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ABSTRACT. Recent kinetic studies revealed distinct modes of inhibition of mitochondriabidopsis
thaliana succinic semialdehyde dehydrogena8e{SADH1) by AMP and ATP. Inhibition of SSADH

by ATP may represent an important mechanism of feedback regulation of the GABA shunt by the
respiratory chain. Here we used two approaches to investigate the interaction of ATRASIBADHL.
Cofactor displacement studies based on the reduced fluorescence intensity of free NADH versus that of
enzyme-bound NADH revealed that both AMP and ATP decreased NABFSSADH1 complex
formation. The competitive inhibitor AMP displaced all bound NADH, while ATP, a noncompetitive
inhibitor, could not, even in great excess, release all NADH from its binding site. To assess the effect of
ATP on NAD—At-SSADH, we employed surface plasmon resonance to monitor nucleotide binding to
immobilizedAt-SSADH1. For this, we used a Strep-tag Il modified derivativABESADH1 (designated
ST-At-SSADH1). The tagged enzyme was tightly and reversibly captured by StrepTactin, which was
covalently immobilized on a CM5 chip. The binding constants for NAEnd ATP were determined

from titration curves and were in good agreement with the constants obtained from enzyme kinetics.
Surface plasmon resonance measurements confirmed that ATP binds to a site different from the binding
site for NAD". GTP competed with ATP. However, only ATP increased the dissociation constant of
NAD™ from SSADH. This explains the reduced affinity of NAINADH to At-SSADHL1 in the presence

of ATP, as revealed by enzymatic kinetics, and supports our model of feedback regulation of SSADH
and the GABA shunt by ATP.

Succinic semialdehyde dehydrogenase (SSADH) is the lastotides. Analysis oAt-SSADH1 enzymatic kinetics revealed
enzyme of they-aminobutyric acid (GABA) shunt, located its inhibition by NADH and adenine nucleotides, wiky
at a junction between the GABA shunt, Krebs cycle, and values between 120M and 8 mM §). The kinetic data
respiratory chain. The GABA shunt is a bypass of the Krebs suggested that AMP is a competitive inhibitor with respect
cycle between 2-oxoglutarate and succinajel{s exact role to NAD™ binding, reflected in changing of th&, for NAD*
in plants is not clear. However, its proper regulation is but not the V. In contrast, ATP is a noncompetitive
essential for normal plant developme#}.(The first enzyme inhibitor with respect to NAD, reflected in changing both
of the GABA shunt, glutamate decarboxylase (GAD), is a the Ky andVmax Of the enzyme §). While the competitive
prominent calcium/calmodulin-binding protein in plangs ( effect of AMP has been known for several yea8$ &énd
3) and is localized in the cytosol. The two other enzymes of can be explained by the high similarity between AMP and
the shunt, GABA transaminase and SSADH, are localized the adenine nucleotide part of NAD(H), the inhibitory effect
in mitochondria 4, 5). Recently, we cloned a cDNA of ATP has not been reported in other organisms. However,
encoding SSADH fronArabidopsis thaliangdAt-SSADH1) the noncompetitive effect of ATP on SSADH has interesting
and demonstrated that the recombinant enzyme functions agphysiological implications. It signifies feedback regulation,
a homotetramer with distinct responses to different nucle- since SSADH supplies the mitochondrial respiratory chain

with two substrates, succinate and NADH, and the end
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enzyme was affinity captured, and the binding of different instrument (SLM instruments, Urbana, IL) equipped with a
nucleotides, separately or in combination, was monitored by xenon lamp (450 W) and an emission quartz prism mono-

surface plasmon resonance.

EXPERIMENTAL PROCEDURES

Preparation of an N-Terminal Strep-tag of At-SSADHL1.
The StrepTactin-binding peptide Stregg || [WSHPQFEK
(7); IBA, Goettingen, FRG) was added to the recombinant
At-SSADH1 by extending the cDNA as follows. Two
oligonucleotides with BNcd compatible protruding ends
were annealed and ligated into tNed site of the linearized
At-SSADH1 cDNA in theEscherichia coliexpression vector
pET-3d 6). The two oligonucleotides were (sens€) 5
CATGTGGAGCCATCCGCAATTTGAAAAAGC and (an-
tisense) 5CATGGCTTTTTCAAATTGCGGATGGCTC-
CA. Ten amino acids were added A¢-SSADH1, and the
N-terminus of the modified recombinant protein had the
amino acid sequence: WISHPQFEKAMDAQSVS... (the
eight amino acid Strep-tag is in bold).

