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ABSTRACT: The concentration of Mg?* required for optimal activity of chloroplast fructose 1,6-
bisphosphatasg-BPasedecreasewhena disulfide, locatedon a flexible loop containingthreeconservecysteinesis
reducedoy theferredoxin/thioredoxirsystem Mutation of eitheroneof two regulatorycysteinesn this loop (Cys155and
Cys174in spinachFBPase)producesan enzymewith a &5 for Mg?+ (0.6 mM) identical to that observedfor the
reducedWT enzymeand significantly lower thanthe S5 of 12.2 mM of oxidizedWT enzyme.E, for the regulatory
disulfide in WT spinachFBPaseis —305 mV at pH 7.0, with an E, vs pH dependencef —59 mV/pH unit, from
pH 5.5 to 8.5. Aerobic storage of the C174S mutant producesa nonphysiologicalCys155/Cys179disulfide,
renderingthe enzymepartially dependenbn activationby thioredoxin.Circular dichroismspectraandthiol titrations
provide supportingevidencefor the formation of nonphysiologicaldisulfide bonds.Mutation of Cys179,the third
conservedcysteine,produces FBPase that behavesvery much like WT enzyme but which is more rapidly
activatedby thioredoxinf, perhapsbecausehe E, of the regulatorydisulfide in the mutanthasbeenincreasedo
—290mV (isopotentialwith thioredoxinf). Structuralchangesn the regulatoryloop lower & s for Mg2*to 3.2 mM
for the oxidized C179S mutant. Theseresultsindicate that openingthe regulatorydisulfide bridge, either through
reduction or mutation, producesstructural changesthat greatly decreaseS s for Mg?* and that only two of the
conservectysteinelay a physiologicalrole in regulationof FBPase.

Fructose-1,6-bisphosphatase (FBPasgjrolyzes fructose-  from the photosynthetic electron flow through ferredoxin:
1,6-bisphosphate to fructose-6-phosphate and phosphate. Twthioredoxin reductase (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 apout 15 amino acids, containing three of the conserved
cysteines. Two of them, separated by only four residues, were
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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 Protéinsusedin this study are recombinaniproteins
also demonstrated that the mutations significantly decreasedEXPressedin ESCh?”Ch'a coli, except for a sample of

the S5 of both the oxidized and reduced forms of the enzyme ChloroplastFBPaseisolatedfrom spinachleaves(10) and
for MAgH. However. the results obtained with the mutants US€d as a control in the oxidation-reduction titrations.
of the pea and rapeseed enzymes did not allow the unequivo_lsola’uonof genesslte-.d|recteqnutagenesmandpurlflcatlon
cal identification of a specific second cysteine involved in Proceduresveredescribecpreviously(11—15). Reducedand
the regulatory disulfide bond. Instead, the experiments ©Xidizedforms of dithiothreitol (DTT) were obtainedfrom

suggested the involvement of all three cysteines in regulation. SalPiochemands,5-dithiobis-(2-nitrobenzoiacid) (DTNB)

More recent crystallographic data (7), obtained with from Flukg. . .
oxidized pea chloroplast FBPase, provide evidence for a Determinationof the Molar Absorbency Recombinant
disulfide bond between Cys153 and Cys173 (correspondingSPinach chloroplastFBPaseand Trx f were extensively
to Cys155 and Cys174 in spinach). The authors propose thagdidlyzedagainst20 mM ammoniumformate buffer at pH
this bond represents the regulatory disulfide. It is thought to 97 for FBPaseandpH 7.5for Trx f. Spectraof the proteins
stabilize the inactive form of the enzyme by displacing the wererecordedhgainstialysisbuffer andtheproteinsolutions

glutamate coordinating the Mtyion involved in catalysis distributedin desiccatedyweighedmicro-tubesand lyophi-

