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ABSTRACT. Photosynthesis in plant species that are evolutionarily adapted for growth in warm climates is
highly sensitive to illumination under cool conditions. Although it is well documented that illumination

of these sensitive species under cool conditions results in the photosynthetic production of reactive oxygen
molecules, the underlying mechanism for the inhibition of photosynthesis remains uncertain. Determinations
of chloroplast fructose-1,6-bisphosphatase and sedoheptulose-1,7-bisphosphatase activity showed that the
light-dependent, reductive activation of these key carbon reduction cycle enzymes was substantially inhibited
in tomato Lycopersicon esculentyrfollowing illumination at 4°C. However, other chloroplast enzymes

also dependent on thioredoxin-mediated reductive activation were largely unaffected. We performed
equilibrium redox titrations to investigate the thermodynamics of the thiol/disulfide exchange between
thioredoxinf and the regulatory sulfhydryl groups of fructose-1,6-bisphosphatase, sedoheptulose-1,7-
bisphosphatase, phosphoribulokinase, NAIgR ceraldehyde phosphate dehydrogenase, and the chloroplast
ATPsynthase. We determined that the redox midpoint potentials for the regulatory sulfhydryl groups of
the various enzymes spanned a broad rarg®(mV at pH 7.9). The electron-sharing equilibria among
thioredoxinf and its target enzymes largely explained the differential effects of photooxidation induced
at low temperature on thioredoxin-mediated activation of chloroplast enzymes in tomato. These results
not only provide a plausible mechanism for the low-temperature-induced inhibition of photosynthesis in
this important group of plants, but also provide a quantitative basis to evaluate the influence of thioredoxin/
target enzyme electron-sharing equilibria on the differential activation and deactivation kinetics of
thioredoxin-regulated chloroplast enzymes.

Most warm-climate plant species are sensitive to brief mechanisms both to minimize the generation of potentially
exposures to low, nonfreezing temperatures. Low-tempera-damaging reactive molecules as well as to rapidly detoxify
ture exposure in combination with even moderate irradiancethose that are produced. Strategic leaf and chloroplast
levels causes rapid, often very severe, inhibition of photo- movements can greatly attenuate the amount of incident light
synthesis in a broad range of warm-climate plants including that is absorbedsj. Dynamic processes that operate within
maize (), cucumber 2), and tomato ). Numerous poten-  the chlorophyll antennae array of photosystem Il can rapidly
tially contributing elements to the inhibition have been dissipate as heat a large portion of the light that is absorbed,
identified, and all may ultimately arise from the photosyn- thereby greatly diminishing the threat of photosyntheticly
thetic production of active oxygen species. ( generated reactive moleculés g). Chloroplasts are further

The photosynthetic generation of biologically reactive Protected by the capability to employ numerous alternative
molecules including reduced and excited species of oxygen,electron acceptors when the availability of O©inadequate
peroxides, radicals, and triplet state excited pigments isto accommodate the electron flux potential. Oxygen can
commonplace because plants frequently encounter lightSustain significant levels of photosynthetic electron flux either
intensities that exceed their photosynthetic capaciy ( by operating as a substrate for rubisco in the photorespiratory
Higher plants are surfeited with diverse and sophisticated Pathway ) or by interacting directly with photosystem |

and/or ferredoxin in a Mehler reactioh(—12). The reduc-

T This work was supported in part by the National Research Initiative tion -Of slf”ﬂte (L3 and mmte 0'4) qan sometimes funCtlon.
Competitive Grants Program/U.S. Department of Agriculture (Grant as significant electron sinks within the chloroplast. Cyclic

91-37100-6620) to D.R.O. and by Integrative Photosynthesis Researchélectron transport involving photosystem | and the cyto-
Training Grant DOE DEFGO2-92ER20095, funded under the program chromebsf complex (L5) and also a cryptic photosystem |
for Collaborative Research in Plant Biology. _cycle (16, 17 have been implicated as potentially important

* Address correspondence to this author at the Photosynthesis . . L. L
Research Unit, USDA/ARS, and Department of Plant Biology, 190 Mechanisms in avoiding the consequences of overexcitation
ERML, 1201 West Gregory Dr., University of lllinois, Urbana, IL  under conditions of inadequate g@vailability.

61801-3838. Fax: 217-244-0656. E-mail: d-ort@uiuc.edu. ; ; ; ; :
* Present address: Department of Biochemistry, Molecular Biology, Whlle.the reduction of oxygenis a hlgf_‘lly effective Str:.itegy
and Biophysics, University of Minnesota, 140 Gortner Hall, 1479 tO Sustain electron flow and thereby avoid dangerous pigment

Gortner Ave., St. Paul, MN 55108-1022. states and overreduction of NADP, it nevertheless carries

10.1021/bi0001978 CCC: $19.00 © 2000 American Chemical Society
Published on Web 05/09/2000