Expression and Purification of Recombinant Enzymés
SSADH1 was purified fromE. coli by consecutive FPLC

chromator (type MC640, double). The bandwidth for excita-
tion was 16 nm. The excitation wavelength was 340 nm to
monitor NADH, and the range for spectra acquisition was
380-500 nm. Measurements were done in 1 mL fluorescence
cuvettes in 100 mM sodium phosphate buffer, pH 9.0, 10
mM MgCl,, 10 mM sodium phosphate, and 1 mM DTT at
20°C. Controls included NADH and inhibitors in the absence
of enzyme.

Surface Plasmon Resonance Measuremeéhigleotide
binding to STAt-SSADH1 was monitored by surface plas-
mon resonance with a BIACORE 2000 apparatus (Biacore
AB, SE). StrepTactin, a streptavidin mutant with improved
affinity toward Strep-tag, was immobilized on a CM5 chip
(Biacore AB, SE) by amine coupling chemistry using
standard protocols with HBS (10 mM HEPES with 0.15 M
NaCl, 3.4 mM EDTA, and 0.005% surfactant P20 at pH 7.4)
as a running buffer. After activation with a freshly prepared
mixture of N-hydroxysuccinimide (NHS, 50 mM in water)
and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC,

chromatographies on ion-exchange Q-Sepharose, Sephade%00 MM in water) for 4 min, StrepTactin (S200ug mL*

G-200 (16/60) gel filtration, and Blue Sepharose 6 Fast-Flow

affinity (1.6/4) as describedb], except that the ammonium

in 20 mM acetate buffer, pH 4.6) was injected for30
min (flow rate: 5uL min~1). Remaining activated carboxylic

sulfate precipitation step was omitted. The active fractions 970UPS were deactivated by incubationtwit M ethanola-

resulting from the ion-exchange chromatography were == -
¢ min~). A total of 5000-15 000 RU of StrepTactin were

directly loaded onto the gel filtration column. Expression o
ST-At-SSADH1 was initiated by adding 0.5 mM isopropyl
thio--p-galactoside to a 0.5 L cell culture in 2-YT medium
for 7 h at 37°C. Cells were broken in 1015 mL buffer

WP;! containing 100 mM sodium phosphate, pH 9.0, 1 mM
dithiothreitol (DTT), and 1 mM EDTA. After addition of 1

mM phenylmethanesulfonyl fluoride by sonication for 5 min
at 0°C, cell debris and insoluble protein were removed by
centrifugation at 13 000 rpm for 20 min (Sorvall centrifuge,

mine hydrochloride, pH 8.6, for 4 min (flow rate: /&L

immobilized by this method. After coupling, the buffer was
changed to 100 mM sodium phosphate, pH 9.0, 1 mM DTT,
10 mM MgCh, 10 mM potassium phosphate, and 0.005%
surfactant P20, which was used throughout binding experi-
ments. STA-SSADH1 (5uM) (flow rate: 5uL min~!) was
immobilized by affinity capturing with StrepTactin. Nucle-
otide binding was investigated by incubation at different
concentrations for 1 min with a flow rate of . min~2.

SS34 rotor). The recombinant protein was purified on a 1 AS @ reference, binding experiments were performed in

mL StrepTactin affinity column according to the manufac-
turer's recommendations (IBA, Goettingen, FRG) by gravity
flow. The supernatant containing soluble 8FSSADH1
was dialyzed against buffer WHiltered, and loaded onto
the column. Bound SAt-SSADH1 was eluted by adding 6
x 0.5 mL of buffer WR containing 2.5 mM desthiobiotin
(Sigma) as a reversibly binding specific competitor. The

active fractions were pooled, exhaustively dialyzed against

buffer WR to remove desthiobiotin, and analyzed by SBS
PAGE. The recombinant enzyme accounted fdr0% of
the total soluble protein, and typically-2 mg of purified
enzyme with a homogeneity of95% was obtained from
0.5 L of a bacterial culture. This grade of purity was
sufficient for the affinity capturing. The purified SAt

parallel on a StrepTactinoated sensor chip without ST-
At-SSADH1. Other controls are described in the Results
section.