from its correct position. It has been proposed that this occurslized in a Speedvac Concentrator(Savant).The massof
through the movement of the N-terminastrands toward thedried sampleswasm_easureclhreetlmes,andthe molar
the active site about 20 A away. Upon reduction by Trx absorbencycalcuIat_edjsmgthe molecularwelghtsded_uced
the regulatory loop is probably relaxed, allowing the active fromthesequences.e., 157 300g/mol for therecombinant
site to adopt a competent conformation (2). However, FBPaseand12579 g/mol for a form of Trx f truncatedat
structural analysis of the constitutively active FBPase mutant @Minoacidnumbernine (14). Theexperimentallydetermined
C153S led to the proposal that the reduced FBPase can retaiffolarabsorbanciesszon= 144 000M~* cm™ for FBPase
the inactive conformation found in the oxidized protein and @ndezzenm= 14200 M~* cm™* for truncatedTrx f, wereused
that it is the presence of substrate and/or of divalent cationst© calculatethe proteinconcentrationsn all experiments.
such as Mg, which initiates the conformational change at RedoxTitrations. Oxidation—reductiortitrations of WT
the catalytic site (7). FBPaseusing enzymaticactivity to measurehe oxidation
The function of the third conserved cysteine of the 170s Stateof theenzyme werecarriedoutat 25 °C, undereither
loop (i.e., Cys179 in spinach FBPase) remains unclear. It is @rgonor air atmospheresgssentiallyasdescribedpreviously
located at the beginning of axrhelix and oriented toward ~ (8). FBPasesampleswereincubatedn activationmixtures
the interior of the protein structure. On the basis of the containingvaryingamountsof oxidizedandreducedDTT,
structural results, it was proposed that in a C173S mutant ofto achieve equilibrium at defined redox potentials. The
FBPase this Cys might be able to form an artifactual disulfide activationmixturescontaineda total DTT concentratiorof
bond with Cys153 (7), explaining the necessity of reduction 10 mM in 100 mM buffer anda catalyticamountof Trx f
to achieve full activation. (0.05uM). Incubationwascarriedout for 2—3 h eitherunder
We have previously reported the oxidation—reduction argonor air. Thenthe activity of the FBPasesampleswas
potentia's of WT pea and Spinach FBPases and O]f"[ﬂqe measured)y monitoring the formation of NADPH at 340
specific regulatory protein for the enzyn®)(The potential ~ "Min a 1 mLreactionmediumcontainingl00mM Tris-Cl,
of spinach FBPaseE(, 7o = —330 mV) was significantly ~ PH7.9,0.1mM EGTA-Na, 10 mM MgSQ;, 1 mM fructose
more negative than that of TiX(Em70= —290 mV) and  1,6-bisphosphate).3 mM NADP, 1.75 units of phospho-
also more negative than the value obtained for the peadlucoseisomeraseand 0.7 units of glucose-6-phosphate
enzyme (R.70 = —315 mV). Different results were also dehydrogenasé-or theredoxtitrationsof the C179SFBPase
obtained for the pH dependencyf for the two chloroplast ~ Mutant,it wasnecessarjo decreas¢he Mg?* concentration
FBPases. For the Spinach enzyme, the apparent presence @ﬂ the reactionmixture to 1.5 mM to obtain reproducible
two Components with differenEm V&S pH prof"es was data.Buffers usedwere SOdium-acetatepH 55, Bis-Tris-
explained by different bonding partners to Cys155 depending C! PH 6.0, 6.5, 7.0 andtricine-NaOHpH 7.5,8.0,8.5. The
on the pH. The oxidationreduction potential measured for ~redoxpoiseof theDTT mixtureswasconfirmedby titration
Trx f in this study, determined with the mBBr-labeling With DTNB.
technique (8), was somewhat more negative than a value Redoxtitrations of Trx f using enzymaticactivity were
reported previously for the same protein, which was obtained accomplishedby incubating thioredoxin in DTT redox
by measuring the ability of Trk to activate FBPase (9). mixtures as describedabove, followed by treatmentwith
To gain more information on structural and functional roles N-ethylmaleimideo block free cysteinylresidueq16). The
of the three conserved cysteines of the 170s loop of concentrationof unmodified Trx f was determinedby its
chloroplast FBPases (i.e., Cys155, 174, and 179 in spinach capacityto activateFBPaseas describedoy Schirmannet
Cys153, 173, and 178 in pea), we replaced them individually al. (10).
or in pairs by site-directed mutagenesis and analyzed the TheMg?" dependencyf FBPaseactivity wasdetermined
redox potentials, the thiol content, the Mgdependency,  usingtheassaydescribedcabovewith varyingMg?* concen-
and the activation kinetics of the recombinant mutant trationin thereactionmixturesandwith FBPaseeithernot-
proteins. We have also reinvestigated Eyevs pH profile activated(i.e., oxidized)or activated(i.e., incubatedn 100
for wild-type spinach FBPase and tkg value for spinach mM TEA-CI, pH 7.0, in the presenceof 2 uM Trx f and5
Trx f. MM reducedDTT for 10 min at 25 °C). An amountof



FBPasecorrespondingo 0.1 unit wastestedfor activity in
thecoupledspectrophtometricassayResultsvereevaluated
using the simplified Hill equation(17) to characterizehe
sigmoidal curves and to calculate the S5 the Mg?*
concentratiorat half-maximalactivity.