6680 Biochemistry, Vol. 39, No. 22, 2000 Hutchison et al.

the hazards inherent in formation of reduced oxygen and under a 14 h (26C) light/10 h (21°C) dark cycle at 406
hydrogen peroxides. Superoxide radicals generated by the 500 umol-m=2-s™* PPFD and 75% relative humidity as
one-electron reduction of molecular oxygen by photosystem detailed in Jones and Or2). Plants were fertilized twice
I/ferredoxin are rapidly converted within the chloroplast to weekly with Plant Marvel liquid formula (12-31-14) supple-
hydrogen peroxide by CuzZn-superoxide dismutase. Whereasmented with 10 mM KNQ@. All samples were taken from
hydrogen peroxide associated with the photorespiratory path-young, fully expanded leaves of plants-248 days after
way is generated and detoxified by catalase in peroxisomesplanting. Potted plants were chilledrf& h in a growth
(9), detoxification of hydrogen peroxide produced in the chamber at 3C and 80% relative humidity at a light intensity
chloroplast relies almost exclusively on the activity of of 1000umol-m~2-s~t PPFD. During chilling, the temper-
ascorbate peroxidase bound to thylakoid membranes andature of fully illuminated leaves was—b °C. Plants were
localized in the vicinity of photosystem [18). Because rewarmed (23°C) at 100% relative humidity to prevent
monodehydroascorbate reductase catalyzes the regenerationilting.
of ascorbate in the chloroplast at the expense of NAD(P)H, Determination of Photosynthetic RateBhotosynthetic
monodehydroascorbate reduction must be stoichiometric withrates were measured at 3G by infrared gas analysis on
oxygen reduction as a photosynthetic electron sink in order single attached tomato leaves at 1500-L.~* CO, under
to ensure sustained capacity to detoxify reactive oxygen PPFD of 1000umol-m=2-s71. The chlorophyll content of
species. tomato leaves ground in 80% acetone was measured spectro-
The triplet ground state of molecular oxygen allows it to photometrically and calculated using the specific absorption
participate in unusual chemistry that generates an additional,coefficients for chlorophyllsa and b of Ziegler and Egle
potentially hazardous, form of reactive oxygen within chloro- (22).
plasts. The triplet excited state of the primary donor of photo-  Isolation and Actiity Measurements of Thioredoxin
system I, 3Psgg*, can form during charge recombination Regulated Enzyme$he purification procedure for chloro-
reactions within the photosystem Il reaction cent&g)( plast fructose-1,6-bisphosphatase (FBPase) was adapted from
Although reaction center carotenoids generally efficiently Nishizawa et al.Z3) as detailed in Hutchison and O24).
qguench chlorophyll triplets, when the rate of triplet formation Sedoheptulose-1,7-bisphosphatase (SBPase) was isolated
is increased by reduced flux of electrons from the reaction from tomato leaves as described by Cadet et 28) put
center (e.g., at cool temperatures), molecular oxygen canomitting the initial step of chloroplast isolation. Analysis by
interact with the excited triplet state of the pigment, SDS-PAGE indicated greater than 95% purity for both
generating strongly oxidizing and highly reactive singlet enzymes. FBPase and SBPase were concentrated by ultra-
oxygen,*O,. filtration and stored frozen at20 °C. FBPase (fructose 1,6-
Under most circumstances, the aggregate effect of thesebisphosphate= fructose 6-phosphate- P) and SBPase
protective and detoxification processes, coupled with con- (sedoheptulose 1,7-bisphosphatesedoheptulose 7-phos-
siderable capacity for repair, effectively prevents the inhibi- phate + P) activities were measured by monitoring the
tion of photosynthesis by excessive irradiance. However, our €nzyme-dependent release of inorganic phosphate using a
evidence indicates that the capacity of these processes cafrocedure 24) modified from Chifflet et al. 26).
be suppressed and exceeded in warm-climate plants il- Phosphoribulokinase (PRK) was isolated and purified to
luminated at cool temperatures. We have shown that the>90% homogeneity essentially as described by Porter et al.
light-dependent, reductive activation of chloroplast bis- (27). The concentrated protein was dialyzed against 50 mM
phosphatases was substantially inhibited following illumina- tricine—NaOH (pH 7.8), 1 mM EDTA, 10% (v/v) glycerol,
tion at low temperature in tomato, whereas other chloroplastand 10 mM DTT and stored frozen &80 °C. PRK activity
enzymes also dependent on thioredoxin-mediated reductive(ribulose 5-phosphateé- ATP < ribulose 1,5-bisphosphate
activation were largely unaffecte@@. We report here on ~ + ADP) was determined spectrophotometrically in a reaction
equilibrium redox titrations performed to determine the elec- coupling the PRK-dependent formation of ADP with pyru-
tron-sharing equilibria among thioredoxfnand its target vate kinase/lactate dehydrogenase-dependent NADH oxida-
enzymes, which reveal that the redox midpoint potentials tion (27).
for the regulatory sulfthydryl groups of the various enzymes  Chloroplast glyceraldehyde-3-phosphate dehydrogenase
span nearly 50 mV. We show that these results can largely(GAPDH) was isolated and purified t890% homogeneity
explain the differential effects of photooxidation induced at according to the published procedure of Anderson e28). (
low temperature on thioredoxin-mediated activation of chlo- The GAPDH-dependent oxidation of NADPH was monitored
roplast enzymes in tomato. In addition to providing a spectrophotometrically at 340 nm in a 8QQ sample
plausible mechanism for the low-temperature-induced inhibi- containing 100 mM tricineNaOH (pH 7.9), 2.5 mM ATP,
tion of photosynthesis in this important group of chilling
sensitive plants, these data also form a quantitative basis to 1 appreviations: DTTed*% dithiol/disulfide redox forms of dithio-
help understand the differential activation and deactivation threitol; A+, transthylakoid membrane electrochemical potential of

hydrogen electrodeE, 7.4, oxidation—reduction midpoint potential at

enzymes. pH 7.9; FBPase, chloroplast fructose-1,6-bisphosphatase (EC 3.1.3.11);
FBP, fructose 1,6-bisphosphate; FTR, ferredoxin:thioredoxin reductase;
MATERIALS AND METHODS GAPDH, chloroplast glyceraldehyde-3-phosphate dehydrogenase (EC