Calculation of Binary EnzymeEffector (Inhibitor) Com-
plexes.The equilibrium effector (inhibitor) constamty of
an enzyme-effector (inhibitor) complex is given by the
concentration of the enzymeffector (inhibitor) complex
cei, the total enzyme concentratiag, and the total effector
(inhibitor) concentrationc, according to the law of mass
action:

(ce —ce)(g — cg)

Kp =
Cg

(1)

SSADH1 was enzymatically active, and the kinetic constants Ce1 can be calculated fronte and ¢, for given effector

(K0_5 SSA— 49/,{'\/' and KM NAD — 70#'\/') were determined
by the activity assay described earlies).( The kinetic
constants were in the same range as thos&t-&SADH1,;

thus, the additional 10 amino acid residues had no apparent

effect on the enzymatic activity.
Fluorescence Spectroscopy and Enzyme Adslapres-

constants according to

Gt ot Ky (ce + ¢ + Kp)?
= 5 - ) —cG (2)

At pseudo-first-order conditions in a flow-through system

Cg

cence measurements were perfOI’med in an SLM SOOOC(Constancl)' Cg as measured as a b|nd|ng Signa| is given by

! Abbreviations: AU, arbitrary units; HABA, 2-(shydroxybenze-
neazo)benzoic acid; HBS, HEPES-buffered salinein®rganic phos-
phate; RU, response units; SPR, surface plasmon resonance.

¢/Kp

= S 1 gk,

3)
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Ficure 1: Competitive effect of AMP on the binding of NADH
to At-SSADH1. Fluorescence spectra of (1) NADH (BM), (2)
NADH (50 uM) + enzyme (2Q:M), (3) NADH (50 uM) + enzyme
(20uM) + AMP (5 mM), and (4) NADH (5QuM) + enzyme (20
uM) + AMP (25 mM) and a control spectrum (dotted line) of
NADH (50 uM) + AMP (25 mM).

480 500

To determine the dissociation constégy, titration curves
resulting from the titration of captured ST-SSADH by
increasing amounts of nucleotides were fitted according to
the equation:

(4)

with the background sign&., the maximum signalByax
and the dissociation constals.

RESULTS

Fluorescence Measurements of Cofactor Displacement
Distinguish between Competiti and Noncompetite Inhibi-
tors. We tested the feasibility of a few approaches to monitor
nucleotide binding to SSADH by label-free methods. Moni-
toring ATP binding toAt-SSADH1 by quenching of intrinsic

Busch et al.

Table 1: Kinetic Constants and Mode of Action of Nucleotide
Inhibitors of AtSSADH1

kinetic
nucleotide constant value(uM) type of inhibition  Kp (uM)
NAD™* Kwm 130+ 80  substrate 13% 60
NADH Ki 120490 competitive nfl
AMP Ki 2900 competitive nd
ATP Kic 2500 noncompetitive  430& 600
Kiu 8000

aSource: ref. P nd = not determined.
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tryptophan fluorescence was not possible, since addition of IGURE 2: (A) Effect of ATP on the binding of NADH to

ATP hardly affected intrinsic fluorescence (excitation wave-
length 295 nm, emission wavelength 330 nm; data not
shown). Instead, we measured cofactor binding At
SSADHL1 by fluorescence emission spectroscdphe fluo-
rescent NADH is a competitive analogue of NARt the
NAD™ binding site of SSADH, 8). The binding of NADH
to the enzyme is accompanied by an enhancement of th
fluorescence emitted over the spectral range of- 3810 nm
with a peak at 460 nm after excitation at 340 nm. In Figure
1 the fluorescence of free NADH (line 1) and enzyme-bound
NADH (line 2) is shown. Subsequently, the dependence of
the fluorescence intensity on the binding state of NADH was
used to monitor the influence of different nucleotide inhibi-
tors on cofactor binding t&\t-SSADH1.

