complex when the second Cys (Cys174 in spinach andoxidizing medium, prevents the liberation of the TNBnless
Cys173 in pea) is modified. This enzyme, when freshly there is formation of a new disulfide bridge.
isolated, behaves like the Cys155S mutant, i.e., there is no Mg?t Dependency of WT and Mutant FBPaség?t is
effect of the ambient redox potential on the activity. an absolute requirement for FBPase activity, and it is known
However, upon aerobic storage, redox control of activity that reduction of the enzyme decreases the level of this
reappears and, after storage for a period of several monthsdivalent cation required for full activity. We compared the
a redox potential has been determined for the pea enzymeMg?" requirement of the regulatory site mutants with that
(Figure 3). TheE, value found is more positive than for the  observed for the WT spinach FBPase. Figure 6 shows the
WT or C178S mutant protein. We have observed that after results obtained with oxidized and reduced WT enzyme and
short-term storage of the spinach enzyme (i.e., for severalfor the FBPase Cys/Ser mutants. The results clearly fall into
days) theE,, values are rather variable due to incubation- four groups. Oxidized WT FBPase is active only at very high
time dependent changes. The C174S mutant loses activityMg?" concentrations with a half-maximal saturation con-
during incubation with oxidized DTT, suggesting formation centrationS s of 12.2 mM (Table 2). Mutating Cys179, a
of a disulfide bond, whereas during incubation in mixtures residue that is not supposed to be involved in regulafn (
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FiIGURe 5: Release of TNBfrom DTNB-modified FBPase mutant
C174S. The labeled protein was incubated at’@5and spectra
recorded at intervals. The spectra represented were recorded after
0, 1, 2, 5, 12 h incubation. The insert shows the time course of
absorbency increase at 412 nm due to the release of TNB
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Relative Activity (%)

Activity (%)

0 10 20 30 40 50 B0 70
Time (min)

0 2 4 6 8 10
Concentration (mM MgSO ) Ficure 7. Activation kinetics of WT FBPase (A) and its C174S
4 mutant (B). The enzyme was activated by chemically reduced
FiIGURE 6: Effect of Mg?* concentration on the activity of oxidized  thioredoxins. After the indicated times a sample, corresponding to
and reduced WT spinach FBPase and its mutants. The solid curved).1 units of FBPase was withdrawn and its activity measured.
represent average values from several independent experiments. (A)

Oxidized WT FBPase; (B) oxidized mutant C179S; (C) reduced yalyes for magnesium obtained for the different oxidized and
mutant C179S and oxidized or reduced double mutants C155/179S

and C174/179S; (D) reduced WT FBPase and oxidized or reducedn_:‘dl'lced enzymes at pH 7.9. It also should be mentioned that

C155S and C174S single or double mutants. during aerobic storage we observe an increase d&théor
the oxidized C174S mutant.
Table 2: §5 of Magnesium for Oxidized and Reduced WT and Activation Kinetics of WT and Mutant C1795igure 7
Mutant Spinach FBPase shows the activation kinetics of the WT spinach FBPase
oxidizedSy 5 reducedS, s (Figure 7A) and its C179S mutant (Figure 7B). Under the
FBPase (MM MgSQy) (mM MgSQy) experimental conditions used for these experiments, only Trx
WT 12.2 0.6 f (at 2uM) is able to significantly activate the WT enzyme.
C155S 0.6 0.6 Full activity is reached after an incubation time of approx-
C174S 0.6 (1.2) 0.6 imately 20 min. At a 10 times lower Trk concentration,
gi;glsn 48 3(’)'?6 %\fD 0.2 uM, FBPase is very slowly activated. However, C49S
C155/179S 1.2 ND Trx f and Trxm at 2uM, or DTT alone have virtually no
C174/179S 1.2 ND effect on the WT enzyme. In contrast, the C179S mutant of
a After storage under aerobic conditions. FBPase is fully activated almost immediately after addition

of 2 uM Trx f and also easily reduced by Q&1 Trx f and
significantly decreases the Mligrequirement of the oxidized @ 2uM concentration of the C49S Trikmutant. Even Trx
enzyme t0Ss = 3.2 mM. Upon reduction of this mutant, M, at a concentration of 2M, is able to slowly activate this

its Mg?* requirement further decreases$gs = 1.2 mM, mutant, while DTT alone is not.

