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ABSTRACT

Two chloroplastic thioredoxins, denoted Trx f and Trx m, mediate photosynthetic
light regulation of carbon dioxide assimilation via modulation of the redox status of certain
target enzymes. The necessity for distinct chloroplastic thioredoxins has been viewed as
reflective of their differential selectivities for these target enzymes. Trx fhas been reported
to be selective for fructose-1,6-bisphosphatase (FBPase), phosphoribulokinase (PRK),
sedoheptulose-1,7-bisphosphatase, and NADP-linked glyceraldehyde 3-phosphate
dehydrogenase. Trx m, on the other hand, has appeared to be selective for NADP-
dependent malate dehydrogenase (MDH) and chloroplastic glucose 6-phosphate
dehydrogenase.

One objective of this project was to identify recognition and selectivity determinants
of Trx f. Amino acid sequence alignments and three-dimensional structures of E. coli Trx
were used to identify residues of Trx f that appear to be unique and accessible for
interaction with target enzymes. These Trx f residues were then replaced with those found
at corresponding positions of Trx m, resulting in the following site-directed mutants:
K58E, Q75D, N74D, the deletion mutants AAsn74 and AAsn77, T1051, and the double
mutant V8OU/T1051. Through kinetic analyses of the mutants constructed, Lys58, Asn74,
GIn75, and Asn77 of Trx f were found to contribute to its interactions with FBPase and
MDH and influence target enzyme selectivity. Val89 and Thr105 were also determined to
be important for binding to FBPase. However, contrary to literature reports, wild-type Trx
fis superior to wild-type Trx m in the activation of both FBPase and MDH. Furthermore,
the wild-type and mutant thioredoxins display similar efficiencies in the activation of PRK.
Thus, the physiological basis for the two thioredoxins cannot be explained on the basis of

differential target enzyme specificity as heretofore accepted.




A second objective of this project was to ascertain the feasibility of using
fluorescence anisotropy to directly measure the binding affinities of the thioredoxins for
their target enzymes. For this purpose, the wild-type chloroplastic thioredoxins were

fluorescently labeled with isatoic anhydride. The affinity (K,) of derivatized Trx f for PRK

was only twice as large as the apparent affinity value determined by kinetic analyses. In

addition, the K values for derivatized Trx f and m for PRK differed by only two-fold.

Derivatization, however, greatly impaired the ability of the thioredoxins to activate their
targets. Thus, a residue involved in Trx-target enzyme interaction may have been

modified.
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CHAPTER 1

INTRODUCTION

Intermediary metabolism is primarily controlled by regulating enzyme activity. One
common mode of regulation is allosterism, whereby an inhibitor or activator binds to an
enzyme at a location distant from the active site. This mode is primarily used to respond to
changes in conditions inside the cell. Enzymes can also be regulated by irreversible
covalent modification, such as partial proteolysis. The pancreatic proteases, among other |
enzymes, are subject to this second mode of regulation. Reversible covalent modification
is an additional, and perhaps even more prevalent, mode of regulation and includes the
commonly known reaction of phosphorylation which usually occurs in response to
extracellular signals such as hormones or growth factors. Reversible alterations of the
redox status of enzymes offer yet another avenue for regulation. Representative of this
latter mode, several chloroplastic enzymes are regulated by oxidation/reduction of
sulfhydryls/disulfides, a process requiring thioredoxin. This thioredoxin-modulated

regulation of enzyme activity is the focus of the research presented herein.

THE THIOREDOXIN SUPERFAMILY OF PROTEINS

Thioredoxins are members of a superfamily of proteins characterized by the active
site motif CXXC, where “X” is any amino acid. Other prominent members of this
superfamily are glutaredoxin, Dsb, and protein disulfide isomerase (PDI). Each of these
proteins has its own unique functions in the normal lives of cells. Trx most commonly
contains the active site sequence CGPC and functions primarily as a protein disulfide
reductase (for review, see Holmgren, 1985). Glutaredoxin, like Trx, is a monomeric

protein with a single domain but, unlike Trx, it catalyzes GSH-dependent disulfide




reductions and has an active site of CPYC or CPFC (reviewed in Wells et al,, 1993). The

dimeric protein PDI contains four domains, two of which are Trx-like (Edman et al.,
1985). Through its redox active site of CGHC, the isomerase catalyzes the rapid formation
of native disulfide bonds (Chivers et al., 1996; for review see Freedman et al., 1994), is
abundant in the lumen of the endoplasmic reticulum of cells that are actively synthesizing
disulfide-bonded cell surface and secretory proteins, and is reduced directly by GSH. The
Dsb proteins, important in the formation of disulfide bonds in bacteria, are monomeric with
two domains, one of which is Trx-like (reviewed by Loferer and Hennecke, 1994).
Proteins in the Dsb class contain the redox active site sequence CPHC, CVLC, CGYC, or
CVAC.

The diversity in the functions of proteins in the thioredoxin superfamily appears to
be due to the naturally-occurring variations of “XX” in the CXXC motif (Chivers et al.,

1997). These two intervening residues have a direct impact on the reduction potential of

the active site disulfide bond with the thioredoxins (E," = -0.27 V for E. coli Trx)1 and

glutaredoxins (E,” = -0.23 V) being highly reducing, PDI having an intermediate reduction
potential (-0.18 V), and the Dsb proteins being quite oxidizing (E," = -0.09t0-0.11V). In
turn, the pK, value of the first cysteine in the CXXC motif is believed to be a determinant

of the reduction potentials. Specifically, disulfide bonds in members of the thioredoxin

superfamily are reduced with greater ease as the pK,, of the first cysteine decreases. The

The values of E," reflect the reduction potentials relative to the 2H* + 2¢” — H, half-

reaction which is assumed to be -0.414 V at pH 7. A AE;” of 0.03 V corresponds, at

25°C, to a ten-fold change in the equilibrium constant (Chivers et al., 1997).




buried Asp26 carboxyl of E. coli Trx (Asp40 in spinach Trx f) and the €-amino group of

Lys57 (Lys70 in spinach Trx f) may impact the pK s of the active site thiols, especially that

of the first cysteine in the motif, Cys32 (Dyson et al., 1997).

In addition to containing the CXXC motif, all members of the Trx superfamily are
believed to have the thioredoxin protein fold (reviewed in Martin, 1995 and Creighton and
Freedman, 1993). This fold can be envisioned as a four-stranded [} sheet flanked by three
o helices; the N-terminus consists of a B strand- o helix-3 strand motif, the C-terminus
contains a 3 st;and-B strand-ot helix motif, and the two motifs are connected by a loop that
incorporates a third helix. The thioredoxin fold is slightly smaller than Trx itself, having

one less P strand and one less o helix.

THE THIOREDOXIN FAMILY

Thioredoxins are small proteins (approximately 12 kDa) that are ubiquitous in
nature. The active site of this redox protein (WCGPC) is highly conserved, with the only
known variations being WCPPC in Trx k from Arabidopsis thaliana (Rivera-Madrid et al.,
1995) and WCAPC found in both thioredoxin C2 of the gram-negative bacterium
Corynebacterium nephridii (Eklund et al., 1991) and in the thioredoxin of spinach roots
(Marcus et al., 1991). Thioredoxins fulfill several functions including facilitating the
regeneration of oxidatively damaged proteins, acting as a hydrogen donor for methionine
sulfoxide reductase and ribonucleotide reductase, activating the extracellular domain of the
interferon-y receptor and the glucocorticoid receptor, and modulating the DNA binding
activity of some transcription factors (e.g., NF-xB and TFIIIC) (for reviews see Besse and
Buchanan, 1997 and Holmgren, 1989). In addition, Trx is implicated in intercellular
signalling due to the fact that it can be secreted and taken up by a variety of cells.

All thioredoxins, with the exception of those found in the chloroplast of




photosynthetic cells, regulate their target proteins through the NADP/thioredoxin system

(recently reviewed in Buchanan et al., 1994a and in Besse and Buchanan, 1997). In this
system, electrons flow from NADPH to FAD (a coenzyme associated with NADP-
thioredoxin reductase), from FAD to the redox active site of NADP-thioredoxin reductase,
and finally to Trx. This generates the reduced form of Trx which is then capable of
reducing disulfide bridges in target proteins. The NADP/Trx system is located in muitiple
cell compartments including, in the case of plants, the cytosol, endoplasmic reticulum, and
mitochondria.

In a few organisms, several thioredoxins are known to exist. Three types of
thioredoxins (designated Trx A, f, and m) are found in photosynthetic cells. Thioredoxins
in the h-class are located in the cytosol, mitochondria, and endoplasmic reticulum, while
the f and m types are chloroplastic proteins. Recent studies suggest that Trx £ acts as an
early signal in germination (reviewed in Besse and Buchanan, 1997). The targets of Trx 4
include various seed storage proteins (e.g., gliadins and glutenins), enzymes (e.g.,
thiocalsin, a serine protease which catalyzes the degradation of reduced gliadins and
glutenins), and enzyme inhibitors (e.g., -amylase/subtilisin inhibitor). Five different
thioredoxins belonging to the A-class have been identified in Arabidopsis thaliana (Rivera-
Madrid et al., 1995) and two have been identified in spinach (Marcus et al., 1991).
Whether or not these different thioredoxins have different functions awaits determination.
Interestingly, two thioredoxins have been identified in the rat with one of the two being
located exclusively in the mitochondria (Spyrou et al., 1997). In addition, multiple
thioredoxins (three in each case) have been reported in the lower eukaryote Dictyostelium
discoideum (Wetterauer et al., 1992) and in Corynebacterium nephridii (Lim et al., 1996).
Detailed functional analyses and localization studies are still needed in these cases as well.
The role of the chloroplastic thioredoxins will be discussed in detail in the next section of

this chapter.




Three-dimensional structures of several thioredoxins have been determined by X-
ray crystallography and NMR studies and include those of the oxidized and reduced forms
of E. coli (Jeng et al., 1994; Dyson et al., 1990; Katti et al., 1990) and human Trx (Qin et
al., 1994; Weichsel et al., 1996), oxidized Trx h from the eukaryotic green alga
Chlamydomonas reinhardtii (Mittard et al., 1997), and oxidized Trx-2 from the
cyanobacterium Anabaena sp. strain PCC7120 (a Trx with f-like activities) (Saarinen et al.,
1995). The backbones of the reduced and oxidized forms of Trx within and between
species are nearly identical and the side chains are packed within the protein core in an
extremely similar manner. Conformational differences between the oxidized and reduced
structures appear subtle in nature and localized to areas in spatial proximity to the redox
active site. One significant difference that does exist between species, however, involves

the distance between the SY atoms of the redox active cysteines. In the reduced form of

human Trx this distance is 3.1 A (Qin et al., 1994) while in E. coli Trx it is 3.8 A (Jeng et
al., 1994). In the latter case, this distance is slightly greater than the sum of the van der

Waal radii of the sulfur atoms (2 x 1.85 =3.70 A). The distance between the S y atoms in

the oxidized protein from both species is, however, essentially identical (~2.0 A). Jeng
and colleagues (1994) have pointed out that the high degree of similarity in the structures of
Trx in its two redox states allows one to assume that the conversion from one redox state to

another requires little energy.

THE CHLOROPLASTIC THIOREDOXINS

Since the discovery of the chloroplastic thioredoxins by Buchanan and colleagues
(Wolosiuk et al., 1979), the two different chloroplastic thioredoxins have been perceived as
having different target enzyme selectivities. Trx f has appeared to preferentially regulate

fructose-1,6-bisphosphatase (FBPase), phosphoribulokinase (PRK), NADP-dependent




glyceraldehyde-3-phosphate dehydrogenase, and sedoheptulose-1,7-bisphosphatase. Trx

m, on the other hand, has been believed to preferentially regulate NADP-dependent malate
dehydrogenase (MDH) and glucose-6-phosphate dehydrogenase. NADP-dependent
glyceraldehyde-3-phosphate dehydrogenase is a member of the reduction phase of the
reductive pentose phosphate cycle in which ATP and NADPH (produced in the light
reactions of photosynthesis) are consumed in the reduction of 3-phosphoglycerate to
glyceraldehyde 3-phosphate. FBPase, PRK, and sedoheptulose-1,7-bisphosphatase are
involved in the regeneration phase of the reductive pentose phosphate cycle in which

glyceraldehyde 3-phosphate is converted to the CO, acceptor, ribulose 1,5-bisphosphate.

Glucose-6-phosphate dehydrogenase and MDH are unique among the targets of the
chloroplastic thioredoxins in that they are not members of the reductive pentose phosphate
cycle. Glucose-6-phosphate dehydrogenase catalyzes the first step in the oxidative pentose
phosphate pathway, the alternative to glycolysis for carbohydrate degradation. The
primary function of this enzyme is to provide NADPH for maintaining the biosynthetic
reactions of photosynthesis in the dark. MDH will be discussed in the next section. An

additional target of the chloroplastic thioredoxins is ATP synthase (CFI-ATPase), an

enzyme involved in photophosphorylation. Both Trx f and m can activate this target,
although Trx m is claimed to be superior (McKinney et al., 1979).

The chloroplastic thioredoxins regulate their target enzymes through the
ferredoxin/thioredoxin system (Fig. 1-1)2 (reviewed in Buchanan, 1984; Buchanan, 1986;
Buchanan ef al., 1994a; Buchanan et al., 1994b; Buchanan, 1991; and Scheibe, 1990).