AMP, a competitive inhibitor oAt-SSADH1 with respect
to NAD* and NADH 6), was expected to completely release
NADH from the NAD"/NADH binding site inAt-SSADH1
when added in excess. At 5 mM AMP, NADH fluorescence
decreased (Figure 1, line 3) but was still higher than that of
free NADH (Figure 1, line 1). At 25 mM AMP (Figure 1,
line 4), the fluorescence intensity of NADH was identical
to that of free NADH (line 1). The high AMP concentration
was necessary due to the higlh value in the millimolar
range (Table 1, eq 2).

At-SSADH1. Fluorescence spectra of (1) NADH (a®), (2)
NADH (50 uM) + enzyme (2Q«:M), (3) NADH (50 uM) + enzyme
(20 uM) + ATP (5 mM), and (4) NADH (5QuM) + enzyme (20
uM) + ATP (25 mM) and a control spectrum (dotted line) of
NADH (50 uM) + ATP (25 mM). (B) Addition of GTP to the
NADH—At-SSADH1 complex. Fluorescence spectra of (1) NADH
(50 uM), (2) NADH (50 uM) + enzyme (2QuM), (3) NADH (50

M) + enzyme (2uM) + GTP (5 mM), and (4) NADH (5@:M)
+ enzyme (2Q«:M) + GTP (25 mM) and a control spectrum (dotted
line) of NADH (50 uM) + GTP (25 mM) without enzyme.

Addition of ATP to NADH—At-SSADH1 lowered NADH
fluorescence (Figure 2A, lines 3 and 4, corresponding to 5
and 25 mM ATP, respectively) in comparison to NADH
bound to At-SSADHL1 (line 2), indicating the release of
NADH from the NAD"/NADH binding site. However, even
at extremely high ATP concentrations (100 mM ATP; data
not shown), NADH fluorescence intensity was not reduced
to that of free NADH (line 1), indicating that not all bound
NADH was released in the presence of ATP. This can be
explained if ATP does not bind to the site occupied by
NADH and does not substitute NADH directly but only
influences the binding of the cofactor to the enzyme. Due
to its highK, (Table 1), ATP had to be in the millimolar
range to bind in a sufficient amount to release NADH from
the NAD' binding site (eq 2). In a control experiment, GTP,
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Ficure 3: Schematic illustration of SSADH capturing on a StrepTactin-coated surface: (1) activation of the surface; (2) covalent
immobilization of StrepTactin; (3) reversible immobilization of the tetramericAFBESADHL1 by affinity capturing.

which is has no effect oMt-SSADH1 activity (data not 4000T A | ST-ALSSADH

shown), was added to the NADHAt-SSADH1 complex. As

expected, GTP had no effect on NADH fluorescence. The 2 %°%°T
fluorescence was the same in the absence and presence of 20001
and 25 mM GTP, respectively (Figure 2B, lines 3 and 4, |
respectively). Thus, this fluorescence assay was found .2 o 1
suitable as a rapid and qualitative means to demonstrate l
nucleotide interaction wittAt-SSADH1 and to assess the 0-

type of interaction.

Signal TRU)

200 400 600 800 1000

Monitoring Protein-Nucleotide Interactions by Surface
Plasmon Resonance (SPRJe employed SPR measurement
in a BIACORE apparatus to directly measure binding of 4000T Blm{n
nucleotides toAt-SSADH1. To assess direct binding of _
nonaltered nucleotides to the protein, we immobilized the 2 3°°°T
enzyme rather than the nucleotides. Effects on structureand = _ |
activity of the enzyme upon immobilization were minimized &
by revgrsible affinity captl_Jring. For this, We_prepared an -‘,9)’ 1000+
N-terminal Strep-tag version of the recombinant enzyme i HABA
(designated STAt-SSADH1) by adding the corresponding o+
codons to the cDNA (Experimental Procedures). The protein : . ; . :
[0} 200 400 600 800 1000