Activation kinetics of FBPasewith reducedthioredoxin
weremeasuredisingthe coupledspectrophotometriassay
describedabove.Samplesof WT FBPaseor of its C179S
mutantwere mixed with Trx and5 mM reducedDTT in
100mM TEA-CI, pH 7.0. After 0, 5, 10, 20, and30 min of
incubation,samplesof activationmixture correspondingo
0.1 unit of FBPasewere injectedin the reactionmixture.
The thioredoxinsusedto activatethe FBPasewere Trx f,
Trx m,andC49STrx f, a Trx f lacking the buried cysteine
of the active disulfide, at concentration®f 0.2 and 2 uM.

Thiol ConcentrationsTotal free thiols weretitrated with
DTNB in the presencef 2% SDSin 100 mM Tris-Cl, pH
8.0, andsurface-exposedysteinesn 100mM TEA-CI, pH
7.0, without SDS. Releaseof TNB~ wasmonitoredat 412
nm and its concentrationwas calculatedwith a molar
absorbencyf 13 600M~* cm™* (18).

Dissociationof the C174SFBPase-TNBComplexFreshly
purified C174SFBPasewvastreatedwith DTNB for 20 min
at pH 7.0 followed by desaltingover a G-25SF column
(Pharmacia)Thereleasef TNB~ wasfollowed by recording
absorptionspectrabetween500 and 250 nm every hour
during 12 h at 25 °C.

Circular Dichroism Spectroscopy.Samplesof WT and
mutantFBPasegxtensivelydialyzedagainstlO mM potas-
sium-phosphateuffer, pH 6.0, weredilutedto a concentra-
tion of 1.5uM. CD spectrawererecordedrom 190to 250
nmin acell of 0.1 cm pathlengthat 25 °C. The secondary
structure composition was predicted using the program
“CDdeconvolution” (Dr. G. Boehm, http://biocinformatik-
.biochemtech.uni-halle.de/cdnn)

RESULTS

Oxidation—ReductiofTitration of Trx f and FBPase.To
confirmtheredoxpotentialfor spinachTrx f obtainedearlier,
in which the fluorescentprobemBBr was usedto monitor
the extentof reduction(8), we havereexaminedhe protein
by anindependenimethod.Usingthe ability of reducedTrx
f to activate FBPasethe oxidation—reductionmidpoint
potentialat pH 7.0, En 7.0 wasfoundto be —290+ 10 mV,
a valueidenticalto our earlier determination.

Theredoxpotentialfor spinachFBPasaleterminedearlier
was found to be 40 mV more negative(—330 mV, pH 7)
than that of Trx f andits pH dependencysuggestedhe
presencef two componentsTheseresultsalsodifferedfrom
thoseobservedwith the peaenzyme(8). For thesereasons,
andto facilitate comparisondetweerthe WT enzymesand
site-specifionutants we havereexaminedhe redoxproper-
ties of WT spinachFBPase Figure 1 showsa titration of
recombinantWT spinach FBPaseat pH 7.0. The pH
dependencyfor the E;, valuesof both recombinantWT
FBPaseandof the chloroplastenzymeisolatedfrom leaves
areshownasaninsertin Figurel. An averageedoxpotential
of =305+ 5mV atpH 7.0wasdeterminedor bothproteins.
Identical redox properties were observedregardlessof
whetherredox equilibration was carried out under air or
argon. The C179S mutant FBPase,which has an intact
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Ficure 1: Oxidation—reduction titration of recombinant spinach
chloroplast FBPase. Average of four titrations at pH 7.0 obtained
with the recombinant enzyme. Oxidatiereduction equilibration
was carried out for 2 h at ambient temperature under argon using
3.3 units/mL spinach FBPase and a catalytic amount of spinach
thioredoxinf (50 nM) in 100 mM buffer containing DTT at a total
concentration of 10 mM. Aliquots were withdrawn and assayed
for FBPase activity in the presence of 10 mM Mas described

in the Experimental Procedures. The solid titration curve was
calculated by fitting the data to the Nernst equation with the value
of n fixed at 2. (Insert) Effect of pH ol for recombinant (@)
and chloroplast (») FBPase. The datapoints, with an average
deviation of£5 mV, represent the result from several independent
titrations. Buffers used were Na-acetate (pH 5.5), Bis-Tris-Cl (pH
6.0—7.0), and Tricine-NaOH (pH 7-3.5).