This system, composed of ferredoxin, ferredoxin-thioredoxin reductase (FTR), and Trx,

operates as follows: The electron transport system of photosystem I of illuminated

2All figures and tables may be found in the Appendix.




chloroplasts reduces ferredoxin. Electrons are then transferred from reduced ferredoxin to

Trx through the action of the iron-sulfur enzyme FTR. Consequently, reduced Trx is
generated which can then reduce its target enzymes. (In in vitro assays, FTR is routinely
substituted with dithiothreitol.) This directional electron flow relaxes in the dark resulting
in the reoxidation of target enzymes (Gilbert et al., 1990). The in vivo oxidant is assumed
to be Trx (Buchanan, 1992; Buchanan ez al., 1994a; Leegood and Walker, 1930; Scheibe,
1981), although direct, conclusive evidence of its identity or even the necessity for a
specific oxidant is lacking. Biosynthetic enzymes, including members of the Calvin cycle,
are activated by light, whereas degradative enzymes are deactivated. Thus, all of the target
enzymes of Trx f and m become catalytically active upon reduction by Trx, with the
exception of glucose-6-phosphate dehydrogenase which is deactivated by reduction. Thus,
a futile cycle of glucose synthesis in the reductive pentose phosphate pathway and glucose
catabolism in the oxidative pentose phosphate pathway is prevented. In essence, then, the
ferredoxin/thioredoxin system minimizes the simultaneous functioning of opposing
metabolic pathways and maximizes the efficiency of each pathway (Buchanan 1980).
Reduction of the target enzymes by thioredoxin occurs through thiol-disulfide
exchange (Fig. 1-2). A thiolate of Trx attacks the disulfide bond on the target protein in the
first step of this pathway, forming a protein-protein mixed disulfide intermediate. A
second thiolate of the complexed Trx then intramolecularly attacks the mixed disulfide,
generating reduced target enzyme and oxidized Trx. Through site-directed mutagenesis,
the primary nucleophile that attacks the disulfide of target proteins has been identified
(Brandes et al., 1993). Each of the two redox active cysteines of spinach Trx f were
independently substituted with serine and the resulting mutant proteins were analyzed for
their ability to activate oxidized spinach FBPase in the presence of DTT. Mutation of
Cys46 eliminated the thioredoxin’s ability to activate the target, whereas the C49S mutant

protein was still capable of this function. Thus, Cys46 is the primary nucleophile of Trx f




and Cys49 serves to cleave the mixed disulfide intermediate. This finding is compatible

with three-dimensional structure information on E. coli Trx which indicates that Cys32
(Cys46 in spinach f), but not Cys35 (Cys49 in spinach f), is solvent accessible (Katti ez
al., 1990).

The rate constants for the intermolecular and intramolecular steps of thiol-disulfide

exchange are influenced by thiol pK,, binding interactions, steric effects, and local charge

(for a review of thiol-disulfide exchange, see Gilbert, 1990 and Gilbert, 1995). The
dominant forces which influence the intramolecular steps, however, are strain and entropy.
Many of these effects can be quite large, with the rate constant for the reaction of a thiolate
anion with a disulfide, for instance, decreasing by a factor of 3.2 for each unit decrease in

the pK, of the attacking thiolate.

The equilibrium constants for thiol-disulfide exchange are influenced by the same

factors as the rate constants. The equilibrium constant (K, ) for the oxidation of Trx is
represented by the equation K = [Trx-S,][target-SH,] / [Trx-SH,][target-S,] if mixed

disulfide intermediates are neglected. This indicates, then, that at equilibrium the ratio of
reduced to oxidized target enzyme and, therefore, the level of target enzyme activity, is
directly related to the ratio of oxidized to reduced Trx and the equilibrium constant. High

K ox values indicate a stable intramolecular disulfide bond. Kox values for the reaction of

the chloroplastic thioredoxins with GSSG have been determined to be approximately 1000

M. For comparison, DTT, also in a reaction with GSSG, has a K, value of 10,000 M.
K, values for FBPase, on the other hand, range from 1200 M to 4000 M and the reported

value for MDH is 4400 M.

The reduction potential of the half-reaction

target-S, + 2H" + 2¢” — target-(SH),




is given by the Nernst equation: E = E; - (RT / nF) In [target-(SH),] / [target-S,] [H+]2,
where E0 is the standard reduction potential (i.e., the reduction potential at the standard
state of [target-(SH),] = [target-S,] = [H*] = 1 M), F is Faraday’s constant, n is the

number of electrons, T indicates the temperature, and R is the gas constant. A similar
equation can be written for thioredoxin. Many of the reported values for the reduction

potentials of the thioredoxins and target enzymes are actually based on the use of a standard
reduction potential of -0.32 V at pH 7.0 and 25°C for NADPH and an equilibrium constant
for the glutathione reductase reaction of 100 M. Using this approach, the reduction

potentials of FBPase and MDH were determined to be identical (-0.37 V) and similar to

those of the chloroplastic thioredoxins (-0.35 V).

TARGET ENZYMES OF THE CHLOROPLASTIC THIOREDOXINS
The primary focus of this dissertation research concerns the thioredoxin-mediated

regulation of three chloroplastic enzymes: FBPase, MDH, and PRK.

Fructose-1,6-Bisphosphatase

FBPase catalyzes the hydrolysis of fructose 1,6-bisphosphate to fructose 6-
phosphate using Mg2+ as a cofactor. Several biochemical characteristics of the enzyme

have been determined. Each subunit of this enzyme is 40-45 kDa, with a tetramer existing
at physiological pH (7-8) (Zimmerman et al., 1976; Nishizawa and Buchanan, 1981). The
tetramer readily dissociates to a dimeric form at pH 8.8, causing a decline in specific

activity. Charles and Halliwell (1980) have reported that, upon reduction of the

disulfide(s), the K for FBP decreases from 800 to 30 uM and the K for Mg2+ is reduced




from 900 to 200 pM. By monitoring the binding of 1251.1abeled Trx f to FBPase at pH

7.5, Soulie and colleagues (1985) have determined a K, value of 0.8 pM. In addition,

kinetically saturating concentrations of FBP do not alter the affinity of Trx for FBPase.
Thus, the active site and Trx-binding site of this enzyme are believed to be distinct (Soulie
et al., 1985).

Amino acid sequences have been determined for FBPase from several chloroplastic
and nonchloroplastic sources. Spinach chloroplastic FBPase is approximately 80%
homologous to the wheat chloroplastic enzyme but only 40% homologous to the FBPases
of mammals, yeast, and E. coli. Amino acid sequence alignments clearly show that the
chloroplastic form of this enzyme contains an insertion of approximately 12-17 residues
relative to the nonchloroplastic forms (Marcus et al., 1988; Marcus and Harrsch, 1990;
Jacquot ez al., 1995). The insertion is located near the center of the primary structure and,
interestingly, contains two cysteines separated by only four amino acids: CXVAVC,
where X=Val in spinach FBPase and Ile in the soybean, pea, wheat, Arabidopsis thaliana,
potato, and rapeseed enzymes. Consequently, this insertion may be important in light-
dependent activation (Marcus and Harrsch, 1990).

Immediately preceding this unique insertion is an amino acid segment (Pro151-
Ser168 3), which is poorly conserved. Hermoso et al. (1996) have expressed this region

of the pea chloroplastic enzyme as a fusion protein in E. coli. Through ELISA and gel
filtration studies, the authors have demonstrated that this segment “strongly” interacts with
pea Trx m. Supportive of this result, the crystal structure of spinach chloroplastic FBPase

(Villeret et al., 1995) shows that this segment is part of a protruding loop that appears on

3Throughout this dissertation, all references to amino acid residues correspond to those

found in the spinach proteins, except where indicated.
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all four subunits of the tetrameric enzyme, thereby making the segment accessible to Trx.

Spinach chloroplastic FBPase contains seven cysteinyl residues per subunit
(residues 51, 94, 155, 174, 179, 191, and 307), four of which are unique to the
chloroplastic FBPases (94, 155, 174, and 179). The number of accessible sulfhydryl
groups and disulfide bridges has been examined by reactions with the thiol-specific reagent
5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) (Pradel et al., 1981). The oxidized,
homotetrameric form of the enzyme contains six disulfide bridges and 12 unaccessible
sulfhydryl groups at pH 7.5. In contrast, upon reduction by DTT, the tetrameric form has
four disulfide bridges and eight unaccessible groups. Thus, the authors concluded that
activation of FBPase involves the reduction of two disulfide bridges. Aragnol and
colleagues (1985), using the same reagent, also concluded that two disulfide bridges are
reduced upon activation. A more recent study involving titration of sulfhydryls of FBPase
with DTNB indicates, however, that only one regulatory disulfide bridge exists per subunit
(Chen and Xu, 1996). The two studies also contradict each other with respect to the
existence of accessible thiols in the oxidized form of FBPase. While the earlier report
claims that this form of the enzyme lacks accessible thiols, the more recent study reports
that four accessible sulfhydryls exist. Modification of the first two with DTNB had only a
minor impact on activity, while modification of the remaining two caused a dramatic
reduction in activity.

Although the crystallographic structure (2.8 A resolution) of oxidized spinach
chloroplastic FBPase has been solved (Villeret ef al., 1995), it does not, unfortunately,
provide definitive information regarding the identity of the regulatory cysteines in this
enzyme. The crystallographers report that neither Cys94 nor Cys307 has another cysteine
in close enough proximity with which it could form a disulfide bond. The distance

between the S y atoms of cysteines 155 and 174 or 179 is 7-18 A (depending upon which
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subunit of the tetramer is examined), while this distance between residues 174 and 179 (the
two cysteines in the unique chloroplastic insertion) varies from 5-16 A. The
crystallographers claim that a disulfide bridge between residues 174 and 179 could only
form if a large conformational change occurs. Cysteines 51 and 191 are closer to each

other (3.9-4.6 A), making it possible for them to form a bridge. In addition, the authors

(Villeret et al., 1995) mention that if the SY atom is rotated around the xl torsion angle of

Cys51, the distance between the SY atoms decreases even further to 2.4-2.7 A, thereby

making disulfide bridge formation even more likely. In addition, a modeling study based
upon the structure of pig kidney FBPase claimed that cysteines 51 and 191 are capable of
forming a disulfide bridge (Li ez al., 1994). In the crystallographic structure of spinach
FBPase, however, a density corresponding to a bridge was not observed.

Site-directed mutagenesis studies have been used to attempt to identify the
regulatory sulfhydryls of chloroplastic FBPase. Mutagenesis of this enzyme from pea was
used by Jacquot and colleagues (1995) to generate the double mutant C174S/C179S,
thereby substituting both cysteines in the unique chloroplastic insertion. The authors report
that the mutant protein was permanently active and insensitive to thiol agents (including
Trx). The conclusions from their study indicate that either one or both of these residues is
normally involved in a disulfide bridge, though not necessarily with each other. The same
laboratory in a later study (Jacquot et al., 1997) reported the preparation of single cysteine
to serine mutants involving residues 51, 155, 174, 179, and 191. The C155S mutant was
permanently active and redox independent, contrary to the C191S and C51S mutants.
Mutations at positions 174 and 179 also affected the redox properties of the enzyme
(causing it to be partially deregulated), although not to the extent of the C155S mutation.
The authors concluded that Cys155 in pea FBPase is clearly regulatory. Jacquot and

colleagues (1997) have proposed that Cys155 is bridged alternately with Cys174 and
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Cys179, with a total of only one regulatory disulfide bridge existing in the enzyme at any

given time.

In agreement with Jacquot and colleagues (1997), site-directed mutagenesis at
positions 51, 94, 155, 174, 179, 191, and 307 in FBPase from rapeseed (Brassica napus)
showed that Cys155 contains a regulatory sulfhydryl (Rodriguez-Suarez et al, 1997). In
addition, Cys174 and Cys179 were implicated as having a role in reductive activation.
However, it was not possible to elucidate the exact pairing(s) involved in the disulfide
bridge(s) from these studies (Rodriguez-Suarez ez al., 1997).

In summary, despite extensive study by many laboratories, the number of
regulatory disulfides in FBPase as well as their identity remain uncertain. Among all the
contradictory results, the possibility remains that the two proximal cysteines in the unique
amino acid insertion are regulatory. Whether these two residues form a disulfide bridge

with each other or additional regulatory cysteines exist awaits determination.