1.2.1.13); PPFD, photosynthetic photon flux density; PRK, phospho-

_ :_ribulokinase (EC 2.7.1.19); rubisco, ribulose bisphosphate carboxylase/
Plant Growth and Low-Temperature Treatment Condi oxygenase (EC 4.1.1.39); SBPase, sedoheptulose-1,7-bisphosphatase

tions Tomato plants lfycopersicon esculenturifill. cv. (EC 3.1.3.37); SBP, sedoheptulose 1,7-bisphosphate; tribigs-
Floramerica) were grown from seed in growth chambers (hydroxymethyl)methylglycine.
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10 mM MgCh, 2 mM DTT, 0.1 mM NADPH, and 4 units
of phosphoglycerate kinase. The reaction was initiated by
the addition of 5 mM 3-P-glycerate.

Measurement of Chloroplast ATPsynthase #ation.
Measurements of the relaxation kinetics of the flash-induced
AAs;5 were used to monitor the catalytic turnover of the
chloroplast ATPsynthase in thylakoids isolated from dark-
adapted leaves. Instrumentation, data acquisition, and analysis
were performed as detailed by Oxborough and @%j.(The
assay medium for in vitro experiments (Figure 5) contained
thylakoids equivalent to 4Q«M chlorophyll, 100 mM
sorbitol, 5 mM tricine-KOH (pH 7.9), 20 mM KCI, 5 mM
MgCl,, 100uM methyl viologen, 10Q«M ADP, and 1 mM
NaH,PQO,. For experiments with intact tomato leaves (Table
2), 3 saturating single-turnover xenon flashes spaced 10 ms
apart were used to overcome the diminishing effects of the
chilling exposure on membrane energizati@s)(

Thioredoxin IsolationThe isolation procedure for spinach
chloroplast thioredoxin was adapted from Crawford et al.
(30) as given in detail in Hutchison and O&4). Following . . . .
desalting, the thioredoxin samples were concentrated by 0 15 30 45 60
ultrafiltration and stored at20 °C. Analysis by SDSPAGE (llumination Time (min)
showed that greater than 90% of the protein present was . . . .
thioredoxin. We also used thioredoxiprovided by Profes- z'ftmi,lm %ggnﬁgfoeﬁi?gg”;”f;* ‘;“n"d” ;ftgf %?%nﬁgﬁlzgg%ﬁpase
sor Schumann isolated fronE. coli that had been trans-  temperature treatment. The induction of net photosynth@si©)
formed with the cloned spinach thioredoXigene 81). as a function of illumination time was measured at@y infrared

Equilibrium Redox Titrations of Intramolecular Dithiol/ ~ 9as analysis on single attached tomato leaves at 660! CO,

. : under PPFD of 100@&mol-m~2-s71, Leaf disks were isolated at
Disulfide Regulatory GroupsThe dependence of catalytic different times from separate plants under identical conditions to

activity on the ambient redox potential was used to determine getermine FBPase activitsi( 0). The means of three independent
the electron-sharing equilibria for the reversible exchange FBPase determinations are plotted.

of a protein intramolecular disulfide between thioredokin
and chloroplast target enzymez4.

Enzyme samples were incubated at’Z5in 0.1 mL of
solution containing 100 mM tricineNaOH (pH 7.9), 0.2
ug of thioredoxinf, and 10 mM DTT in various dithiol/
disulfide ratios. The incubation solution had been purged with
argon, and samples were kept under a constant stream o
humidified argon throughout the incubations. The dipolar
ionic buffer tricine is an effective chelator of trace metals
that might otherwise catalyze the oxidation of thiols by
oxygen. The stability of the redox poise under these
conditions for incubations fo5 h was confirmed using
Ellman’s reagent32) to monitor the concentration of DT
For phosphoribulokinase, in which the dithiol/disulfide
midpoint potential was the most oxidizing of the proteins
that were titrated, we used 80 mM total DTT to ensure stable
redox poise at the most oxidizing potentials where the
proportion of the DTT in the dithiol form was very low.

The titration data were fit to the Nernst equation in the
form:

40 b

30 |

20 |

Net Photosynthesis (umol CO, - m2 - s°1)

Choloroplast FBPase Activity (mmol FBP - mol Chl -1 - s71)

best fit for the value ofh was evaluated never produced
values that deviated significantly from 2. The [disulfide] was
calculated as 100% % of maximum activity at any given
Ey, and the [dithiol] was then the % of maximum activity at
]that En. The data points were computer fit to the Nernst
equation using an iterative nonlinear least-squares analysis.
The absolute values determined for the midpoint potential
of the regulatory sulfhydryls are dependent upon Eae
values assigned to various ratios of D¥/DTT® at pH 7.9.
The initial value for the midpoint potential of DTT at pH 7
reported by Cleland34) of —332 mV is well supported by
more recent measurements employing diverse techni@des (
35). Since the redox reaction of DTT involves protons, the
En of this redox buffer will have a substantial pH dependence
that must be taken into account B, calculations. The
reduced form of DTT is a very weak acid with thi€jvalues
of the thiols reported to be 9.2 for the first ionization and
10.1 for the second3g). Since DTPXis a very strong acid,
the redox chemistry of DTT will involve one proton per
[disulfide] electron at pH values below8.2 (at higher pH values,
—_— ionization of the first thiol on DT will lower the proton-
[dithiol] to-electron ratio below 1). We have used the value of Lees