but does not reach the level characteristic of the reduced Circular Dichroism Freshly purified WT FBPase and
WT protein. The two double mutants, containing the C179S single mutants show no differences in their CD spectra. This
mutation and an open regulatory site disulfide, displayed the is not the case for preparations stored for two weeks in the
same Sy s values. When the regulatory disulfide is either presence of air where the spectrum of mutant C155S clearly
opened by reduction of the WT enzyme or by mutation of differs from the others (Figure 8). Computer analysis of the
Cys155, Cys174, or both, we observe the lowi&gstvalues spectra indicates a loss of about 3%ochelical structure

for Mg?t of about 0.6 mM. Table 2 summarizes tRgs in the C155S mutant compared to the three other proteins.
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T — S

F i ‘ Table 3: Summary of OxidatienReduction Midpoint Potentials of
w5 B ] Spinach Thioredoxirf and Spinach and Pea WT and Mutant
8 Chloroplast FBPase
B [ 4
D 2 — WT15 M g disulfide Em at
© F C179S 1.5 uM ] : .
= 1ol Ciras 1.55M ; protein titrated pH 7.0 (mV)
'-E ; ====== C1555 1.5 uM spinach thioredoxir C46/C49 —2904+ 10
< O0f spinach FBPase WT C155/C174 —305+5
f [ spinach FBPase C179S C155/C174  —290+ 10
o -10r pea thioredoxirf C33/C36 —290+ 107
i b pea FBPase WT C153/C173 —315+ 17
= 20 pea FBPase C178S C153/C173 —295+ 10

30 ‘ L L pea FBPase C173S C153/C178 —260+ 10
190 200 210 220 230 240 250 a From ref8.

Wavelength (nm)

E'SSRE 8: _Ciicu'a';vldi‘:hmism Speﬁtra ﬁf 1/5\"|_\|NT and mutant Jeghegative than that of Trk so that most of the Trkhas to
ases in 10 mM potassium-phosphate, pH 6.0, were recorde be reduced for significant activation of the enzyme to occur.

in 0.1 cm path-length cuvettes.
The mutation C179S produces a protein with a behavior
DISCUSSION comparable to the wild-type FBPase, but which is more easily
activated by Tr¥. At a concentration of only 0.2M Trx f,

The activity of the chloroplast FBPase depends on severalthis protein is rapidly reduced (Figure 7B), and ath\2 it is
different factors, such as pH, Mgconcentration 20, 21) virtually instantly activated. This might be due to the fact
and reduction state of the regulatory disulfi@@) All three that E,, for the mutantE, 7.0= —290 mV, is more positive
of these parameters are light dependent. lllumination of than that of the WT enzyme by 15 mV. The fact that the
chloroplasts leads to an alkalization of the stror@3d),(to C179S mutant and WT Trikare isopotential (Table 3) could
an increase in stromal Mg concentration Z4), and to facilitate the thiol-disulfide interconversion. The specificity
activation through reduction mediated by the ferredoxin/ of the interaction with the Tnf in activating this mutant
thioredoxin systemZ, 25). The interaction with reduced Trx  FBPase is well maintained, as evidenced by the slow
f, which is highly specific (Figure 7A), results in the activation rate observed with Tm. Surprisingly, the Tr¥
reduction of a regulatory disulfide bond, located on a loop C49S mutant, in which the nonaccessible, active-site Cys49
structure that also contains a third conserved Cys (Cys 179is replaced by serine, activates the FBPase C179S mutant
in spinach). Analysis of the structure of pea chloroplast quite well, despite the fact that this mutant does not activate
FBPase 7) and studies on heterodimer formation between the WT enzyme. It seems that the C179S mutation affects
Trx f and FBPaself) indicate that this third Cys is probably  the structure of the 170s loop, increasing the accessibility
not involved in physiological regulation. Of the other two, of the regulatory disulfide of the FBPase. The ability of the
Cys155 appears to be the residue attacked byf Taxming Trx f C49S mutant to reduce the disulfide bridge formed
the transient mixed disulfide whereas Cys174 does notbetween Cys155 and 174 could thus be explained by the
interact with Trxf (15). To obtain reduction of FBPase by attack of the primary nucleophile of TIXCys46) on Cys155
Trx f there has to be, in addition to a specific interaction, a followed by the reduction of the heterodisulfide by DTT
sufficient thermodynamic driving force, which depends on present in the activation mixturel%, 29). The Mg"
the difference in th&, values of the two protein26). Since dependency of the C179S mutant enzyme tends to support
the AE,, calculated from our earlier measuremergswas the structural role of Cys179. Th&s for Mg?" of the
rather unfavorable, we have redetermined the oxidation oxidized mutant is almost four times lower than for the
reduction potentials for spinach Tifxand FBPase. While  oxidized WT enzyme (Table 2). On the other hand, $e
the earlierEn7o0 = —290 + 10 mV value for Trxf was of the reduced C179S mutant or of the two double mutants
confirmed using a different determination method, the C155/179S and C174/179S are both approximately 1.2 mM,
potential for FBPase was found more positive than the value which is twice that observed with the other reduced FBPases.
reported earlier. Thus, as is the case for pea FBPase andhis demonstrates that the disturbance induced by the