NADP-Dependent Malate Dehydrogenase

The NADP-dependent form of malate dehydrogenase, located only in chloroplasts,
is metabolically important in both C3 and C4 plants, although it is involved in a different
pathway in each case (reviewed in Gietl, 1992). In C3 plants (e.g., spinach, pea, and
wheat), the initial reaction in the fixation of atmospheric carbon dioxide is catalyzed by
ribulose-1,5-bisphosphate carboxylase, whereby ribulose-1,5-bisphosphate is converted to
two molecules of 3-phosphoglycerate in the first step of the reductive pentose phosphate
pathway. Contrary to C3 plants, C4 plants are specialized in limiting the loss of assimilates
by photorespiration. The primary carboxylation reaction in all C4 plants is that which is
catalyzed by phosphoenolpyruvate carboxylase (i.e., the conversion of
phosphoenolpyruvate to oxaloacetate) in the cytoplasm of mesophyll cells. The most

common type of C4 plant and the only type in which NADP-dependent malate
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dehydrogenase has a major role is that of the NADP-malic enzyme type (e.g., sorghum,
maize, and ice plant). The essential role of MDH in C3 plants is in balancing reducing
equivalents (ATP and NADPH) between the chloroplast and cytosol via the
malate/oxaloacetate shuttle. In this shuttle, malate produced from the reduction of
oxaloacetate (OAA) as catalyzed by MDH, is readily transported across the chloroplast
membranes into the cytosol. Once in the cytosol, the malate is oxidized to OAA by NAD-
dependent malate dehydrogenase with the concomitant production of NAD. OAA then
proceeds back into the chloroplast stroma to reinitiate the cycle. This shuttle is presumably
essential because of the impermeability of the chloroplast membranes to NADP(H) and
NAD(H). C4 plants of the NADP-malic enzyme type use MDH to convert OAA to malate
in the chloroplasts of mesophyll cells. The malate is subsequently shuttled to the
chloroplasts in neighboring bundle sheath cells where it becomes decarboxylated by
NADP-malic enzyme to form pyruvate. In this reaction, the NADPH that is formed is used
in the reductive pentose phosphate pathway. The pyruvate, meanwhile, is returned to the
mesophyll cells and phosphorylated to PEP, allowing the cycle to reinitiate. Despite these
different reasons for needing MDH, this enzyme is regulated by the ferredoxin/thioredoxin
system in both C3 and C4 plants. NAD-dependent malate dehydrogenase, whether located
in the mitochondria or cytoplasm of higher plants, in mammalian cells, or bacterial cells, is
not regulated by its redox status.

Each subunit of MDH has a molecular weight of approximately 40 kDa. The usual
physiological state for MDH is a dimer, independent of redox status. Amino acid
sequences of the NADP-dependent forms of MDH are approximately 85% identical. Their
similarity to the NAD-dependent enzyme from the bacteria and cytosol is only 40-50%.
Amino acid sequence similarity between the chloroplastic and mitochondrial malate
dehydrogenases is lowest, with a value of only 20%. All known chloroplastic malate

dehydrogenases have two amino acid extensions relative to the NAD-dependent isoforms:
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(1) a 45-amino-acid extension exists at the amino terminus which contains two cysteines

and (2) a 15-residue extension is present at the carboxy terminus containing one cysteine.
The uniqueness of these extensions has led researchers to propose that they are important
for regulation by Trx. The five cysteinyl residues located between the extensions in all
NADP-dependent malate dehydrogenases are not found at the corresponding positions in
NAD-dependent MDHs.

The following site-directed mutants of sorghum NADP-MDH have been generated
to ascertain whether the amino terminus of the enzyme contains a regulatory disulfide
bridge: C24S, C29S, C24S/C29S, and a truncation mutant which lacks the extended
amino terminus present in the chloroplastic malate dehydrogenases (Issakidis ez al., 1992).
The authors reported that all mutants were activated by Trx m more rapidly than wild-type,
and they reached the conclusion (perhaps erroneously) that since both the single and double
mutants were similar, cysteines 24 and 29 form a disulfide bridge with each other. A triple
cysteine mutant was subsequently generated in which the cysteine immediately preceding
the C-terminal extension (Cys365) as well as the two cysteines in the amino terminal
extension (24 and 29) were converted to alanine (Issakidis et al., 1993). The activity of the
mutant protein was not enhanced by preincubation with reduced Trx or DTT, implicating
Cys365 as an additional regulatory site.

Additional site-directed mutagenesis studies with the sorghum enzyme have been
performed with the cysteines in the carboxy-terminal région in an attempt to identify the
disulfide bridge pair of Cys365 (Issakidis et al., 1994). Cysteines 365 and 377 were
substituted with alanine, either separately or together. The time courses of activation by
Trx m were similar to wild type in all cases. Contrary to wild-type, the mutant proteins
were slightly active in the absence of reductant. Combining these C-terminal mutations
with the amino terminal mutations utilized previously (i.e., C24S/C29S/C365A,

C24S/C29S/C377A, and C24S/C29S/C365A/C377A) resulted in proteins which were
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completely active without pretreatment with DTT or Trx (Issakidis ef al., 1994). From
these experiments, Issakidis er al. (1994) conclude that a second regulatory disulfide bridge
exists in MDH, bonding cysteines 365 and 377.

The observation by Issakidis and colleagues that engineered MDH, which lacks the
apparent N-terminal disulfide, is rapidly activated while the enzyme that lacks the apparent
C-terminal disulfide is as slowly activated as wild-type led to the following tentative model:
Reduction of the C-terminal disulfide allows ligand access to the active site, while reduction
of the N-terminal disulfide causes a conformational change, allowing the active site to
change into its fully active conformation. To test this model, the same laboratory has used
the fact that His229 is essential for catalysis and can be specifically derivatized with
diethylpyrocarbonate if the MDH is first reduced. The accessibility of the active site was
examined, utilizing diethylpyrocarbonate, in two site-directed mutants of MDH:
C24S/C29S and C365A/C377A. Supportive of the model, the C365A/C377A mutant was
readily derivatized, even in the absence of pretreatment with reductant, while derivatization
could only be demonstrated with the C24S/C29S double mutant if the enzyme was first
pretreated with reductant (Issakidis et al., 1996).

Additional studies appear to corroborate the role of two disulfide bridges in the
production of fully active MDH. In one case, N-terminal truncations of MDH from pea
and spinach were generated through digestion with aminopeptidase K, resulting in removal
of the two N-terminal cysteines in each case (Ochertina et al., 1993). These shortened
forms of the enzyme were still redox sensitive. However, only low concentrations of thiol
(40 mM BME) were needed for complete activation. A similar approach has been taken
with the C-terminal portion of the enzyme from pea (Fickenscher and Scheibe, 1983).
Treatment of the inactive, oxidized enzyme with carboxypeptidase Y resulted in partial
activation of the enzyme. Enhancement in activity was observed following incubation with

DTT. Other studies have concluded that the two cysteines in the unique N-terminal
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extension of MDH (Decottignies et al., 1988; Scheibe et al., 1991) and the two cysteines
closest to the C terminus (by modeling, Jackson et al., 1992) form regulatory disulfides.
On the contrary, two groups have suggested that one of the two cysteines in the C-terminal
region forms a disulfide bridge with an internal cysteine (Reng et al., 1993; Li et al.,

1994), but different cysteines are implicated in each of the two cases.

Phosphoribulokinase
PRK, in a homodimeric state, catalyzes the ATP-dependent phosphorylation of D-

ribulose 5-phosphate to form D-ribulose-1,5-bisphosphate, the requisite acceptor of CO, in

photosynthetic carbon fixation. Each 40-kDa subunit of the kinase contains a total of four
cysteinyl residues. Contrary to FBPase and MDH, those which are regulatory have been
conclusively identified (Porter et al., 1988). Experiments undertaken for this purpose are
as follows: Firstly, oxidation of PRK with DTNB demonstrated that the formation of a

single intramolecular disulfide bond leads to the complete inactivation of the enzyme.
Oxidized PRK was then S-carboxymethylated with ['4Cliodoacetate under denaturing

conditions, dialyzed, digested with trypsin, and subjected to reverse phase HPLC. Two
peaks of radioactivity were obtained with this sample, while a comparably treated sample of
reduced PRK showed four peaks. Therefore, the two peptides containing the regulatory
cysteines had been identified. Following purification of the relevant cysteine-containing
peptides and sequencing by Edman degradation, the regulatory cysteinyl residues were
directly identified as 16 and 55.

An unusual characteristic of PRK is that both of its regulatory cysteines are located
in the ATP-binding domain (Porter and Hartman, 1986; Porter et al., 1990). While Cys16
lacks a catalytic function, Cys55 has a modest catalytic role (Brandes et al., 1996b; Milanez

et al., 1991; Porter and Hartman, 1988). Cross-linking studies have indicated that a

17




contributing factor to oxidative deactivation of PRK is the presence of conformational
restraints imposed by the disulfide bond (Brandes et al., 1992).
A stable covalent complex has been formed between PRK and Trx fby incubating a

C16S mutant of spinach PRK with a C49S mutant of spinach Trx f in the presence of the
oxidant Cu?* (Brandes et al., 1996a). Under the same experimental conditions, a complex

could not be formed between C16S PRK/C46S Trx, C55S PRK/C46S Trx, or C55S
PRK/C49S Trx. Thus, Cys55 of spinach PRK forms a protein-protein mixed disulfide

with Cys46 of spinach Trx f.

OBJECTIVE AND APPROACH

Undertaking a study on the regulation of target enzymes of the chloroplastic
thioredoxins provides an opportunity to more fully understand carbon flow through the
reductive pentose phosphate cycle during carbon dioxide assimilation. Although this study
focuses on the chloroplastic thioredoxins, the results should enhance our understanding of
the interactions between all other thioredoxins and their specific targets due to the high
degree of three-dimensional homology among thioredoxins.

The approach used in this study to more thoroughly elucidate the Trx-modulation of
target enzymes involves kinetic analyses of the activation of FBPase, MDH, and PRK by
the wild-type chloroplastic thioredoxins and site-directed mutants of Trx f designed to be
more like Trx m. Attempts to develop a strategy for direct quantitation of the binding of the

thioredoxins to their targets is also described.
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CHAPTER 2

IDENTIFICATION OF RESIDUES OF SPINACH
THIOREDOXIN f THAT INFLUENCE INTERACTIONS WITH
FRUCTOSE-1,6-BISPHOSPHATASE AND NADP-DEPENDENT

MALATE DEHYDROGENASE

As the two chloroplastic thioredoxins appear to preferentially activate different
target enzymes, an understanding of the thioredoxin-modulated regulation of the targets can
be obtained by elucidating binding and selectivity determinants of the Trx. As one
approach to this issue, the roles of residues that appear unique to Trx frelative to other
thioredoxins were explored by site-directed mutagenesis. One such residue is Lys58 which
is replaced by glutamate in spinach Trx m, E. coli Trx, and indeed the majority of
thioredoxins in other organisms (Fig. 2-1A) (Eklund ez al., 1991). Based on the structure
of E. coli Trx (Dyson et al., 1990; Katti et al., 1990; Jeng et al, 1994), Lys58 is
positioned on the surface (residue 44 in Fig. 2-2), is salt-bridged with residue 110 (Asp in
Trx f; Lys in E. coli Trx and Trx m), and is located near the active site. Hence, the K58E
mutant of Trx f was constructed and characterized.

Residues 74, 75, and 77 were also examined. These residues are located near a
conserved, putative hydrophobic contact surface encompassing Gly33, Pro34, Ile75,
Pro76, Val91, Gly92, and Ala93 of E. coli Trx (Eklund et al., 1991; Xia et al., 1992;
Holmgren 1985). Specifically, the region of 74-77 appears to be on the same general face
of the molecule as both the hydrophobic contact site and the active site (based upon visual
inspection of the E. coli Trx structures reported by Dyson et al., (1990) and Katti et al.,
(1990)). One sequence alignment (de Lamotte-Guery et al., 1991; Wedel et al., 1992)
(Fig. 2-1B) suggests that the Asn74 of Trx faligns with an Asp in Trx m and Asp61l of E.

coli Trx, resulting in an insertion of an asparagine at position 77. Supportive of this
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alignment, a D61N E. coli Trx mutant generated by Jacquot and colleagues showed an
increase in efficiency of spinach FBPase activation (de Lamotte-Guery et al,, 1991). An
alternative sequence alignment (Eklund ez al., 1991), however, indicates that Asn74
represents an insertion, with GIn75 aligning with aspartic acid in Trx m (Fig. 2-1A). Given
this uncertainty, two deletion mutants (AN74 and AN77), as well as two single-substitution
mutants (N74D and Q75D), were constructed. The kinetic parameters of these four
mutants and the K58E mutant of Trx f in the activation of both FBPase and MDH were
determined and compared to the corresponding parameters of wild-type Trx f and Trx m.
Two additional residues of interest are Val89 and Thr105, both of which are
actually part of the putative hydrophobic contact surface (Fig. 2-3). Three-dimensional
structures indicate that these two residues are located in loops that oppose the active site
(loop 1 includes residues 74-76 in human Trx while loop 2 includes residues 90-92). The
formation of a disulfide bond appears to make both the active site and the opposing loops
“more rigid” (Qin et al., 1994). The side chains in this region appear to be packed more
tightly in the reduced form than in the oxidized form. Also, the structures of E. coli Trx
seem to indicate that both the side chain and backbone of Ile75 (Val89 in spinach Trx f)

make contact with the disulfide bond in oxidized Trx, with the C_ of Ile75 swinging away

from the position of the double bond in reduced Trx (Jeng et al., 1994). The structural data
on human Trx with either one of two of its targets (NFkB and Ref-1) suggest that both
residues are available for interaction with target enzymes. Specifically, Thr74 (Val89 in
Trx f) forms a hydrophobic interaction with Tyr60 of NFxB/Trp67 of Ref-1 and a
hydrophobic interaction also exists between Ser90 of human Trx (Thr105 in Trx f) and
Glu63 of NFxB/Ile64 of Ref-1. In addition, both the backbone amide of Thr74 of human
Trx and the hydroxyl of Ser90 are hydrogen bonded to the target (Qin et al., 1995; Qin et
al., 1997). The report on the Trx-2 structure of Anabaena also proposes Ile75 (Val89 in

20




Trx f) as a contact site based on structural comparisons to other thioredoxins and modelling
studies with spinach MDH and FBPase (Saarinen et al., 1995). Thus, the single mutant of
T105I and the double mutant V89L/T105] were generated in the present study, with the
newly-inserted residues corresponding to those found in Trx m. Both mutants were

studied in the activation of FBPase.