En denotes that the redox potential values are referenced toand Whitesidesq7) for the En 7 for DTT of =327 mV at 25

the standard hydrogen half-celiy, 7 g Specifies the midpoint C. giving a value forEy.7¢ of ~380 mV.

potential under conditions when the components of the redoXp gy TS

reaction are present at less than unit activities and the ambient

pH value was 7.9, mimicking the stromal pH in the light Chilling Inhibits the Light Actsation of FBPase and
(33). There are two electrons involved in the thioredoxin- SBPase but Not Other Reduetly Actvated Carbon Reduc-
mediated dithiol/disulfide interconversions, so we evaluated tion Cycle Enzymesigure 1 illustrates thas h of illumina-
this equation fom = 2. Alternative analyses in which the tion at 3°C caused more than a 50% inhibition of light- and

E,=En7ot %9 log
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Table 1: Effects of Light and Chilling Treatment on the Light . T ' ' '
Activation of Photosynthetic Carbon Reduction Cycle Enzymes 3
dark act® light act? § 125
[mmol-(mol of [mmol-(mol of °
enzyme treatment chl)y s chly s d_“_ -
FBPase control 1%2 4143 s
light and chill 19+ 2 17+ 2 g
SBPase control 123 3745 - 7
light and chill 13+ 4 15+ 4 S
PRK control 18+ 2 39+2 8 %
light and chill 16+ 2 34+3 @
GAPDH  control 70+ 8 106+ 12 § o5
light and chill 51+ 11 118+ 22 m
™
a@Mean values and standard errors calculated for a minimum of three . . |

|

0 1 2 3
] . Thioredoxin f (uM)
COOZ_S&turateq pho}os_ynthe5|s measured after rewarming toFIGURE 2: Dependence of FBPase activation on thioreddxin
30°C. Following this light and chill treatment, tomato plants - concentration. FBPase isolated from tomato leaves bemyex(
had largely lost the ability to reactivate FBPase in the light after ) light and low-temperature treatment was incubated for
(Figure 1, cf.m, O) although quantitative western blot 10 min in 100 mM tricine-NaOH (pH 8.0), 10 mM DT, and
analysis revealed that there was no loss in the amount ofthe indicated concentration of thioredoxin

this enzyme present in the leaf (data not shown). The light : : .

and chilling treatment also caused more than a 2-fold increase - FBPase

in the accumulation of radioactivity in FBP following a 2 Em, 7.9 = -348 mV
min pulse-labeling witH“CO; (20), consistent with the loss

of light-induced FBPase activation. We also observed a
substantial increase in SBP labeling following the light and
chilling episode 20), inferring an inability of the chilled
plants to light-activate SBPase as well.

Table 1 shows that the loss of the light-dependent reductive
activation of FBPase and SBPase by the light chilling
treatment is in contrast to the behavior of other thioredoxin- o L . )
mediated, reductively activated enzymes in the chloroplast. -450 -400 -350 -300 -250
The light activation of PRK and GAPDH was largely Ep (MV)

unaffected by illumination at cool temperatures. Ficure 3: Equilibrium redox titration of thiol/disulfide regulatory
Low-Temperature lllumination Treatment Does Not Alter groups on tomato chloroplast FBPase bef@pdr after () light

the Redox Characteristics of Tomato Chloroplast FBPase. and low-temperature treatment. Purified FBPase was incubated at
FBPase isolated from tomato leaves illuminated at growth pH 7.9 for 1.5 h in the presence of Qua thioredoxinf and 10

(26 °C) and chilling (4 °C) temperatures fo6 h was mM DTT in various thiol/disulfide ratios. The dependence of
incubated for 10 min with various amounts of thioredokin  FBPase activity was measured as phosphate release from fructose

. - . 1,6-bisphosphate as a function of the ambient redox potegigal (
in order to reveal any effects that chilling might have had :%55C The solid curve shows the nonlinear least-squares fit of

on the affinity of FBPase for thioredoxin and thereby the data to the Nernst equation with the valuendixed at 2.
interfere with activation. Figure 2 shows, in the presence of

10 mM DTT®4 the effect of thioredoxirf on the rate of ) ) o
FBPase activation saturated at aboutM thioredoxin for ~ sulfhydryl groups or changes in the physical accessibility

separate determinations.

50

% Maximum Activity
&
T

enzyme isolated from either contrall) or chilled (0) leaves. ~ due to rearrangements within the protein could have large
This dependence on thioredoxin concentration is near|y and unforeseen effects on the dithiol/disulfide eXChange rate
identical to that reported by Prado et 88 and Lgpez- (412). In our experiments, we monitored the time course of

Jaramillo et al. 89) but differs from the unsaturable, first- €nzZyme activation in order to ensure that redox equilibrium
order dependence of FBPase reduction rate on thioredoxin had been attained. Under the conditions cited for the FBPase
concentration reported by Clancey and Gilbei)( titratjon reported in Figure 3, maximum activity was achieved
Figure 3 shows the dependence of FBPase activity on theWithin 1.5 h, and we observed no loss of activity after 3 h
ambient redox potential at pH 7.9. Although the dithiol ~ Of incubation at 23C (data not shown). Without thioredoxin
disulfide exchange rates between thioredoxin and the targetf, the rate of activation of FBPase by direct thiol exchange
enzymes must be relatively rapid under physiological condi- With DTT was exceedingly slow, and equilibrium was not
tions in order to explain observed rates of light activation, attained during the lifetime of the protein under these
this situation cannot be assumed for in vitro titrations. While incubation conditions. In the presence of M thioredoxin
the pH sensitivity of dithiol/disulfide exchange is well- f, we observed no dependence of the rate of FBPase
known, more Cryptic factors associated with enzyme sub- aCtiYation Oln the total concentration of DTT present during
strates and cofactors may play important roles in determining the incubation (data not shown).
the equilibration kinetics. Changes in the protein that affect The solid line in Figure 3 depicts the nonlinear least-
the local electrostatic environment around the regulatory squares fit of the redox titration data to the Nernst equation
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Table 2: Effect of Light and Chilling Treatment on the