> 08 I b N ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ]
s 3 J ‘

0 06 L FRUPUPORUPORR N i
< : : :

[ : - . :

2 04l ol I N SR
=

S :

O g : : ]
e 02 EE \ SN e —
-280 |- O ‘i
0 5 55 SL" 5 7 74 e | |
-280 -240 -200
E,, (V)

Ficure 2: Oxidation-reduction titration of the spinach FBPase
C179S mutant at pH 6.0 and pH dependency of Epefor the
mutant protein. Experimental conditions were as for Figure 1 except
that the activated enzyme was tested in the presence of 1.5 mM
Mgz

regulatory disulfideshoweda slightly more positive potential

of —290+10 mV at pH 7.0 (Figure 2), a value that is very
similar to that obtained with the corresponding pea FBPase
mutant C178S (Figure 3). These titration data all gave
excellent fits to the Nernst Equation for a single two-electron
transfer. The pH dependency of thg value for the WT

and C179S mutant spinach FBPases show a slope close to
—59 mV/pH unit value expected for a redox reaction that
involves the uptake of two protons per two electrons
transferred (see inserts in Figures 1 and 2). Titrations of the
C179S mutant FBPase at pH values higher than 7.0 showed
considerable scatter and gave poor fits to the Nernst equation,
probably due to the instability of the mutant at these pHs.
The E, value for the corresponding C178S pea mutant
showed the same pH dependency as observed for the spinach
enzyme.



1 [ u i ‘ ] Table 1: Thiol Group Content of WT and Mutant FBPase
i 5 : FBPase -SH total -SH surface
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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 for 3 h at ambient temperature under {qt5] free thiols found per subunit of enzyme for WT and
air using 70ug/mL pea FBPase and a catalytic amount of pea

thioredoxinf (0.24g/mL) in 200 mM MOPS buffer containing DTT mutant spinach FBPases. The primary structure indicates that
at a total concentration of 10 mM. Aliquots (2@0 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-
2h4021'\rfofrtjucczg:g-ils’gr;?ésrgggsgr?;tg’70'usnirtT;Mof’\IAilacpdstjﬁs- uhnOItSS ggting conditions yields the five thiols expected per subunit.
pnosphod ' 9 PhOSPNa T itrations 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
OSSO VU NN NS Wt S C179S. WT FBPase and mutant C179S show no surface-
Lo 3 3 : é P exposed thiols, even after prolonged incubation times. In
o S U R N A A 1 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

20 [l OSSP | ‘ : final values obtained for both these mutants are between 0.5
Lo ‘ ‘ i 3 . f and 1.6 thiols/subunit. It is important to point out that, after

oL L L P 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

change, the C174S mutant was treated with DTNB to obtain

TNB-labeled FBPase. This complex has an absorbance
mutant C153S @) and the double mutant C153/173S)(at pH - .
6.0 in 100 mM MES buffer. Experimental conditions were as for SPECtrum with the protein peak at 280 nm and a peak at 330
Figure 3. nm due to the complex of the enzyme with TNB9j. The

labeled enzyme was incubated at®®5and 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 Cys155—TNB 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 TN8nless
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?" Dependency of WT and Mutant FBPasé&g?" 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). TheEy, 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 regulafdn (

Ficure 4: Oxidation—-reduction titrations of the pea FBPase single
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mutant (B). The enzyme was activated by chemically reduced
FIGURE 6: Effect of M2t 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: S5 of Magnesium for Oxidized and Reduced WT and Activation Kinetics of WT and Mutant C1796igure 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 4S 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 Migrequirement of the oxidized @ 2 M concentration of the C49S Tfxmutant. Even Trx
enzyme t0Ss = 3.2 mM. Upon reduction of this mutant, M, at a concentration of2M, is able to slowly activate this

its Mg?* requirement further decreasesSgs = 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 low&stvalues spectra indicates a loss of about 3%ochelical structure

for Mg?* of about 0.6 mM. Table 2 summarizes tRgs in the C155S mutant compared to the three other proteins.
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F i ‘ Table 3: Summary of Oxidation—Reduction Midpoint Potentials of
w5 B ] Spinach Thioredoxirf and Spinach and Pea WT and Mutant
8 Chloroplast FBPase
o b
D 2 —— WT1.5uM B disulfide Emat
Q E C1795 1.5 M ] protein titrated pH 7.0 (MV)
= 10F —— 1745 1.5 uM ]