EXPERIMENTAL PROCEDURES
Materials

Oligonucleotides, with the exception of those for V89I and T105I, were
synthesized by phosphoramidite chemistry with an Applied Biosystems model 392
DNA/RNA synthesizer by following the manufacturers instructions. The oligonucleotides

for the two remaining site-directed mutations were custom synthesized by Gibco BRL. 5°-
[a-35 SJdATP (1000 Ci/mmol) was obtained from DuPont New England Nuclear. Bacto-

tryptone and bacto-yeast extract were obtained from Difco. DTT, Bicine, HEPES, and
Tris (free base) were purchased from Research Organics. Assay coupling enzymes, NAD,
NADPH, oxaloacetate, EDTA, and BSA were from Sigma. FBP was from Boehringer
Mannheim.

Site-Directed Mutagenesis

Site-directed mutants of spinach Trx f were generated according to the procedure of
Kunkel (1987) using the plasmid pFL404 (Brandes et al,, 1993). Single-stranded dU-
substituted template was generated in the E. coli strain CJ236 which had been infected with
M13K07 helper phage. Oligonucleotide primers used to encode the denoted structural
changes are indicated in Table 2-1. The primer extension reaction products were

electroporated into competent E. coli MV1190 cells with the BioRad Gene Pulser.
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Following selection on LB medium containing ampicillin, candidate mutants were screened

by dideoxy-terminator cycle sequencing (Sanger et al., 1977) using U.S. Biochemical
Corp. Sequenase version 2.0 and instructions therein.
A single colony of E. coli strain MV 1190, containing the desired expression plasmid,

was used to inoculate 20 ml of 2x YT (Sambrook et al., 1989) medium containing 50
pg/ml ampicillin and 1% (v/v) glycerol. By shaking at 37° C overnight, a stationary culture
was generated. This culture was then diluted 1:50 into 500 ml of the same medium in a 2-

liter baffled flask and shaken at 250 r.p.m. at 37° C for 4 hours (A¢ynm = 2.3).

‘Isopropylthio-B-D-galactopyranoside was then added to a final concentration of 100 uUM.

After shaking for an additional 3 hours, the cells were harvested by centrifugation, washed

once with 20 mM Bicine-NaOH (pH 8.0)/1mM EDTA, and stored at -80°C.

Purification of Trx, FBPase, and MDH

Recombinant wild-type Trx f and mutants thereof were purified by successive
anionic and cationic exchange chromatography as previously described (Brandes et al.,
1993). Preparations used in this study approached electrophoretic homogeneity (Fig. 2-4).

All thioredoxins (5-10 mg/ml ) were stored in 50 mM Bicine-NaOH (pH 8.0)/0.1 mM
EDTA/5 mM DTT/20% (v/v) glycerol at -80° C.  Chloroplastic spinach FBPase was

partially purified according to published procedures (Brandes et al., 1993; Zimmerman et
al., 1976; Marcus et al., 1987). Specific activity values indicated that this preparation was
30-50% pure. Purified recombinant spinach Trx m and purified recombinant sorghum leaf
MDH were gifts of Professor Peter Schiirmann (Université de Neuchatel, Switzerland) and

Professor Jean-Pierre Jacquot (Université Paris-Sud, France), respectively.
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Activation of FBPase by Trx

Rates of activation of oxidized FBPase (40 pg/ml) as a function of Trx
concentration were determined at 25° C in 50 mM HEPES-KOH (pH 7.8)/0.1 mM EDTA/5

mM DTT. Periodically, 40-ul aliquots of the activation mixture were withdrawn and
assayed for FBPase activity. Assay solutions (1 ml) consisted of 50 mM HEPES-KOH
(pH 7.8)/50 uM EDTA/1 mM MgSO,/4 mM fructose 1,6-bisphosphate/2 units of

phosphoglucose isomerase/3 units of glucose-6-phosphate dehydrogenase/1 mM NAD™.

The formation of NADH was followed spectrophotometrically at 340 nm. One unit of

FBPase activity is represented by an absorbance change of 6.22 per minute.

Activation of MDH by Trx

Rates of activation of oxidized MDH (2.6 pg/ml) as a function of Trx concentration
were determined at 4° C in 100 mM Tris-HCI (pH 7.9)/10 mM DTT/1 mM EDTA/1 mg/ml
BSA. At various times, 20-l aliquots of the activation mixture were removed and assayed
for MDH activity. The assays, in a 100 pl volume, were performed at 25° C in 100 mM

Tris-HCI (pH 7.9)/1 mM EDTA/1 mg/ml BSA/1.5 mM oxaloacetate/0.3 mM NADPH.
The oxidation of NADPH was followed spectrophotometrically at 340 nm. One unit of
MDH activity corresponds to an absorbance change of 6.22 per minute. The rates reported
are normalized to an assay volume of 1 ml (i.e., the same volume as in the case of the

FBPase assays).

RESULTS
Published values for kinetic parameters of activation of FBPase and MDH by Trx f

or Trx m vary widely. Thus, direct determination of the quantitative impact of the
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designed structural alterations of Trx f required a reexamination of the properties of the

wild-type thioredoxins. Consistent with prior reports (Wolosiuk et al., 1979; Hiberlein
and Vogeler, 1995), wild-type Trx fis far superior to wild-type Trx m in the activation of

FBPase, displaying a 35-fold higher affinity and a 25-fold increased V,, (Fig. 2-5 and

Table 2-2). All of the mutants analyzed are impaired relative to wild-type Trx f, but still
superior to Trx m, when analyzed with FBPase (Table 2-2). The largest deviation from the

S5 value of 0.9 uM determined with wild-type Trx f occurs with the V89I/T1051 mutant,

in which case the affinity is lowered about 47-fold (Fig. 2-6 and Table 2-2). This affinity
is even slightly less than that observed with wild-type Trx m. The single substitution of

T105I, however, only doubled the S, 5 value relative to wild-type Trx f (Fig. 2-6 and

Table 2-2). Among the mutations generated outside of the putative hydrophobic contact

site, the largest deviation from the S, 5 value of wild-type Trx f exists with the Asn-77

deletion mutant, displaying a 15-fold reduction in affinity. Among the mutants analyzed,

replacement of LysS8 by a glutamyl residue has the largest negative impact on V., with a
decrease of 3-fold, while the double mutation actually caused a doubling of V__ ..

As anticipated, Trx m is far more effective as an activator for MDH than for
FBPase. Indeed, the rates of activation of MDH by Trx m are so rapid that reliable
monitoring could only be achieved at 4°C as opposed to room temperature. Even without

correction for this differential in temperature, the V_,  for Trx m in the activation of MDH

is 21 mU/min. (Fig. 2-7) compared to 2 mU/min. in the activation of FBPase (Fig. 2-5 and

Table 2-2); however, the S, 5 values for the interaction of Trx m with the two enzymes are

both approximately 30 uM. Despite the efficiency of activation of MDH by Trx m, a
comparison of the activation profiles for MDH by Trx f and Trx m argues against

preferential regulation by the latter (Fig. 2-7). Even though rate-saturation with respect to
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Trx f concentrations up to 50 UM cannot be demonstrated, signifying very weak

association between Trx f and MDH, the rates of activation of MDH by Trx f are more
rapid than those with Trx m throughout the concentration range examined.

The activation kinetics of MDH by the mutants of Trx f are complex, exhibiting
pronounced sigmoidicity as seen with wild-type Trx m (Fig. 2-8). However, analogously
to wild-type Trx f, the mutants do not show rate saturation in activation of MDH. Thus,
the relative effectiveness of Trx f mutants as activators of MDH are expressed as apparent
second-order rate constants (Table 2-3) calculated from the linear region of the activation
curves (Fig. 2-8). Based on this criterion, all mutants are more effective than wild-type

Trx fin the activation of MDH.

DISCUSSION

Despite both qualitative and quantitative variations among published data, several
laboratories have confirmed differential selectivities of Trx f and Trx m for target enzymes
as discovered in pioneering studies by Buchanan and colleagues (Buchanan, 1980;
Wolosiuk et al., 1979). As the redox potentials of these two thioredoxins are identical
(-210 mV) (Salamon et al., 1995), their selectivities must reflect differential affinities for
target enzymes and/or differential propensities for sulthydryl/disulfide exchanges within the
Trx-enzyme complexes. The present study was predicated on the supposition that
recognition and selectivity determinants of Trx f and Trx m could be determined by
site-directed mutagenesis as guided by clearly discernable structural differences between the
two thioredoxins. Satisfyingly, the residues (Lys 58, Val89, and Thr105) and segment

(74-77) of Trx f chosen for change are shown to influence its efficiency (V. /S, 5) and

ax

selectivity in the activation of target enzymes.

The impaired efficiency of KS8E, relative to wild-type Trx f, in the activation of
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FBPase is due primarily to a lower V. indicative of a slower rate of thiol/disulfide

max’

exchange within the productive complex. Slower exchange could reflect misalignment of

' the exchanging groups or altered pK, values of the active-site sulfhydryls of Trx f.

Certainly, the functional group of residue 58 is too far removed, 15-20 A as extrapolated
from the three-dimensional structures of E. coli Trx (Dyson et al., 1990; Katti et al., 1990),
human Trx (Qin et al., 1994), and Anabaena Trx-2 (Saarinen et al., 1995), from the
active-site sulfhydryls to directly influence their reactivities. However, either suggested
outcome could result from conformational perturbations brought about by the lysyl to
glutamyl substitution. Any such perturbations must be slight as judged by the mere 2-fold

increase in So.s for activation of FBPase.

The efficiency of activation of FBPase by Trx f is very sensitive to changes in
residues at positions 74-77 with greater than 9-fold declines among three of the four
mutants examined. In contrast to K58E, these mutants are less efficient than wild-type Trx

f due primarily to weakened interactions with FBPase as gauged by S, 5 values.

Therefore, residues 74—77 serve as an important recognition site for target enzymes. The
earlier finding that replacement of Asp61 of E. coli Trx with Asn as located at the
corresponding position-74 in Trx f improves the activation parameters with FBPase (de
Lamotte-Guery et al., 1991) is consistent with this conclusion. The conclusion is further
supported by structural information derived from both human and Anabaena Trx. With
human Trx, long-range NOE contacts between Ala-29 (Thr43 of spinach Trx f) ahd Asp60
(Asn74 or GIn75 of Trx f) and also between Trp31 (Trp45 of Trx f ) and Asp60 are
observed in the reduced but not the oxidized forms of the Trx (Qin et al., 1994). This
suggests that localized conformational changes in these regions occur upon binding and
subsequent activation of target enzymes. Furthermore, the solution structure of human Trx

complexed with a peptide from the transcription factor NFxB shows that the guanidinium
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group of Arg57 of NFkB forms a salt bridge with the side-chain carboxylates of Asp58
and Asp61 of the Trx (corresponding to Asp72 and GIn75/Glu76 of Trx f) (Qin et al.,
1995). Functionally, Trx-2 from Anabaena resembles Trx f (Gleason, 1992), and its
overall three-dimensional structure is very similar to that of E. coli Trx (Saarinen et al.,
1995). However, the regions that correspond to residues 74/75-87 of Trx f differ
considerably and thus appear poised structurally for preferential contact with target
enzymes. Specifically, Saarinen et al. (1995) state that differences in secondary structures
of these regions and that amino acid substitutions in the hydrophobic cores are the causes
of relative altered positions of these residues.

Whereas all of the engineered structural changes of Trx f were counterproductive
with respect to activation of FBPase, they were beneficial with respect to activation of
MDH, thereby validating the conversion of Trx f to a more “m-like” thioredoxin.

Although V___and §, 5 values for the activation of MDH by the Trx mutants could not be

determined due to the absence of rate-saturation even at 1000-fold molar excess of the
given thioredoxin, the observed activation rates were greater with the mutants than with
wild-type Trx f at concentrations exceeding 30 UM. The Trx f mutants were alsa more
akin to Trx m with respect to kinetics of MDH activations, displaying sigmoidicity as
opposed to linearity with wild-type Trx f.

The reduced apparent affinity values and reduced efficiencies in the activation of
FBPase relative to wild-type Trx fin the case of the two mutants generated in the putative
hydrophobic contact site indicate that Val89 and Thr105 are involved in binding to target

enzymes. The observation that the V89L/T105I double mutant has an S, 5 exceeding that of

wild-type Trx m and an efficiency of activation that is reduced 20-fold relative to wild-type
Trx f is surprising. The substitution of Val for Ile at position 89 is a very conservative

mutation and, therefore, it was believed prior to the kinetic studies, that it would have little
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impact on binding and selectivity. The kinetic results with the double mutant, however,
clearly indicate that a valine at position 89 is crucial for optimal interaction with FBPase.
Without the availability of the single V891 mutant, however, it is not possible to determine
whether the effects of substitutions at positions 89 and 105 are additive or synergistic.

In addition to identifying functional and selectivity elements of Trx f, the present
study partially addresses some of the published conflicts about relative target enzyme
selectivities of Trx f and Trx m. Although all accounts agree that Trx f is superior to Trx
m in the activation of FBPase (Wolosiuk et al., 1979; Hiberlein and Vogeler, 1995;
Nishizawa and Buchanan, 1981), some allege that this enzyme is totally refractive to Trx m
(Schiirmann et al., 1981; Tsugita et al., 1983). Given the inefficiency of Trx m, 550-fold
lower than that of Trx £, in the activation of FBPase, negative reports may merely reflect
insufficient concentrations and reaction times.