- 100 Light-Dependent Reduction of the Chloroplast ATPsynthase

E AAsigrelaxation half-time (ms)

< 75 treatment dark-adapted light-adaptel % reductio

5 control 50 15 100

£ 507 light and chill 49 31 51

x

g a2 Tomato plants were dark-adapted for 12 h prior to excitation with

< 257 3 closely spaced saturating single-turnover xenon flagHeght

° adaptation was performed by illumination of dark-adapted plants for
0 30 s with 300umol-m~2-s7* of red light followed ly a 2 min dark
450 200 350 300 250 interval to permit relaxation of thé\uH+ formed during the light

adaptation 45). % reduction (i.e., dithiol/disulfide ratio) was deter-
E,(mV) mined as [(;> dark-adapted- t;,; light-adapted)'d(t,, dark-adapted

. T P ; At — ti» light-adaptedP™™] x 100. The light-adapted control was
gﬁngEa?(') PESEH.ITI;EP":SQ z)tlgﬁggzséw:)reggﬁg;g gﬁgyﬁleon considered to have 100% of the ATPsynthase in the dithiol form.
was incubated at pH 7.9 for 1.5 h in the presence of /M2
thioredoxinf and 10 (SBPase and GAPD) or 80 (PRK) mM DTT . . .
in various thiol/disulfide ratios. The dependence of activity on the ATP synthase
ambient redox potentialE;) was measured at 28C. The solid Em, 79 =-335mV |
curves depict the theoretical relationships for each protein calculated
by fitting the data to the Nernst equation with the value diked
at 2.

-

o

o
T

~
(&)
T

% Reduced
3

with the value ofn fixed at 2. This analysis shows that with

the ambient potential poised at350+ 10 mV at pH 7.9,

half the FBPase population will be in the dithiol form and N

half in the disulfide form. FBPase isolated from tomato . , .

leaves following low-temperature illumination (FigureC3), -450 -400 -350 -300 -250

had the samé&;, dependence for activation as the enzyme Ep (mV)

isolated from C_O”"_O' Ieaves_ (Figure m). Ficure 5: Determination of the oxidatieareduction midpoint
The redox midpoint potentials for the regulatory sulfhydryl potential of the regulatory dithiol/disulfide couple located on the

groups of thioredoxin-activated chloroplast enzymes span achloroplast ATPsynthasesubunit. Purified thylakoid membranes

broad range. Like FBPase, light activation of SBPase was €quivalent to 0.4 mM chlorophyll were incubated in darkness for

inhihi ; ; ; 1.5 h at 4°C in 50 mM tricine-NaOH (pH 7.9), 5 mM Mgd], in
inhibited in tomato by the light and chill treatment (Table the presence of 0,2M thioredoxinf and 10 mM DTT in various

1). TheE, dependence of SBPase activation (Figura},  thiol/disulfide ratios. The solid curve shows the nonlinear least-
was experimentally indistinguishable from FBPase. Light squares fit of the data to the Nernst equation with the value of

activation of PRK was not detectably altered by the light fixed at 2.
and chilling treatment, and th&, dependence of PRK
activity (Figure 4,H) reveals theEn 79 (—315+ 10 mV) proton efflux through the ATPsynthase associated with ATP
for reductive activation of this enzyme is 35 mV more synthesis results in an accelerated relaxation of the electric
oxidizing than for the bisphosphatases. Because the equifield-associated absorption chang&)( This approach can
librium constant between DTT and PRK is large in com- be extended to monitor the reduction of the ATPsynthase
parison to FBPase and SBPase, the accuracy of the PRKsince reduction of thes subunit significantly lowers the
titration is more sensitive to impurities (including DT energetic threshold, and therefore the number of actinic
in the DTT®d used to poise the ambieRt, (35, 49. Thus, flashes, necessary to activate the ATPsynthase and initiate
the actual experimental uncertainty of thg;ofor PRK may ATP formation @8). The wavelength dependence of the
be somewhat larger that10 mV calculated from the flash-induced absorbance change in leaves has been pub-
experimental reproducibility. lished elsewheredb) and is dominated by the electrochromic
The chloroplast ATPsynthase differs from other thiore- bandshift showing an absorption change maximum at 518
doxin-regulated enzymes in that reduction of the regulatory nm. The effect of the light and chilling treatment on the
sulfhydryl group is not required for catalytic activation of reduction of the chloroplast ATPsynthase [Table 2 &8)](
the enzyme. The light-dependent activation of the chloroplast was intermediate (i.ev50%) between the complete inhibi-
ATPsynthase requires the formation of a threshald,+, tion of light activation of the bisphosphatases and the
which in turn causes a conformational rearrangement thatcomplete insensitivity of PRK (Table 1). Figure 5 shows that
permits thioredoxin to interact with the regulatory sulfhydryl the Ep, 7o for reduction of this enzyme—~330 +£ 15 mV)
group on they subunit 43). The in situ activity of the measured on isolated thylakoid membranes is also intermedi-
ATPsynthase can be monitored in intact leaves by taking ate between the bisphosphatases and PRK.
advantage of the contribution that the electric potential of Seemingly breaking the emerging pattern between the
the Aun+ makes to flash-driven ATP formation (e.g., see refs sensitivity of catalytic activity to illumination at low tem-
44—46). In photosynthetic membranes, the fate of the electric perature and the redox midpoint point potential of the
potential can be conveniently monitored through its effect regulatory sulfhydryl groups, light activation of GAPDH is
on the absorption spectrum of a specialized group of unaffected by the light and chilling treatment (Table 1)
pigments within the membrane. Membrane depolarizing whereas th&, 7 ofor the reductive activation of this enzyme