was purified by affinity chromatography and then captured
onto a StrepTactin-coated chip surface, as schematically Time (s)
depicted in Figure 3, thus avoiding denaturation of the Ficure 4: Immobilization of STAt-SSADH1 by capturing with
enzyme by the oxidative environment required for covalent immobilized StrepTactin monitored by SPR. (A) Sensorgram for
coupling. Figure 4A shows an SPR sensorgram for capturing b||3ndFlzng of SlTAft'ngAt%"éi (D5|f|‘2/' bat _5.P"-tm'”_1f) i% Strﬁpgaigh-
of ST-At_SSADHl.With im.mObi”ZEd StrepTactin. Depending E)igtineinm?r\{: rgnning buffer for 4¥nlirr11je(§‘:l(l)c\:\?rgte: :I:BL mi?]sil)fo
on the amount of immobilized StrepTactin, 2568000 RU
of ST-At-SSADH1 were captured. Immobilization of ST- index in the sample (Figure 5A, dotted line). However, a
At-SSADH]1 by this method was perfectly reversible. Upon clearly stronger signal is observed on the channel with
addition of 40uL of 10 mM desthiobiotin, STAtSSADH1  captured STAtSSADH1. Furthermore, the washout on this
was completely released from the chip surface as shown inchannel is much slower, indicating interaction of the nucle-
Figure 4B, and fresh S’+-SSADHL1 could be captured on  otide with the STA-SSADH1. Figure 5B shows the differ-
the regenerated surface. After the surface was saturated withence sensorgrams of the flow channels with and without
ST-At-SSADHL, the surface was washed with running buffer captured STAt-SSADH1 at different NAD concentrations.
to remove weakly bound SA:SSADH1. With high amounts  The intensity of the referenced signal was dependent on the
of immobilized StrepTactin (10 06015000 RU), litle  NAD* concentration. This concentration-dependent increase
dissociation of STAtSSADH1 was observed. Probably most was reproducible on different channels, and with various
of the tetrameric STAt-SSADHL1 binds with more than one  |oadings of StrepTactin and SA+SSADH1, indicating that
Strep-tag to the StrepTactin, and only proteins attached withspecific nucleotide binding was detected. The dissociation
a single tag were washed out. With increasing amounts of constant of the NAB-ST-At-SSADH1 complex was deter-
immobilized StrepTactin, multiple interactions with S\~ mined from the concentration dependence of the binding-
SSADHL1 were facilitated. As expected, the attachment of dependent resonance signal by fitting eq 4 (Figure 6A). The
Strep-tag Il to immobilized StrepTactin was more stable than calculated dissociation constaliip was 135+ 60 uM, in
that reported for Strep-tag | to immobilized streptavidin ( excellent agreement with th€ determined from enzyme
Further nucleotide binding experiments were performed kinetics Ky = 130+ 80 M (5)]. The maximum amplitude
under conditions where dissociation of 8FSSADH1 from of NAD™ binding was 25-40 RU, depending on the amount
the surface was negligible. of captured STAt-SSADH1. To further test the specificity
When NAD" was passed over SA+SSADH1 captured  of the resonance signal originating from nucleotide binding
by immobilized StrepTactin, a significant fast increase in to STAt-SSADH1, a reference chip with a different non-
the refractive index was detected (Figure 5A, continuous relevant protein (IgG), which does not bind nucleotides, was
line). Also, the reference surface (only StrepTactin) showed covalently immobilized to a similar amount (as StrepTactin
an increase in the signal due to the change in the refractiveplus ST-SSADH1). No significant signal was observed upon
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Ficure 5: Surface plasmon resonance signals of NAfNnding ATP concentration (mM)

to STAtSSADHL1 fa a 1 min pulse (injected with 10L min~1). o S )
(A) Sensorgram (StrepTactin-coated surface with capturetST- FlGUR_E 6: .Tltratlon of STAt—SSADHl with different nUCl_eOtldes
SSADH1) (continuous line) and a reference sensorgram (only showing difference equilibrium SPR responses. (A) Titration of ST-
StrepTactin) (dotted line) with injections of 1 mM NAD The At-SSADH1 with NAD*. The points represent the individual
sensorgram is a representative of three independent experimentsi€sponses after 1 min pulse injections of increasing amounts of
(B) Difference sensorgrams of the same titration experiment with NAD™ in the range of 0.00310 mM NAD™ at a flow rate of 10
injections of NAD' between 0.001 and 10 mM. uL min~L. Error bars show standard deviations for the means of
three independent experiments. (B) Difference surface plasmon