Beyond these readily reconcilable differences, reports concerning activation of MDH
range from a striking preferential effectiveness of Trx m (Wolosiuk et al., 1979; Crawford
et al., 1986) to superiority of Trx f (Schiirmann et al., 1981; Hodges et al., 1994) as
presented herein. These disparities could be due to differences in conditions for activation
or differences in approaches to determining kinetic parameters. Shortly after the discovery
of Trx fand Trx m (Wolosiuk et al., 1979), preferential activation of MDH by the latter
was reported to be dependent on the presence of high concentrations of chloride (Crawford
et al., 1986). Although stimulation of thioredoxin-dependent activation of MDH by 250
mM NaCl is observed, the impact is similar for both Trx m and Trx f (data not shown).
Thus, methods rather than conditions are the more likely basis of variable results among
different laboratories. In most prior publications, the level of activation at a given Trx
concentration is based on a single, fixed-time-point assay; the rate of activation is then
assumed to be linear throughout the time period selected. Thus, to some extent, equilibria

are being determined rather than rates at which equilibria are attained. The kinetic patterns
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presently reported are based on true initial rates of activation, whereby an incubation
mixture of Trx and target enzyme is sampled repeatedly in order to reveal the linear phase
of time-dependent activation. Prior oversights to clearly distinguish rates and equilibria can
readily account for the wide range of apparent affinities of spinach Trx f for spinach

FBPase; e.g., S, 5 values of 1.6 nM (Héberlein and Vogeler, 1995), 0.19 uM (Aguilar et

al., 1992), and 1 uM (Brandes et al., 1993; de Lamotte-Guery et al., 1991) have been
reported. Given this enormous variation of apparent affinities with one enzyme system,
reports of inverse selectivities of Trx f and Trx m are understandable. Although two prior
studies include true rates of activation of Trx-regulated enzymes, quantitative comparisons
with the data presented here are precluded. One report was restricted to an examination of
the Trx m/MDH system and did not entail a complete profile of the rate dependence on Trx
m concentration (Scheibe et al., 1986). In the other report, the activation of FBPase by Trx
f was examined at molar ratios that gave rise to first-order kinetics with respect to Trx f
concentration (i.e., absence of rate saturation) (Clancey and Gilbert, 1987).

Based on this new finding of clear-cut kinetic superiority of Trx f, relative to Trx
m, in the in vitro activation of MDH, the physiological role of Trx m needs to be
reassessed. The supposition that Trx f preferentially regulates FBPase while Trx m

preferentially regulates MDH is clearly refuted by the present results.
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CHAPTER 3

KINETIC AND MUTATIONAL ANALYSES OF THE
REGULATION OF PHOSPHORIBULOKINASE BY
THIOREDOXINS

During the course of the study described in Chapter 2, Trx f was shown to be
kinetically superior to Trx m as an activator of both FBPase and MDH. As this unexpected
finding seemingly contradicted the dogma regarding target enzyme selectivity and,
therefore, the generally accepted explanation for the presence of two chloroplastic
thioredoxins (Wolosiuk et al., 1979), it seemed only prudent to extend kinetic analyses to
another redox-sensitive enzyme. Accordingly, PRK was selected.

Several observations provide evidence that PRK is indeed redox-regulated by Trx.
These include Trx-dependence of light activation of PRK in reconstituted systems
(Wolosiuk and Buchanan, 1978; Wolosiuk et al., 1979), correlative increases and
decreases in the level of the kinase activity in isolated chloroplasts during successive light-
dark cycles (Latzko et al., 1970; Avron and Gibbs, 1974; Charnpigny and Bismuth, 1976;
Fischer and Latzko, 1979; Laing et al., 1981), activation of purified preparations of PRK
by Trx, and covalent complexation of Trx with PRK by disulfide bridging of regulatory
sulfhydryls (Brandes et al., 1996a). However, the relative kinetic efficiency of Trx f and
Trx m in the activation of purified PRK has not been determined. This chapter describes
such a comparison and also the effectiveness of several site-directed mutants of Trx £
designed to more closely resemble Trx m, as activators of PRK. A potential role for GSH

in PRK regulation was also examined.
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EXPERIMENTAL PROCEDURES

Materials

The following materials were obtained through their indicated sources: DTNB,
Fisher Scientific; DTT and Bicine, Research Organics; and EDTA, BME, GSH, ATP,
PEP, NADH, pyruvate kinase, lactate dehydrogenase, ribose 5-phosphate, and
phosphoriboisomerase, Sigma. Site-directed mutants of spinach Trx f were constructed as

described in Chapter 2.

Purification of Thioredoxins and PRK

Recombinant wild-type and mutant forms of Trx f were purified to electrophoretic
homogeneity and stored as previously described (Chapter 2). Purified recombinant spinach
Trx m was kindly provided by Professor Peter Schiirmann of the Université de Neuchétel
in Switzerland. Fully-activated PRK from fresh spinach purchased from a local

supermarket was purified as previously described (Porter et al., 1986; Porter and Hartman,
1988) and stored at -80°C at a concentration of 20 mg/ml. SDS-PAGE analysis indicated

that the preparation was homogeneous.

Oxidation of PRK

Prior to oxidation, exogenous thiol was removed from the purified preparation of
PRK by gel filtration on a Sephadex G-25 SF HR 10/10 column using 40 mM Bicine-
KOH (pH 8.0) containing 0.8 mM EDTA as the equilibration buffer. Oxidation was then

performed by treatment with a 20% molar excess of DTNB at 25°C until PRK activity

could no longer be detected. The DTNB reaction mixture was then exhaustively dialyzed

against 50 mM Bicine-KOH (pH 7.8), 1 mM EDTA, 20% glycerol. Stock solutions of the

oxidized kinase were stored at -80°C at a concentration of approximately 5 mg/ml. Prior
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to oxidation the PRK had a specific activity of 260 U/mg. Incubation of the dialyzed,
oxidized PRK with 50 mM DTT for =15 min. resulted in a recovery of 80% of this initial
activity value. Previous studies have demonstrated that the loss of kinase activity upon
incubation with DTNB is concomitant with the formation of a single disulfide bond per
subunit of PRK between cysteines 16 and 55, with no other modifications detected (Porter
and Hartman, 1988). Thus, DTNB-oxidized PRK can be regarded as identical to the

enzyme present in the dark.

Activation of PRK
PRK (0.08 mg/ml, 2 uM) was activated at 25°C by the indicated concentrations of

DTT, BME, GSH or Trx (in the presence of low molecular weight thiol) in a buffer
containing 40 mM Bicine-KOH (pH 8.0) and 0.8 mM EDTA. Periodically, aliquots were

withdrawn for the determination of kinase activity at 25°C. Assay solutions (1 ml)
consisted of 50 mM Bicine-KOH (pH 8.0), 40 mM KCl, 10 mM MgCl,, 1 mM ATP, 3

mM phosphoenolpyruvate, 0.3 mM NADH, 5 units of pyruvate kinase, 6 units of lactate
dehydrogenase, and 0.8 mM ribulose 5-phosphate (prepared by incubation of 150 mM
ribose 5-phosphate and approximately 2 units of the phosphoriboisomerase at room

temperature for 30 min. in 1.3 m! of 50 mM Bicine-KOH pH 8.0/40 mM KCl/10 mM

MgCl,; 20 pl of this solution was used per 1 ml assay). The formation of NAD" was

followed spectrophotometrically at 340 nm. One unit of PRK activity corresponds to an

absorbance change of 6.22/min.
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RESULTS
Activation of PRK By Low Molecular Weight Thiols

In the studies described in Chapter 2, DTT was used in the Trx-dependent
activation of FBPase and MDH in order to maintain the Trx in its reduced form. Since
neither of these target enzymes is reduced to any significant degree by DTT, the
determination of Trx-dependent rates of activation was fairly straightforward. PRK,
however, is known to be readily activated by DTT, although the rate at which this occurs
had not been thoroughly examined. Thus, prior to analyses of Trx-dependent activation of
PRK, the rate at which DTT activates PRK needed to be rigorously determined. The
abilities of BME and GSH to activate PRK were also examined, in an effort to identify a
reagent that was unable to activate PRK but was still able to maintain Trx in its reduced
state.

An examination of the nonphysiological reductants DTT (Fig. 3-1A) and BME
(Fig. 3-1B) shows that both can fully activate PRK, although activation does proceed more
slowly with the monothiol. In the DTT concentration range of 1-4 mM, the initial rate of
activation is directly proportional to the DTT concentration. GSH (Fig. 3-1C) is also
capable of fully activating the kinase, with the rates of activation being similar to those
obtained with equivalent concentrations of BME. Since all three thiols examined were
capable of activating PRK and, therefore, correction of a background rate would have to be
made in the activation studies with Trx irrespective of which thiol was selected, a decision
was made to proceed with the determination of Trx-dependent rates of PRK activation in

the presence of 4 mM DTT.

Comparative Kinetics of the Activation of PRK by Trx f and Trx m
In order to determine the dependence of activation rate on the concentration of Trx,

molar ratios of [Trx]/[PRK] =5 were used so that [Trx] .. would approximate [Trx], a1
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and activation kinetics would be pseudo-first-order. Estimation of initial rates of activation
were based on data collected over the range of 0-30% of the full activation level having
been achieved. This range represents the linear phase of the activation curves. The Trx-
dependent rate of activation (i.e., the activation rate corrected for the basal rate due to DTT
alone) did not vary significantly in the presence of 1-4 mM DTT, thereby verifying that Trx
remained fully reduced throughout the course of PRK activation.

Initial rates of activation, extracted from time-courses and corrected for the
contribution of DTT, are plotted as a function of Trx f concentration in Fig. 3-2A. The
Trx-concentration dependence curve exhibits sigmoidicity, as typifies interactions of Trx
with target proteins (Schiirmann et al., 1981; de Lamotte-Guery et al., 1991; Hatch and

Agostino, 1992; Geck ez al., 1996), and yields a So.s of 17uMandaV_, of 7 mU/min.

In a kinetic study in which the activation mixture contained a 10-fold lower concentration of

oxidized PRK (i.e., 0.2 uM), similar S,5and V_ . values were obtained (data not

X

shown). Cooperativity may be the cause of this sigmoidicity since, in all cases, the target
proteins are multimeric. In other words, the presence of a reductant at one of the two
subunits of PRK may be influencing the binding of a reductant to the second, vacant
subunit of the enzyme, perhaps by inducing a conformational change. Despite literature
indications to the contrary (Wolosiuk et al., 1979), Trx m is modestly more efficient than

Trx f as an activator of PRK due to a lower S; 5 (15 uM) and a higher V. (11 mU/min).

The site-directed mutants of Trx f, designed to be more akin to Trx m, were also
analyzed kinetically in the activation of PRK (Fig. 3-2 B, C, and D and Table 3-1). All of

the mutants are somewhat impaired with respect to binding of PRK, as judged by their §, 5

values, which range from 1.4-fold to 5-fold greater than that of wild-type Trx f. Except for
KS58E, the mutants display enhanced V_, values; with N74D, AN74, AN77, and T1051
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the increased rates of reduction of PRK are counterbalanced by the weakened interactions

with PRK, whereby the V,__ /S, s values range from 0.4 to 1.6 times that of the wild-type

max

Trx f value.

Effectiveness of GSH in PRK Activation

The ability of GSH to fully activate PRK (Fig. 3-1C) along with its natural
abundance in the chloroplast (4 mM) (Law et al., 1983) leads one to wonder if GSH has a
significant role in activating PRK in vivo. To explore this issue, initial rates of activation
of PRK by GSH were determined. As shown in figure 3-3, the initial rate of activation of

PRK saturates with respect to GSH concentration, displaying a V_, of 20 mU/min, a

value twice that obtained with the wild-type chloroplastic thioredoxins. Saturation suggests
that, as in Trx-mediated reduction of PRK, a complex forms between the activator and the
target enzyme. The activation curve, like that found when thioredoxins are the activators,

is sigmoidal in nature, giving an S 5 value of 24 mM. Therefore, cooperativity may be

functioning here as well.

In chloroplasts, a NADPH-dependent glutathione reductase is present to maintain a
high ratio of [GSH]/[GSSG]. Consequently, a subsequent kinetic experiment was
performed in which 4 mM DTT was present during the activation to mimic the effect of the
reductase (Fig. 3-3). The activation of PRK by GSH in the presence of DTT was
hyperbolic, rather than sigmoidal, in nature. This could merely be due to experimental
error, as the rates of ‘activation at the lower GSH concentrations have greater standard

deviations than the rates at higher concentrations. The apparent affinity (K ) of GSH for

PRK is 5 mM and the V. is 12 mU/min. Both of these values are lower than those

obtained in the absence of DTT. The V_,. values obtained in the presence and absence of




DTT, however, are nearly identical if the rate due to DTT alone is added back to the GSH-

dependent rate. Therefore, DTT apparently contributes to the activation of PRK despite the
large molar excess of GSH. This scenario is possible if the rate at which DTT forms a
complex with PRK is much greater than the rate at which GSH does so. DTT, present at a
fixed concentration of 4 mM while the GSH concentration is varied, is apparently
sequestering a fixed amount of the PRK, rendering it inaccessible to GSH and reducing the

~ apparent V__ .. The reduced apparent affinity of GSH for PRK in the absence of DTT

may be due to competitive inhibition by GSSG that is formed in the reduction of PRK.