n
(9]
T
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% Reduced
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v
T

Em, 7.9 (mV)

FIGURE 6: Oxidation-reduction titrations ofE. coli thioredoxin FBPase

(a) and spinach chloroplast thioredoxXi@®) at pH 7.9. The solid B
curves depict the theoretical relationships for each protein calculated -
by fitting the data to the Nernst equation with the value diked -
at 2. L

-300 [~

(—360+ 10 mV) is as at least as reducing as the bisphos-
phatases (Figure 49).

The Midpoint Potential of Thioredoxin f Is Nearly Equi-  Figure 7: Scheme showing the energetic relationship of the thiol/
potential with the Chloroplast ATPsynthaseamples of disulfide exchange between thioredoXiand its various reaction
chloroplast thioredoxin f oE. coli thioredoxin were equili-  Partners within illuminated tomato chloroplasts (i.e., pH 7.9). The
brated with various ratios of DTT* redox buffer as vertical bars represent the redox potential range of the species from

0, idi 0, I 1
described for FBPase titrations. The thioredoxins were then 10% oxidized to 10% reduced (i.e., 59 mV forar= 2 reaction).
reaCFed with the sulfhydryl reagem_-ethylmalelmlde ac- Table 3: Reduction/Activation of PRK, ATPsynthase, and FBPase
f:ordmg to the.pr.ocedure of Rebe"!e and Hat@tg)(to upon Poising Intact Tomato LeavesEy of Thioredoxinf
inactivate the dithiol form of the protein. The disulfide form

. . : E2 (MmV/ % reduction/activatich
of thioredoxin that remained unlabeled aftérethylmale- PRT:Zyme " (3'25) ore uzllcrf; et
imide treatment was then reduced with 10 mM DTT and ATPsynthase 325 254 8

assayed for its ability to activate oxidized FBPase. FBPase —325 10+ 7

The_EmJ'o Tor E. (,:0“ thioredoxin Of,_2_60 m\_/ is well a Dark-adapted tomato leaves were vacuum-infiltrated with 30 mM
established in the literatur&@, 51. This is equivalent to  pTT in 20 mM HEPES buffer at pH 7.9. Mean values and standard
anEn 790f —315 mV providing thak. colithioredoxin thiols errors calculated for a minimum of five separate determinations.

are very weak acids (i.e.Kg > pH 9.5) and that the disulfide ~ Conducted as for dark-adapted conditions in Table 2.
of oxidized thioredoxin is a strong acid, thus causingEhe
to have a—59 mV/pH dependence at pH values below 8. the leaf at—325 mV, the midpoint potential determined for
This extrapolated value fdE. coli thioredoxin agrees well  thioredoxinf (Figure 6). The in vitro titrations depicted in
with our measured value d,79= —320+ 10 mV. Our Figure 7 predict that under this redox poise, FBPase would
measurements (Figure 6) indicate that spinach chloroplastbe <10% activated whereas PRK activity would be 75% of
thioredoxinf is essentially equipotentiaEf, 7.0 = —325+ maximum. Table 3 illustrates good agreement with these
10 mV) with theE. coli protein. predictions although PRK was only 60% activated, indicative
Redox Po|s|ng of Intact Leas Confirms the Broad £ of a Sllghtly more negatiVEm under in situ conditions. The
Range for Thioredoxin-Regulated Enzymes Identified by in 25% reduction level of the ATPsynthase agrees closely with
Vitro Titrations. Figure 7 depicts the energetic positioning €Xpectation from the in vitro titration (Figure 5).
at pH 7.9 of thioredoxirf to five of its target enzymes for
which dithiol/disulfide exchange titrations were performed DISCUSSION
in this study. This pH was selected for the redox determina-  The chloroplast thioredoxin regulatory pathway begins
tions because the pH of the stroma is believed to increasewith the ferredoxin-dependent reduction of a cystine disulfide
from about pH 7.0 to about pH 7.9 as a result of illumination at the active site of ferredoxin:thioredoxin reductase (FTR),
(33). The vertical bars depict the redox range over which forming two cysteine thiols. This enzyme is~a26 kDa
the dithiol/disulfide ratio changes from 0.1 to 0.9 for each heterodimer located in the chloroplast stron%&®)(and
protein. This illustration shows that th&, 7 o of thioredoxin  contains a unique (4Fe-4S) cluster that couples the single-
fis positioned energetically below most of its target enzymes electron redox chemistry of ferredoxin with the two-electron
while still maintaining a substantial energetic overlap with dithiol/disulfide exchange reaction at the active si8(FTR
each reaction partner. functions as a protein disulfide reductase in catalyzing an
To validate the physiological significance of the electron- intermolecular dithiol transfer to either form of chloroplast
sharing equilibria depicted in Figure 7, dark-adapted tomato thioredoxin (i.e.,f or m). Equilibrium redox titrations of
leaves were vacuume-infiltrated with 30 mM DTT in 20 mM  spinach FTR by Hirasawa et ab4) show ank, 7.00f —320
HEPES buffer at pH 7.9. The dithiol/disulfide ratio of the mV, and, protein instability problems at alkaline pH not-
DTT mixture was selected to poise the redox potential of withstanding, their work implies akny 79 near—375 mV.
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Higher plant chloroplast thioredoxins, like thioredoxins
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C178 in pea is rigorously conserved in all thioredoxin-