'-E ; =x==== C1558 1.5 uM spinach thioredoxifi C46/C49 —290+ 10

< O0f spinach FBPase WT C155/C174 —305+5

ol [ spinach FBPase C179S C155/C174  —290+ 10

S -0 pea thioredoxirf C33/C36 —290+ 107

o b pea FBPase WT C153/C173 —315+ 1

E 20 pea FBPase C178S C153/C173  —295+10
%0 ‘ L L pea FBPase C173S C153/C178  —260+ 10

190 200 210 220 230 240 250 a From ref8.

Wavelength (nm)

FiGure 8: Circular dichroism Speﬁtra ﬁf 1M WT and mutant  negative than that of Trk so that most of the Trkhas to
FBPases in 10 mM potassium-phosphate, pH 6.0, were recordedbe 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 atM\2 it is
different factors, such as pH, Mgconcentration (2021) virtually instantly activated. This might be due to the fact
and reduction state of the regulatory disulfi@2); All three that Er, for the mutantEn, 70= —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@@)( to C179S mutant and WT Trikare isopotential (Table 3) could
an increase in stromal Mg concentration (24), 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 Trx
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 betweenthe 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 Cysl55 and 174 could thus be explained by the
interact with Trxf (15). To obtain reduction of FBPase by attack of the primary nucleophile of TFXCys46) 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 measuremergy Was 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 Tixand 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 (7).
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?" 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 reduced (28). These resultdreshly 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



elementshowsalossof 3% of a-helix in the C155Smutant
comparedto the other proteins.Interestingly,the a-helix
formed by the region of the protein betweenAlal69 and
Vall178in the 170sloop corresponds$o 3% of theenzyme’s
helical structure This correlationsuggestshatunder oxidiz-
ing conditionsanartifactualdisulfide bond betweenCys174
and 179 couldbe formedin the C155Smutant.This would
be madepossibleby the high flexibility of the 170sloop
andwould disturbthe secondarystructureof this region.

Mutation of Cys174yields a protein, which is constitu-
tively fully active,like the C155Smutant,and hasa Mg?*
dependencyike thatof thereducedNT FBPaseHowever,
during aerobicstoragea partial dependencef the activity
on redoxstateappearsThis oxidizedenzymecanbe easily
reactivatedy Trx f and,lessefficiently, by Trx mandDTT
alone (datanot shown).In parallelto the emergenceof a
redoxpotentialeffecton activity, we alsoobserveanincrease
of the § s for Mg?* from 0.6to 1.2 mM undernonreducing
conditions(Table 2) anda decreasef the numberof total
free thiols from 6 to about4/subunit.In contrast,freshly
purified enzymeshowsa S s for Mg?* around0.6 mM under
either nonreducingor reducingconditions.Theseobserva-
tionscanalsobe explainedby the formationof anartifactual
disulfide bridge betweenCys155andCys179.This proposal
was made previously for the peachloroplastenzyme(7),
where only a small shift in the structurewould allow a
disulfide bridgeto form betweenCys153and Cys178,due
to the short 7 A distanceseparatingthesetwo cysteines.
Analysis of the releaseof TNB~ from the TNB-mutant
C174Scomplexalsosupportshis hypothesisDTNB incu-
bationof a freshly purified sampleof C174SFBPaseyields
aTNB complex,with TNB~ associatedavith Cys155and/or
Cys179.This complexis not stableunderaerobicconditions,
but disintegrateseleasingree TNB~ (Figure5). Underour
experimentatonditions,this could only occurif a disulfide
bondis formed.

Our resultsprovide experimentakvidencethat only the
two most N-terminal cysteineson the regulatoryloop of
chloroplastFBPaseare responsiblefor redox regulation,
whereaghethird cysteinedoesnot seento be involvedunder

normal physiological conditions. The most striking effect of

the openingof the regulatory disulfide bridge, either by
reductionwith Trx f or by mutation,is the changeof the
Mg?* requirement,which is lowered about 20-fold. This
strengthenghe proposal,basedon the structuralanalysis,
thatthe reductionof the regulatorydisulfide hasa positive
allostericeffecton the binding of the catalyticallyessential
Mg-ion in the active site.
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