DISCUSSION

A survey of the literature reveals contradictory and incomplete information
concerning the ability of low molecular weight thiols (both nonphysiological and
physiological) to activate PRK. The results presented in this chapter clearly indicate that
GSH is capable of fully activating PRK, an observation which has not previously been
reported. This result actually contradicts a report by Clasper et al. (1994), in which an
overnight incubation of PRK with 56 mM GSH did not result in complete reduction of the
kinase. In Clasper’s study, the apparent inability of GSH to fully reduce the PRK may
simply be due to extensive air oxidation of the reductant during the lengthy incubation
period. If the authors would have examined earlier time points, perhaps a point at which
full reduction had occurred would have been observed. Wolosiuk ez al. (1985) report that
BME is unable to activate PRK (except in the presence of ethanol), whereas the
experimental results presented herein demonstrate that BME cannot only activate PRK but
can do so completely (that is, high concentrations of BME drive the equilibrium in favor of
reduced PRK to completion). In the 1985 study, insufficient reductant concentrations

and/or incubation times appear to have been used. Specifically, their activation conditions
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involved an incubation of PRK with 10 mM BME for only 5 min. at 23°C. The rapid,

complete reduction of PRK by DTT observed in the present study is in agreement with all
earlier reports with the exception of one by Rault eral. (1991) (in their study, PRK could
not be fully activated in the absence of Trx). This chapter, however, provides the first
examination of the level of PRK activity following incubation with several different DTT
concentrations for several different periods of time.

The fact that the apparent affinity value for GSH and PRK, either in the presence or
absence of DTT, exceeds the known in vivo concentration of GSH indicates that GSH does
not likely function as the in vivo regulator of PRK. This result is not entirely surprising
since it is known that glutathione reductase is highly active in both light and dark and,
therefore glutathione is preferentially maintained in its reduced state at all time (in light, the
[GSH] = 4.2 mM, [GSSG] = 0.3 mM,; in dark, [GSH] = 3.3 mM, [GSSG] = 0.1 mM;
the difference in total glutathione concentration under each condition is statistically
insignificant) (Law et al, 1983). GSH would consequently maintain PRK in its reduced
state in the dark as well as the light, which is known not to be the case. GSH is also
unlikely to function in a Trx-dependent reduction of PRK since GSH is incapable of
maintaining Trx in its reduced form (at a [GSH] / [GSSG] ratio qf 400, 5 M GSH would
be needed to maintain half of the total Trx in its reduced form) (Gilbert, 1990).

An affinity of spinach Trx f for spinach PRK has been reported by Rault ez al.
(1991) as 0.8 uM, a value more than 20 times less than that observed in the present study.
This low value, however, is inconsistent with their data. In the earlier study the apparent
affinity was calculated from variations in the extent of maximal PRK activity (i.e., data
obtained after equilibria had been attained). If one uses, instead, their initial rate data on the
activation of PRK to estimate the apparent affinity it becomes obvious that the apparent

affinity is much greater than 0.8 pM. In addition, close analysis of their time-course data
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on the activation of PRK reveals initial rates of activation that are similar to those obtained
herein.

Although a slight superiority of Trx m in the activation of PRK is observed, the
differential in efficiency between activation by wild-type Trx m and f is small compared to
that found in the activation of FBPase by the same proteins. While a two-fold difference in
efficiency exists when PRK is the target enzyme (Table 3-1), wild-type Trx f is more than
500 times as efficient as Trx m at activating FBPase (Table 2-2). This small differential as
well as this potential role for Trx m in activating PRK in vivo contradicts the report by
Wolosiuk and colleagues (1979) published at the time of discovery of the two chloroplastic
thioredoxins.

This discrepancy has two possible explanations. Firstly, the early conclusions
regarding selectivity were based upon an examination of relative activities of PRK
following incubation with the individual thioredoxins for a fixed time point. On the
contrary, initial rates of activation of the kinase were determined in this research. As
discussed in Chapter 2, this approach allows one to avoid the potentially erroneous
assumption that the rate of activation is linear during the time period selected. The second
possibility for the discrepancy involves the fact that the PRK activated in the 1979 study
was not a pure form of the enzyme. Instead, a “regulatory form” was used, described as a
PRK-GAPDH “complex”. The issue of PRK existing in a complex, as well as the
physiological significance of a putative complex, is controversial (for review, see
Romanova and Pavlovets, 1997). Several laboratories have reported that PRK exists in a
complex. However, most of the reports disagree upon its composition. Specifically, in
addition to PRK-GAPDH complex, the following complexes have been described: PRK
and Rubisco (Sainis et al., 1989); PRK with Rubisco and phosphoriboisomerase (Sainis et
al., 1986); PRK, phosphoriboisomerase, Rubisco, and GAPDH (Rault et al., 1993);

PRK, phosphoriboisomerase, Rubisco, GAPDH, sedoheptulose-1,7-bisphosphatase, and
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ferredoxin-NADP reductase (Siiss er al, 1993); PRK, phosphoriboisomerase, Rubisco,

GAPDH, and phosphoglycerate kinase (Gontero et al., 1988). Many of these putative
multienzyme complexes may be artifacts of the isolation procedures. In some of the
complexes just described, the enzymes in the putative complexes catalyze sequential
reactions. This observation does offer some support for PRK existing and functioning in a
complex existence and function in vivo since, in those instances, it can be argued that the
complexes exist to allow for direct channeling of the product of the previous enzymatic
reaction to the enzyme catalyzing the subsequent step, thereby offering a kinetic advantage
compared to the free forms of the enzymes. However, even in some cases where enzymes
of successive reactions are members of a reported complex, the quaternary structures of
these enzymes in the complex are different from those of the free enzymes. Rault ez al.

(1993), for example, report that Rubisco exists in a L.,S, form in their complex rather than
the usual LgS¢ form. The fact that a preliminary crystal structure of a multienzyme

complex from spinach leaves containing PRK, Rubisco, phosphoriboisomerase, and the
substrate for Rubisco, ribulose-1,5-bisphosphate, has been reported, however, offers
additional support for existence of a true complex (Hosur ez al., 1993). Also supportive of
multienzyme complex existence is a study in which stromal extracts from spinach were
subjected to gel filtration and anion exchange chromatography, followed by limited
digestion with trypsin (Siiss ez al., 1993). This approach is based upon the observation
that lysine and arginine residues are commonly part of oligomeric protein interfaces. The
authors, therefore, assumed that peptide bonds formed with these residues should be
digestible by trypsin upon dissociation of the protein components. In essence, then, any
differences in the generation of tryptic peptides between the purified enzymes and the
enzymes in the putative complex are presumably caused by protein-protein interactions.

While free PRK was readily cleaved by trypsin, PRK in the complex was resistant to




digestion.

Comparative kinetic studies in which the ability of both Trx f and m to activate free
PRK vs. PRK in a complex has not been examined heretofore. However, two reports
from one laboratory have described the activation of PRK in a complex from spinach (the
five-enzyme complex described above consisting of PRK, phosphoriboisomerase,
Rubisco, GAPDH, and phosphoglycerate kinase) and in the free state by Trx f (Rault ef al.,
1991; Gontero et al., 1993). They report that activation by either DTT alone or DTT in the
presence of spinach Trx f occurred more rapidly when the PRK was part of a complex. In

addition, the Vmax of the free form of PRK was less than that observed when PRK was in

a complex (Rault ez al., 1991). This group also reported that the affinity of Trx f for PRK

in the complex (K, = 1.10 x 107 M) was greater than that for the free form of PRK (K, =

8.19 x 10”7 M). Three possible explanations were offered for these kinetic differences: (1)

Cys16 of PRK is more accessible to the Trx when the kinase is in a complex; (2) the
aggregation state of PRK impacts interactions between Trx and this target enzyme; and (3)
the reduction of PRK is more favorable when the other members of the complex are
present. However, a serious complication in these and other studies regarding
multienzyme complexes is the fact that the complexes depolymerize in the presence of DTT.
Therefore, it seems likely that at least a portion of the PRK that is being activated by Trx in
these in vitro studies is not actually in a complex. Nonetheless, the reports just described
suggest that, quantitatively, different results may have been obtained in this current study if
PRK in a complex had been used in the activation experiments. Since comparative,
thorough Kinetic studies involving Trx m have not been performed, however, it is
unknown as to whether Trx f is superior to Trx m in the activation of PRK in a complex
state. Hence, such a study is currently being planned. An attempt to form a PRK-Rubisco

complex in vitro will be made and, if successful, this complex will be utilized in initial rate
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studies with wild-type Trx fand m.

Site-directed mutations in Trx f produced unexpected results, with all of the mutants
(except for KS8E) demonstrating Trx m-like characteristics with respect to the rate of thiol-
disulfide exchange but Trx f-like characteristics with respect to binding. These increased
rates of thiol-disulfide exchange could be due to an optimized alignment of the exchanging

groups or changes in the pK, values of the active site sulfhydryls of the thioredoxins. The
increase in the So.s values caused by mutation of residues 74, 75, 77, and 105 may reflect

a distortion in the conformation of the thioredoxin. Structural studies of human (Qin et al.,
1994 and Qin et al., 1995) and Anabaena (Saarinen, 1995) thioredoxins seem to indicate
that conformational changes occur in this region upon binding to and activation of target
enzymes. Thus, mutation of these regions may have impaired the ability of these

thioredoxins to undergo these necessary conformational changes upon binding PRK.




CHAPTER 4

EXAMINATION OF THE FEASIBILITY OF USING
FLUORESCENCE ANISOTROPY AS A DIRECT MEASURE OF
THE BINDING AFFINITIES OF THE THIOREDOXINS FOR
THEIR TARGET ENZYMES

To this point, characterization of the Trx f mutants K58E, AN74, N74D, Q75D,
AN77, T1051, and V89I/T1051 has entailed a determination of the kinetic parameters of

Vinax @nd S 5. The S 5 value is typically viewed as reflective of the affinity of the target

proteins for Trx. However, it is actually a complex composite of multiple rate constants
and, consequently, may differ from a true dissociation constant. Thus, a direct
measurement of the binding affinities of Trx f and mutants thereof for FBPase, MDH, and
PRK is desirable. This chapter describes an attempt to establish such a method based on
fluorescence polarization.

Under steady-state conditions resulting from the constant illumination of a sample,

the fluorescence polarization of a molecule is proportional to the rotational relaxation time
(i.e., the time it takes the molecule to rotate through a 68.5° angle). In turn, the rotational

relaxation time is dependent upon viscosity (1), the effective molecular volume of the
fluorescent molecule (V), absolute temperature (T), and the gas constant (R) in the
following manner: rotational relaxation time = 31V/RT. Consequently, if n and T are held
constant, fluorescence polarization is directly related to the molecular volume. Molecular
volume changes can arise from binding or dissociation of two molecules or conformational
changes. Hence, if a fluorescently tagged ligand binds to its receptor, the resulting increase
in the rotational relaxation time will be represented by an increase in fluorescence

polarization. (For a review of this background information, see Lakowicz, 1983.)
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To detect fluorescence polarization, monochromatic light is passed through a

vertical polarizing filter to excite fluorescent molecules in the sample. The molecules that

are oriented properly in the plane absorb light, are excited, and consequently, emit light

which is measured in both the horizontal and vertical directions. Polarization can then be
calculated in the following manner:

Polarization = (intensity, ., - intensity, .. )/ (intensity .., + intensity, . . ).
For completely polarized light, intensity, ;. ... = 0 and polarization = 1.0 while in the
case of natural or unpolarized light, intensity, . ... and intensity, ... .. are equivalent and

the polarization is consequently zero. In essence, polarization provides a quantitative
determination of the extent of molecular rotation during the period between excitation and
emission. In general, small molecules rapidly rotate relative to the rapid emission of
fluorescent light and, therefore, have a low polarization value. Large molecules will have
high polarization values since they rotate slowly. As already mentioned, then, the
fluorescence polarization of a fluorescently-tagged small protein will rise upon binding to a
target. In this chapter, anisotropy, rather than polarization values, are reported due to the
greater ease with which they can be mathematically manipulated. Anisotropy is
mathematically related to polarization in the following manner: anisotropy = 2P / (3-P),
where P is the polarization value.

The technique of fluorescence anisotropy as a tool for determining binding affinities
has several advantages over other methods (Jameson and Sawyer, 1995; Lundblad et al,,
1996). Fluorescence anisotropy allows for a direct, nearly instantaneous measure of the
ratio of bound ligand to free ligand. With this technique, a physical separation of bound
ligand from that which is free is avoided. The high sensitivity of the fluorescence
anisotropy technique also makes it appealing.

Isatoic anhydride, through a reaction with a hydroxyl group on ribose units, has
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been used fairly extensively to generate fluorescent analogs (o-aminobenzoyl derivatives)

of GTP, ATP, cAMP, cGMP (Hiratsuka, 1982; Hiratsuka, 1983) as well as tRNA
(Servillo et al., 1993). Churchich (1993) reasoned that isatoic anhydride is likely to be an
ideal reagent for generating derivatized proteins that are suitable for fluorescence anisotropy
studies, as the o-aminobenzoyl chromophore generated from reaction of this reagent with
nucleophilic groups on a protein (as shown below in Reaction 1) is small and, therefore,

would probably cause only minor conformational alterations.