from all photosynthetic organisms, have an identical active regulated FBPase enzymes, the involvement of more than a

site sequence to that of the analogous proteis.afoli, Trp-

single disulfide/dithiol couple in FBPase activation under

Cys-Gly-Pro-Cys; the two cysteines of the active site form physiological conditions remains to be validated. With the

a disulfide bond in the oxidized state of the protelib)(
Thioredoxinsf and m have differential but overlapping

exception of the recent work of Dunford et ab3, the
molecular basis for redox control of SBPase activity has been

reactivities with the ensemble of redox-regulated target relatively little studied.

enzymes %3, 5. As a protein disulfide oxidoreductase,

The proton-translocatingF-ATPsynthase is a ubiquitous,

thioredoxins are exceptionally reactive within the physi- multisubunit enzyme present in the plasma membrane of
ological pH range, perhaps 4 orders of magnitude more eubacteria, the inner mitochondrial membrane, and the
reactive than the best chemical redox reagents in disulfide photosynthetic membranes of higher plants, algae, and

exchange reactions involving certain protein thi&@g)( The
Enmzg0f —325+ 10 mV that we measured for thioredoxin
f is, when corrected for the small difference in thg of
DTT used in the calculations, about 20 mV more oxidizing
than the value extrapolated from the pH dependendg;of
recently determined for spinach thioredoxiby Hirasawa
et al. 64). Our value for the equilibrium midpoint potential
of E. colithioredoxin is again somewhat more positivelb
mV) than the value of Knaff and co-worker54) but is
nearly identical 5 mV more positive) with other values
in the literature %0, 51 assuming a-59 mV/pH dependence.

We determined that the tomato chloroplast bisphos-

cyanobacteria. While the activities of all ATPsynthases are
intricately regulated, redox regulation is a unique feature of
the chloroplast ATPsynthase from algae and higher plants.
The CR y subunit contains an intrapeptide disulfide bond
between Cys-199 and Cys-205, which is located in an extra
domain of the chloroplast subunit that is not present in the
mitochondrial or bacteria} subunit sequence64). This
cystine disulfide is the target of thioredoxin in the physi-
ological reduction pathway66—68). Although there was an
initial suggestion of no differential selectivity between
thioredoxinf and thioredoxirmin y subunit reductiong9),

later work showed clear specificity for thioredoxin(70).

phatases, FBPase and SBPase, have experimentally indisFhe redox titration depicted in Figure 5 is the first reported

tinguishableE,, 7o values of about-350 + 10 mV. Since

for y subunit reduction.

these enzymes work in tandem in the photosynthetic carbon Whereas our titrations for spinach thioredoxkirspinach

reduction pathway, it is sensible that their activity be
coherently regulated. Assuming-é69 mV/pH unit depen-
dence of the FBPad®, (54), our E, 7. 9determination (Figure
3) is about 15 mV more oxidizing than tH&;,x recently
reported for pea4). We also performed titrations of FBPase
provided by Peter Scinmann isolated front. coli that had

and pea FBPase, aritl coli thioredoxin agree reasonably
well with the determinations by Knaff and collaborators, the
En 7.othat we obtained for tomato PRK is about 35 mV more
oxidizing than their determinations for this enzyme from
spinach $4, 70, 7). This difference seems convincingly
outside thet20 mV uncertainty for the difference between

been transformed with the cloned spinach gene. We obtainedwo E,, values, each with an experimental uncertainty-6D
anEn 7 ofor recombinant spinach FBPase essentially identical mV. These very differenE,, values likely represent true

to the tomato enzyme of350+ 10 mV (data not shown).
Both Schiumann’s and Knaff's laboratories independently

differences between species. PRK is unique among thiore-
doxin-regulated chloroplast enzymes in that one of the

corroborated this value on identical samples of recombinant regulatory cysteines is also involved in facilitating catalysis
spinach FBPase (personal communications), thus supplanting72, 73. PRK may also be unique in having{pvalues of

the 30 mV more oxidizing value earlier reported for the
spinach enzymesd). Our E, determination for the regulatory

the regulatory cysteines within the physiologically relevant
pH range. Hirasawa et al54) estimated K, values of 8.1

disulfide/dithiol couple of tomato SBPase (Figure 4) is the and 8.6 for the regulatory cysteines of spinach PRK from

first published value for this enzyme.