Trx f, the two spinach proteins do not differ greatlyE. replacement of Cys179 in the regulatory loop affects the
This new value forE,,70= —305 mV has been obtained binding of Mg?* at the catalytic site?).
independently in two other laboratorie8, 27) and with Mutation of Cys155 leads to a protein with a requirement

redox mixtures incubated either under argon or in air. In for Mg?t comparable to that characteristic of the reduced
addition, we also obtained identical results, regardless of WT FBPase &= 0.6 mM) and which has completely lost
whether recombinant FBPase, expresséél icoli, or FBPase  the redox-dependent regulation. However, during aerobic
that had been isolated from leaves was titrated. We also testedtorage we observed a decrease in the number of total free
the effect of pH on thds, values for FBPase and obtained thiols from 6 to around 4/subunit, without any detectable
data that gave a good fit to a straight line with a slope of effect on the catalytic activity. Analysis of the proteins by
about—59 mV/pH unit over the entire pH range from 5.5 to  circular dichroism spectroscopy supports the hypothesis of
8.5. This is the slope expected for a process in which two the appearance of a new disulfide bridge. CD spectra of
protons are taken up per disulfide reduc28®) (These results  freshly purified WT and mutant FBPases are completely
compare well to those obtained in our laboratories with the identical. However, after aerobic storage the spectrum of the
pea proteins (Table 38( 27). In the case of the spinach C155S mutant diverges from the others (Figure 8). Computa-
enzyme, the redox potential of FBPase is about 15 mV moretion of the relative contribution by the different structural



15450 Biochemistry, Vol. 40, No. 50, 2001

elements shows a loss of 3%@fhelix in the C155S mutant
compared to the other proteins. Interestingly, théelix
formed by the region of the protein between Alal69 and
Vall78 in the 170s loop corresponds to 3% of the enzyme’s
helical structure. This correlation suggests that under oxidiz-
ing conditions an artifactual disulfide bond between Cys174
and 179 could be formed in the C155S mutant. This would
be made possible by the high flexibility of the 170s loop
and would disturb the secondary structure of this region.

Mutation of Cys174 yields a protein, which is constitu-
tively fully active, like the C155S mutant, and has aag
dependency like that of the reduced WT FBPase. However,
during aerobic storage, a partial dependence of the activity
on redox state appears. This oxidized enzyme can be easily
reactivated by Trf and, less efficiently, by Trmmand DTT
alone (data not shown). In parallel to the emergence of a
redox potential effect on activity, we also observe an increase
of the § s for Mg?* from 0.6 to 1.2 mM under nonreducing
conditions (Table 2) and a decrease of the number of total
free thiols from 6 to about 4/subunit. In contrast, freshly
purified enzyme shows & s for Mg?* around 0.6 mM under
either nonreducing or reducing conditions. These observa-
tions can also be explained by the formation of an artifactual
disulfide bridge between Cys155 and Cys179. This proposal
was made previously for the pea chloroplast enzyije (
where only a small shift in the structure would allow a
disulfide bridge to form between Cys153 and Cys178, due
to the shor 7 A distance separating these two cysteines.
Analysis of the release of TNBfrom the TNB-mutant
C174S complex also supports this hypothesis. DTNB incu-
bation of a freshly purified sample of C174S FBPase yields
a TNB complex, with TNB associated with Cys155 and/or
Cys179. This complex is not stable under aerobic conditions,
but disintegrates releasing free TNE-igure 5). Under our
experimental conditions, this could only occur if a disulfide
bond is formed.

Our results provide experimental evidence that only the
two most N-terminal cysteines on the regulatory loop of
chloroplast FBPase are responsible for redox regulation,
whereas the third cysteine does not seem to be involved under
normal physiological conditions. The most striking effect of
the opening of the regulatory disulfide bridge, either by
reduction with Trxf or by mutation, is the change of the
Mg?" requirement, which is lowered about 20-fold. This

strengthens the proposal, based on the structural analysis,

that the reduction of the regulatory disulfide has a positive
allosteric effect on the binding of the catalytically essential
Mg-ion in the active site.
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