9 (") NH,
P-NH, +©(N\ i —  + PNC + CO,
N"Yg H

H

Reaction 1

In his experiments, Churchich was able to demonstrate a 1:1 stoichiometry of labeling of E.
coli Trx (one mole of chromophore incorporated per mole of protein), with the derivatized
protein having a maximal absorption at 330 nm and a maximal fluorescence emission at 435
nm (these maxima are distinct from those of an underivatized protein). The emission
anisotropy of this material was 0.040. His study of protein-protein interactions entailed a
titration of the oxidized form of derivatized Trx with varying concentrations of BSA.

Through anisotropy measurements, a K of 2 tM was obtained.

EXPERIMENTAL PROCEDURES
Materials
The following materials were obtained from their indicated sources: isatoic

anhydride and iodoacetic acid, Aldrich; pure recombinant E. coli Trx, Promega Corp.;



TPCK-treated trypsin, Worthington Biochemical Corp.; guanidine hydrochloride, DTT,

Tris, Bicine, and Hepes, Research Organics; BME and EDTA, Sigma; and ammonium

bicarbonate, Fisher Scientific.

Purification of Enzymes

The recombinant form of spinach Trx f was expressed and purified to homogeneity
as in Chapter 2. Pure recombinant spinach Trx m was kindly provided by Professor Peter
Schiirmann (Université de Neuchatel, Switzerland). The concentrations of the thioredoxin

stock solutions were determined using the appropriate extinction coefficients and molecular

weight values (i.e., E. coli Trx: 13,700 M''em, 11,700 g/mol; Trx f: 17,700 M'em™,

13,567 g/mol; and Trx m: 20,500 M'cm!, 13,384 g/mol). Spinach FBPase was

partially purified as described in Chapter 2. Spinach PRK was purified to homogeneity

and oxidized as described in Chapter 3.

Activation of FBPase and PRK

Initial rates of FBPase activation were determined as in Chapter 2. Initial rates of
oxidized PRK activation were determined as in Chapter 3, with the background rate due to
activation by 4 mM DTT alone being subtracted from the rate in the presence of Trx to

determine the Trx-dependent rate of activation.

Fluorescence Measurements

All fluorescence measurements were conducted with a SLM-Aminco-Bowman
Series 2 Luminescence Spectrometer equipped with filter wheels. Bandpasses for both the
excitation and emission monochromators were 4 nm. The optics for anisotropy

measurements were set in an L-configuration.

45




RESULTS

Establishing a Procedure For Labeling Trx With Isatoic Anhydride

The following procedure was developed for the effective derivatization of E. coli
Trx: A 200-ul labeling reaction was performed in a 500-pl eppendorf tube containing a
spin vane. The reaction contained 100 mM potassium phosphate (pH 7.8), 1 mM EDTA,
and 2 mg/ml Trx. A four-fold molar excess of isatoic anhydride was added every 10
minutes from a 7 mg/ml stock in methanol that was prepared fresh every 20 minutes. The
reaction was allowed to proceed for one hour at room temperature with constant stirring.
Glycerol (20 jil) was then added to the reaction , and the entire mixture was then applied to
a Pharmacia NAP-10 column (i.e., a prepacked disposable column containing Sephadex G-
25 Medium of DNA grade; the column volume is 5 ml) which had just been equilibrated
with 10 column volumes of 100 mM potassium phosphate (pH 7.8)/1 mM EDTA/5 mM
DTT/10% glycerol. Fractions (200 ul) were collected, and the absorbance of each fraction
at 280 nm and 330 nm was determined (Fig. 4-1A). The fractions containing Trx were
pooled and reapplied to the NAP-10 column. The Trx was eluted with the buffer just
described and 400-pl fractions were collected (Fig. 4-1B). The pooled fractions contained

Trx which had been labeled with a stoichiometry of 1:1. (The degree of labeling was
determined spectrophotometrically using the extinction coefficient of 4,600 M lem at 330

nm.) This labeling procedure is a modified version of that which has been published
(Churchich, 1993), as utilization of the published procedure yielded substoichiometric
labeling. Also, an attempt was made to remove the excess free reagent by dialysis rather
than gel filtration by employing double-sided spin biodialysers (Sialomed, Inc.) with

membranes having a molecular weight cut-off of 2000. However, dialysis of the reaction
mixtures for two days at 4°C failed to remove all of the excess reagent.

The procedure which proved to consistently produce stoichiometrically labeled (1:1)
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wild-type Trx f involved the following: The reaction was as described in the preceding

paragraph except 2 mM DTT was present and the isatoic anhydride stock solution was 5
mg/ml. Removal of the excess reagent was also as described above except the elution
buffer contained 100 mM potassium phosphate (pH 7.8)/1 mM EDTA/5 mM DTT/15%
glycerol. The derivatized Trx f (i.e., o-aminobenzoyl Trx f) used in all the studies
described below was obtained through this procedure. A control reaction was performed in
which wild-type Trx f was subjected to the complete procedure just described except isatoic
anhydride was excluded from the labeling reaction. This Trx fis referred to as “control
Trx” in the remainder of this chapter and corresponding figures.

Spinach Trx m was subjected to the labeling procedure used for Trx f, except the
reaction was allowed to proceed for only 45 minutes since the mixture began to appear
cloudy after that point. Following elution from the NAP-10 column with 100 mM
potassium phosphate (pH 7.8)/1 mM EDTA/5 mM DTT/15% glycerol, the Trx was pooled
and dialyzed overnight against 100 mM potassium phosphate (pH 7.8)/1 mM EDTA/5 mM
DTT/20% glycerol. The stoichiometry was only 1:2 (label:Trx) following these
manipulations and, consequently, the Trx was subjected to a second labeling reaction. This
second reaction (in a 200-pl volume) contained Trx at a concentration of 1 mg/ml, 3.5 mM
DTT, 100 mM potassium phosphate (pH 7.8), and 1 mM EDTA. The mixture was stirred
at room temperature for 20 minutes, with an equimolar amount of isatoic anhydride being
added every 10 minutes. The reaction was applied to a NAP-10 column and eluted with
100 mM potassium phosphate (pH 7.8)/1 mM EDTA/S mM DTT/15% glycerol. Those
fractions containing Trx were pooled and the stoichiometry of labeling was determined to

be 0.6:1 (label:Trx).

Properties of Derivatized Trx

Derivatized Trx f (labeled with a stoichiometry of 1:1), upon excitation at 330 nm,
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displays an emission maxima at 435 nm (Fig. 4-2). Control Trx f, as anticipated, shows

negligible fluorescence emission upon excitation at 330 nm. Upon excitation at 280 nm,
the control Trx f shows an emission spectra typical of proteins, with a single peak
appearing which has a maximum value at approximately 345 nm (Fig. 4-3). Surprisingly,
two fluorescence emission peaks appear upon excitation of derivatized Trx f at 280 nm.
The first peak coincides with that found in the control sample, while the second peak has a
maximum at 445 nm. A similar phenomenon was observed with o-aminobenzoyl E.coli
Trx, with excitation at 330 nm displaying a maximal emission at approximately 420 nm and
excitation at 280 nm giving emission maxima at 345 and 410 nm. The average steady state
emission anisotropy value for derivatized Trx f alone is 0.1254. Derivatized Trx m
possesses a similar anisotropy value of 0.1388.

The stability of the fluorescent tag-Trx linkage was examined by two approaches.
In one case, the pH of a derivatized Trx f solution was adjusted to 13 with KOH and
allowed to stand at room temperature for one hour. The Trx was then applied to a
Pharmacia NAP-10 column and eluted with a buffer composed of 100 mM potassium
phosphate/ImM EDTA/5 mM DTT/10% glycerol. No apparent loss of fluorescent tag
occurred with this treatment. In the second case, excess isatoic anhydride was removed
from labeling reactions with E. coli Trx and Trx f through gel filtration (NAP-10 column).
In each case, the fractions containing labeled thioredoxin were pooled, guanidine was
added to a final concentration of 4.5 M, and the samples were left at room temperature for
one hour. The samples were then applied to NAP-10 columns which had been equilibrated
with buffer containing 4.5 M guanidine. Examination of the material eluted from the gel
filtration column indicated that no apparent loss of the fluorescent tag from the proteins
occurred. In addition to demonstrating the stability of the fluorescent tag-Trx linkage, this
second approach also verifies the effectiveness with which gel filtration removes

fluorescent reagent which is noncovalently bound to the Trx.
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Does Derivatization of Trx f Impact the Kinetics of Target Enzyme

Activation?
To assess whether the presence of the fluorescent tag on the Trx impacts the

apparent affinity (S, 5 value) of the Trx for its target enzymes or thioredoxin’s ability to

activate its targets, initial rates of activation of FBPase and PRK were determined with o-
aminobenzoyl-wild-type Trx f (labeled with a stoichiometry of 1:1). The rates of activation
were compared to those obtained with control Trx f. As shown in figure 4-4, the labeled

Trx is capable of activating FBPase, displaying a V_,, (75 mU/min) that is similar to that

of a control sample of Trx (62 mU/min). The apparent affinity of the derivatized Trx for

FBPase, however, is greatly reduced; while the 50.5 value with the control Trx is 2.3 uM,

it is 23 pM with the derivatized protein.

The impact of the derivatization on the ability of Trx to activate PRK was even more
dramatic than that observed with FBPase. While derivatized Trx, at concentrations of up to
20 uM, is able to activate PRK, higher concentrations actually inhibit the normal
background activation by DTT alone (compare figure 3-2A with 4-5A). This observation
is not unique to the derivatized Trx, as the Trx subjected to a “control” labeling reaction
displays the same characteristics. To determine if the presence of methanol during the
labeling reaction (which is normally introduced with the isatoic anhydride) is the source of
the deleterious effect on Trx, a sample of wild-type Trx f was treated with 5.5% methanol
(i.e., the highest concentration of MeOH that Trx is ever exposed to during the labeling
reaction) for one hour at room temperature without stirring. Following removal of the
methanol from the sample by means of a NAP-10 column, the Trx was shown to be

capable of activating PRK in a normal fashion, displaying a V_ ., of 6 mU/min and a S 5

of 20 uM (values nearly identical to those in Table 3-1) (Fig. 4-5B). Therefore,

mechanical forces present during the labeling procedure (e.g., constant stirring of the
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reaction mixture), but not methanol, are apparently causing the surface of the Trx to

become partially denatured.

Determination of Binding Affinities of Derivatized Wild-Type Chloroplastic
Thioredoxins for PRK by Fluorescence Anisotropy

The binding of 0-aminobenzoyl derivatives of wild-type Trx f and Trx m to PRK
was directly examined through fluorescence anisotropy studies using an excitation
wavelength of 330 nm and an emission wavelength of 435 nm (Fig. 4-6). From the
increases in anisotropy observed during the addition of increasing concentrations of PRK

to the thioredoxins, K, values were calculated. (Note that in a control experiment, addition

of buffer alone did not cause an alteration in anisotropy values.) Despite the fact that
derivatized Trx f is seriously impaired in its ability to activate PRK, it is still capable of

binding to this target, as demonstrated by a K; of 35.2 uM +/- 5.3 uM. The K, for

derivatized Trx m and PRK was determined to be 69.1 pM +/- 24.9 uM. For comparison
purposes, recall from Chapter 3 that the S, 5 values were 17 uM and 15 uM for Trx fand

Trx m, respectively.

Attempts to Identify Site of Incorporation of Fluorescent Label

The approach employed for the identification of the site(s) of modification of Trx
involved complete tryptic digestion, peptide purification, and sequencing of fluorescent
peptide(s) by automated Edman degradation. Identification of the amino acid to which the
fluorescent tag was covalently bound would then involve searching for a blocked residue in
the sequence. For complete digestion of Trx with trypsin, it was necessary to first §-
carboxymethylate the protein. o-Aminobenzoyl Trx f was treated with IAA (15 mM) in a

solution containing 4.5 M guanidine, 50 mM Tris-HCl (pH 8.3), 3 mM EDTA, and 5 mM
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DTT for 1.5 hours at room temperature in the dark. The reaction was then quenched by

adding BME to a final concentration of 30 mM and dialyzed against 60 mM NH,HCO,/1

mM BME for 3-4 hours and then overnight against 60 mM NH ,HCO,. For digestion, the

S-carboxymethylated protein was treated with trypsin (1%) for 5 hours at 37°C, a second

addition of trypsin (1%) was then made, and incubation continued overnight. Analyses of
aliquots of the digests by SDS-PAGE on Pharmacia high density PhastGels indicated that
complete digestion indeed occurred.

The tryptic digest was diluted with HPLC-grade water to give an ammonium
bicarbonate concentration of 12 mM and was then injected onto a TosoHaas TSK gel

DEAE 5PW column (3.3 ml) equilibrated with 12 mM NH,HCO,. Peptide elution was

monitored by absorbance at 215 nm with a LDC SpectroMonitor 4100 programmable
variable wavelength detector and by fluorescence with a Perkin Elmer 650 fluorescence
detector with the excitation wavelength set at 330 nm and the emission wavelength set at

435 nm. Following injection, the column was washed with 12 mM NH ,HCO, until the

absorbance at 215 nm and the fluorescence returned to baseline. A series of four gradients
(all with a flow rate of 1 ml/min) was then run: Gradient #1 was from 12-60 mM

NH,HCO, in 24 min., gradient #2 was from 160-200 mM NH HCO, in 70 min., gradient
#3 was from 200-100 mM NH 4HCO3 in 15 min., and gradient #4 was from 100 mM
NH,HCO; to 100 mM NH ,HCO, /IM NaCl in 66 min. Only one fluorescent peak

appeared during this chromatographic procedure. This peak, which coincided with a

peptide peak, eluted isochratically in 12 mM NHHCO, prior to the initiation of gradient

#1. Fractions corresponding to this peak were pooled and subjected to sequencing.