En vs pH data fit in three different regions to slopes-¢50

Recent investigations of the redox regulation of FBPase mV/pH, —30 mV/pH, and in the most alkaline range, 0 mV/
portend unexpected complexity. Site-directed mutagenesispH. These data corroborate an earli&r, walue of 7.9 for
studies with the pea enzyme suggest a potential regulatorythe more acidic i, of spinach PRK estimated from the pH
role for three different cysteines, which has led to the dependence of the rate of alkylation for Cys-I&)( The
proposal that the redox regulation of FBPase involves more oxidizingEn 7 9that we observed for tomato PRK could,

alternative partnering of Cys-153 with either Cys-173 or Cys-

178 (68—60). But, redox titrations of FBPase activity at pH

within £20 mV experimental uncertainty, be accounted for
if the corresponding cysteine on the tomato enzyme were

values of 7.0 and above provide the best fit in tomato (Figure about one-half pH unit more acidic. Since thioredokiras

2), pea B4), and spinach 40, 54, 6) when the Nernst
equation is evaluated for a single= 2 component consistent
with the involvement of a single disulfide/dithiol couple in

an—59 mV/pH unit dependence throughout the physiological
range 64), the acidic regulatory cysteine of PRK introduces
a pH-dependent (i.e., light intensity dependeiE for the

the activation. These data do not necessarily rule out a mixedreductive activation of PRK. Adjustments to thié of this

partnering in disulfide formation if th&,x values were

cysteine may compensate for differences in the light intensity

within about 10 mV, and, at pH values below 7, there are dependence of the stromal pH among different species.

indications for the presence of two separate redox compo-

nents in the activation process of spinach FBP&s#. (

We set out to explain the differential effect that chilling
and light treatment has on the light-dependent, reductive

Nevertheless, recently refined structural information on the activation on thioredoxin-regulated chloroplast enzymes in
pea enzyme indicates that a C153/C178 disulfide could nottomato. There is plentiful evidence that illumination of

form in the native proteing2) even though it almost certainly

chilling-sensitive plants at low temperature causes an en-

does in the C173S mutant. Thus, although the equivalent ofhanced production of photosynthetically and photochemically
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generated reactive oxygen species that can outpace thectivation of FBPase and full induction of net photosynthesis
protective and detoxification process of the chloropldst (  in tomato. In contrast to the carbon reduction cycle enzymes,
5), thereby expending a substantial portion of the chloro- activity of glucose-6-phosphate dehydrogenase is inhibited
plast’s reductant reserves. Figure 7 provides the quantitativeby thioredoxin-dependent reduction. Reductive inhibition of
basis for explaining how the resultant lowered redox poise glucose-6-phosphate dehydrogenase saturates at very low
of the stroma could be translated into the differential effect irradiance levels, ensuring that the oxidative and reductive
of chilling that we observed on the reductive activation of pentose phosphate pathways do not operate antagonistically.
tomato chloroplast enzymes. For example, were the chilling Additionally, Farr et al. 83) showed that the oxidative
and light treatment to cause a lowering of the redox poise pentose phosphate pathway can be activated and the carbon
of thioredoxinf in the light to its midpoint potential, Figure  reduction cycle inactivated in N-limite€hlamydomonas
7 illustrates that, while~75% of PRK could be (i.e., at cells in the light by the addition of nitrate, illustrating a
equilibrium) in the reduced state at pH 7.9, FBPase and sophisticated role for redox control in coordinating enzyme
SBPase would be only minimally reduced. When we activity to meet alternative physiological needs for photo-
mimicked this situation by poising intact tomato leaves in synthetic reductive power. Recently, it has become evident
the dark at—325 mV (Table 3), this prediction was largely that dithiol/disulfide redox regulation is the basis for light
borne out although PRK activation reached only 60%. The induction of translation of thegssbA message irChlamy-
intermediate midpoint potential and the intermediate effect domonag84), light activation of rubisco by rubisco activase
of the chilling and light treatment on ATPsynthase reduction (85) and acetyl-coenzyme A carboxylasg6), and light-
(Tables 2 and 3) further support this interpretation. However, dependent control of the aggregation of carbon reduction
the En79 for the regulatory disulfide/dithiol couple of cycle enzymesA7), and there is every expectation that others
GAPDH was the most negative of any that we measured, will soon be discovered. Earlier we produced a model that
yet we did not observe any effect of the chilling and light sought to simulate the regulation of three thioredoxin target
treatment on the reductive activation of this enzyme (Table enzymes based on the redox properties of the proteins that
1). Although we do not have an explanation of this seeming were known at the time7@). Although this computer
discrepancy, an important caveat in the interpretation of thesesimulation was based on very limited redox data and did
in vitro E,, determinations is that there is only very limited not take into account complexities in the regulation of these
information available about the influence that physiological enzymes that have since become evident (e.g., se®4efs
conditions may have on individual and therefore on the 58—61), the model nevertheless successfully simulated many
hierarchy of values presented in Figure 7. It is well facets of the behavior of enzyme regulation and highlighted
established that the catalytic activity of each of the thiore- the central role that electron-sharing equilibria likely play.
doxin-modulated chloroplast enzymes depends on factors inSubstantially more sophisticated and far-reaching models
addition to the redox state (e.g., see refs 79. should now be possible that would make testable predictions
Evidence of the intricacy and interdependence of different about the mechanism and coordination of chloroplast pro-
modes of regulation is perhaps nowhere more evident thancesses by redox modulation.
for GAPDH. For example, there are numerous indications
for the involvement of GAPDH in multienzyme complexes ACKNOWLEDGMENT

(e.9., see ref8, 73, including recent evidence for aredox-  \ye thank Prof. David Knaff for many helpful discussions
sensitive complex involving GAPDH, PRK, and the small ahoyt their results prior to publication and Prof. John
nuclear-encoded chloroplast protein CPTB,(77. Thus,  \hitmarsh for his valuable suggestions and insights regard-
while the electron-sharing equilibria among thioreddxamd ing the redox potentiometry.
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