Although the peak routinely appeared to be symmetrical, two peptide sequences were
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evident. The predominant peptide had the sequence LLEAIQAA, consistent with the first
Leu being residue 112 (Fig. 4-7). The second peptide had the sequence VTEVNK, making
the first Val residue 17. Surprisingly, sequencing did not reveal evidence for a blocked
residue. Intact (i.e., undigested) o-aminobenzoyl Trx f was subsequently subjected to
sequencing. Qualitatively the sequencing yielded results identical to those of unlabeled Trx
(i.e., approximately the first 50 residues of Trx can be sequenced without difficulty in both
cases). It was then suspected that the fluorescent tag was being hydrolyzed from the Trx
during the S-carboxymethylation or tryptic digestion. To test this hypothesis, the elution
pattern of hydrolyzed isatoic anhydride in the preceding chromatographic procedure needed
to be determined. Hydrolyzed isatoic anhydride was generated by increasing the pH of a
solution of isatoic anhydride in 100 mM potassium phosphate/l mM EDTA to 12 with
KOH and allowing the solution to stand at room temperature overnight. This hydrolyzed
reagent was then chromatographed using the procedure just described and was found to

elute isochratically in 60 mM NH,HCO, (shortly after gradient #1). A tryptic digested

sample of 0-aminobenzoyl Trx f which had been spiked with hydrolyzed isatoic anhydride
was also chromatographed in the same manner. Two fluorescent peaks appeared in this

case, one eluting isochratically in 12 mM NH,HCO, and the other eluting isochratically in
60 mM NH,HCO,. Thus, the fluorescent tag-Trx bond is apparently not being cleaved

prior to sequencing. Several modified versions of this chromatographic procedure were
also tried with the tryptic digested, o-aminobenzoyl Trx f and tryptic digested, o-
aminobenzoyl E.coli Trx and all attempts to sequence peptides corresponding to fluorescent
peaks failed to identify a blocked residue. Therefore, elucidation of the site of modification

has not been possible.
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DISCUSSION

A procedure was developed in which the chloroplastic thioredoxins Trx f and Trx
m, as well as E.coli Trx, were covalently modified with the fluorescent reagent isatoic
anhydride. The derivatized chloroplastic thioredoxins have similar steady-state emission
anisotropy values as expected for proteins of similar size. An interesting characteristic of
the derivatized thioredoxins is the occurrence of fluorescence resonance energy transfer
from the tryptophan residues (2 of which exist in spinach Trx f and E.coli Trx) to the
chromophore upon excitation at 280 nm, as noted by the appearance of a second peak in the
emission spectra at 445 nm. Thus, the fluorescent tag and the tryptophans of Trx are
apparently in close proximity (10-100 A). Upon excitation at 330 nm, the derivatized, but
not the underivatized, material displays a fluorescence peak in the region of 435 nm. This
phenomenon made the monitoring of the o-aminobenzoy! protein conjugates in the presence
of other proteins possible.

The binding affinity (K,) of o-aminobenzoyl Trx f for PRK was determined to be
approximately 35 UM by emission anisotropy. This value is twice that of the So.5 value

obtained by kinetic analyses in Chapter 3 and much greater than that obtained through

“kinetic” studies by Gontero ef al. (1993) (0.8 uM). The K, value for PRK and o-

aminobenzoyl Trx m was determined to be 69 UM, although the standard deviation

associated with this value (25 uM) is larger than in the Trx f'study. The S, 5 value obtained

by kinetic analyses with Trx m and PRK was 4.5 times smaller (Table 3-1). Thus, as was
concluded in Chapter 3, the affinities of the chloroplastic thioredoxins for PRK are not

dramatically different. In addition, the S, 5 values reported in Chapter 3 can probably be

regarded as fairly good measurements of the ability of the thioredoxins to bind PRK.

Given the small size of the o-aminobenzoy! moiety, the observation that the
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derivatization of Trx f greatly impairs its ability to activate FBPase is surprising. This

result may be due to the apparent damage that Trx has accrued during the labeling reaction.
Alternatively, the fluorescent tag may be covalently attached to a residue important for Trx-
FBPase interaction. As the derivatized Trx is somehow negatively altered in its ability to
activate PRK, presumably due to partial surface denaturation of the Trx during the labeling

procedure, the K; value determined by anisotropy may not be a measure of the true K ;.

Since the site of modification of Trx may be important for binding to targets,
identifying this site is desirable. Unfortunately, all attempts to do so have failed. The
linkage between the fluorescent tag and Trx may be unstable during Edman degradation,
consequently precluding the appearance of a “blocked” residue in the sequence.
Modification of the glutamate residues in each of the two tryptic peptides highlighted in
Fig. 4-7 could yield such a result since ester linkages are inherently unstable. Lysyl
residues were mentioned by Churchich (1993) as being likely candidates for modification.
The expected amide linkage, however, should be stable.

Prior to extended use of the technique described herein for the direct determination

of the K values for Trx and its target enzymes, modifications in the protocol are needed.

Trx needs to be derivatized without simultaneously being damaged. This may simply
involve the elimination of the stirring during the labeling reaction. If successful labeling of
Trx proves to be impossible under milder reaction conditions, additional fluorescent
reagents can employed. An alternative to fluorescence for studying binding is
microcalorimetry. This technique does require greater quantities of protein, however, than

anisotropy.
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Table 2-1. Oligonucleotides Used to Generate Site-Directed Mutants of

Trx f
Site-Directed Mutagenic Primer Sequence
Mutation

K58E PAAATACGAAGAGCTAGCAGAG

AN74 pGCTCGATTGTICAGGAAAACA

N74D pCTCGATTGTGACCAGGAAAAC

Q75D PGATTGTAACGATGAAAACAAG

AN77 pCGATTGTAACCAGGAAVAAGACATTAGCAAAGG
V891 pPGGCATCAGAGTAATTCCTACTTTCAAGATT
T1051 pPGTGGGAGAAGTTATAGGGGCAAAATATGAT

*The bases in bold encode for the sites of mutation. The newly substituted bases are
underlined. An arrow indicates the site of a codon deletion.
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Table 2-2. Activation of FBPase by Thioredoxins at 25°C

Thioredoxin So.s V max Vmax/So.s
(WM) (mU FBPase/min)  (mU FBPase/min/uM) |
wild-type Trx f 0.9+0.2 4812 53.3
wild-type Trx m 31.4+1.3 2+0.2 0.1
Trx f~K58E 1.5+0.1 16x1 10.7
Trx f~AN74 2.1£0.2 5816 27.6
Trx f~-N74D 6.310.4 372 5.9
Trx f~Q75D 4.010.3 22+1 5.5
Trx f-AN77 12.8+£0.3 67+3 5.2
Trx f~T1051 2.010.1 301 15.0
Trx f~V89I/T1051 42.0£1.7 11215 2.7

Table 2-3. Activation of MDH by Thioredoxins at 4°C

Thioredoxin Rate constant
(M 'min)

wild-type Trx f 1.2x10%

wild-type Trx m 9.8x103
Trx f~K58E 3.8x10%
Trx fAN74 3.7x10*
Trx f-N74D 1.5x10%
Trx fQ75D 2.8x10*
Trx fANT7 2.4x10*
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Figure 2-6: Activation of FBPase by mutant thioredoxins. Initial rates of
activation by the specified concentrations and types of thioredoxins (Trx f-

T105I,

top panel; Trx f~V89UT105I, bottom panel) are represented by

individual data points. Curve fittings were as in Fig. 2-5.
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Figure 2-7: Activation of MDH by wild-type thioredoxins. Each data
point indicates the initial rate of activation of MDH by the specified

concentration of Trx at 4 °C. Data for Trx m were fit to the simplified Hill
equation of v = Vmax[S]"/(K "+ [S]"), where n is a calculated value for the
apparent number of binding sites. Data for Trx f were fit to a straight line.
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Figure 2-8: Activation of MDH by mutant thioredoxins. As in figure 2-5,
each data point indicates the initial rate of activation of MDH by the

specified concentration of Trx at 4 °C. Curve fittings were performed as
described in figure 2-5.
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Table 3-1. Activation of PRK by Thioredoxins at 25°C

Thioredoxin So.s V max Vmax/So.s
(uM) (mU PRK/min)  (mU/min/uM)x100

wild-type Trx f 17 7 39
wild-type Trx m 15 11 76

Trx f~KS8E 23 4 19

Trx f~AN74 52 20 38

Trx fFN74D 32 10 32

Trx f~Q75D 92 15 16

Trx f~AN77 47 18 38

Trx f~T1051 66 42 64
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Figure 3-1: Activation of oxidized PRK by various reductants. (continued on next page)

76



5 mM GSH
e 10mM GSH
Ao 20mM GSH
¢ 50 mM GSH
=T1]
E 100 o 100 mM GSH
=]
80

S
(o)

[oN)
o
llll'lllllllllllllll

N
o
1

o

T‘llllIIIIIIIIII_I1III11!III)IIIIIIIIII

10 20 30 40 50 60 70 80
activation time (min.)

Fig. 3-1: (continued) Activation of oxidized PRK by various reductants.
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Figure 3-2: Activation of oxidized PRK by wild-type and mutant
thioredoxins. Thioredoxin-dependent initial rates of activation are
shown. (continued on next page)
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Figure 3-2: (continued) Activation of oxidized PRK by wild-type and
mutant thioredoxins. Thioredoxin-dependent initial rates of activation

are shown.

79




GSH-dependent rate (mU/mi

B GSH alone

e GSH+4mMDTT

LA SR (SN B A B

1
0 20 40

L

60

T
80 100
mM GSH

lllll)llrl

120 140

T

160
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Figure 4-1: Separation of o-aminobenzoyl E. coli Trx from excess
isatoic anhydride by using a Pharmacia NAP 10 column. A depicts
the elution profile of the original reaction mixture. In B, the material

from the major A, peak in A was reapplied to the column.

280

81




"pazAeue a1om LA INW §/0'8 HAd HOM-ouIolg AW QS Ul SUONN[os
XIL AT € ‘9580 yoro U] "W OgE 18 PIIIOXS 219M YOTYMm Uonoeal Sulaqe| [onu0d,, & 0) pajdaiqns
J x1], pue £ xif, [Aozuaqourue-o jo sa[duwes jo enoads uoIssiwd dudsAON[] :Z-p AInI1g

(uaa) uorssymuadg

00s oovy
0S€

ce@l | l 1 | _ ] ] | | _ 1

SXIL, [onuos

Jxa], [fozuaqounwe-o

82




"pazAeue axom LA W 6/0'8 Hd HOM-aulolg U 0§ Ul suonnjos
X1 JAM € ‘9SED Yoro U] ‘WU (8T & PIJIOXI dIoMm YOIYM uoIoeal Julaqe;  JoNuod,, B 01 pajdafqus
J xap, pue J x1], [Lozuasqouiuie-o jo sajduies Jo e1joods UOISSIWS 9OUIDSAION] :g-p dan3ig

(uaa) uorssyusy

osvy ooy 0S¢t

00F_, | _

83

Sxa], [Aozuaqourure-o —

SXaL, jonuod




rate (mU/min.)

70
60— ®
control Trx ®
50 e °
40—
)
n
30+ o-aminobenzoyl Trx
[ ]
20— ®
10
(]
0 . T T T T | T T T
0 5 10 15 20 25 30 35 40 45 50
pM o-aminobenzoyl Trx
I T T T T T T | 1
0 1 2 3 4 5 6 7 8

uM control Trx

Figure 4-4: Activation of FBPase by wild-type Trx f subjected to the
labeling reaction with isatoic anhydride. Initial rates of activation by the
specified concentrations and types of thioredoxins are represented by
individula data points. Data were fit to the simplified Hill equation of v =
Vmax[S]“/(K '+ [S]™), where n is a calculated value for the apparent number
of binding sites.
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Figure 4-5: Activation of PRK by wild-type Trx f. In A, the Trx was
subjected to the labeling reaction with isatoic anhydride. In B, the Trx
was treated with 5.5% MeOH for 1 hr. at room temp. and the curve
fitting was performed as in Fig. 4-4.
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Figure 4-6: Binding of o-aminobenzoyl derivatives of wild-type Trx f
and Trx m to PRK. For the titration, increasing amounts of oxidized
PRK were added to a 3 uM solution of derivatized Trx in 50 mM
Hepes-KOH pH 7.8/5 mM DTT. Following mixing with a spin flea
and equilibration, anisotropy measurements were taken (1.5
sec/measurement; 5 measurements at each indicated PRK
concentration), with the G factor being determined once per
measurement. Each data point represents the average change in
anisotropy upon addition of the indicated amount of PRK. Kj values
were calculated from Michaelis-Menten curve fits using Enzfitter
(Leatherbarrow, 1987).
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1 MEQALGTQEMEAIVGKVTEVNI KDTTF 25

26 WPIVKAAGD KPVVLDMFTQWCGPCZEK 50

51 AMAPKYEEKLAEEYLDVIFLEKLDCNQOQT75

76 ENKTLAKELGIRVVPTFKILEKENSYV 100

101 VGEVTGAKYDKLLEATIOQAARSS 122

Figure 4-7: Complete amino acid sequence of recombinant spinach Trx f. The two
peptides isolated from derivatized Trx f which had been digested with trypsin are indicated
in bold.
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