injection of NAD', in comparison to measurements from a resonance signals corresponding to SISSADHL1 titration with
StrepTactircoated pad without SAE-SSADH1 (not shown). ir’;‘ﬁlrejsgp% C;’ggerm\r/lai%”s &‘;ﬁg%gggﬁﬁ”ﬁ f?gxcgqgaggoﬁm the
This confirmed that speCIflc'nucIeotlde binding to &F- ming‘1 in a 1 min pulse across a JStrepTactin-coated surface with
SSADH1 was detected by this method. Thereafter, we usedcaptured Sit-SSADH1. Error bars show standard deviations for
the StrepTactircoated sensor chip without SA-FSSADH1 the means of three independent experiments, respectively.

as the reference.

ATP Enhances NADDissociation from SSADHHaving are in the biologically relevant range, and of 5 mM GTP for
established a method for direct measurement of nucleotidecomparison. In these binding experiments, additional binding
binding to SSADH, we examined ATP binding by injecting of ATP caused a constant background signal of 9 and 15
different concentrations of the nucleotide on StrepTactin- RU, respectively, while the amplitude of NADbinding did
captured STAt-SSADH1 and monitoring mass changes by not change significantly (shown in Figure 7A for 5 mM
surface plasmon resonance. Figure 6B shows the titrationATP). These results indicate that a different binding site is
curve after injection of increasing concentrations of ATP. recruited by ATP as predicted by the displacement fluores-
A concentration-dependent increase in the binding signal wascence assay described above. The dissociation constant of
measured up to 30 mM ATP. At ATP concentrations higher NAD™" binding to SSADH at the different ATP background
than 30 mM, however, the background signal became too concentrations was determined by using eq 4. A significant
high (>1000 RU) to quantify the subtle binding effects. increase compared to NADwithout ATP was observed,
Furthermore, dissociation of SAtSSADHL1 from the chip  with a Kp = 6304+ 80 uM in the presence of 2 mM ATP
was observed at these high concentrations. From the partiaand Kp = 1100+ 30 4M in the presence of 5 mM ATP
titration curve with ATP concentrations of up to 30 mM, a (Figure 7B). For NAD binding with a background of 5 mM
dissociation constankg) of 4.3 mM was estimated for ATP ~ GTP, similar additive binding as for ATP was observed,
binding to STA-SSADH1. A similar binding effect was indicating that GTP also binds to an alternative binding site.
observed in a control experiment with GTP, indicating that However, theKp of NAD™ binding was not affected at a
both nucleotides bind to SA+-SSADH1 (not shown).  GTP concentration of 5 mM (Figure 7B), in agreement with
However, only ATP had an influence on NADinding, as the results from the NADH displacement fluorescence assay
will be shown. and kinetic data (not shown). To assess whether both ATP

The influence of ATP and GTP on the NAB ST-At- and GTP recruit the same binding site, titration with ATP
SSADH interaction was investigated by measuring the was carried out with and without a background of 10 mM
dissociation constant of the NAEST-At-SSADH1 complex GTP (Figure 8). The total binding amplitude did not change
at different background concentrations of ATP and GTP. significantly, confirming that GTP binds competitively to
Concentrations of 2 and 5 mM ATP were chosen, which the ATP binding site
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demonstrate ATP binding tAt-SSADH1 and to reveal the
mechanism underlying SSADH inhibition by ATP. The
values for ATP interactions witht-SSADH1 were in the
millimolar range ), indicating transient, low-affinity inter-
action. Weak nucleotide binding to proteins is difficult to
monitor (L0), and high concentrations of either the protein
or the nucleotide are required to detect complex formation
in such cases. In addition, certain approaches require the use
of altered nucleotides such as fluorophore-labeled nucleotides
for fluorescence measurement or biotinylated nucleotides for
immobilization. These alterations substantially change the
molecular entity in ways that might affect their interaction
with the enzyme.

Evidence for ATP binding t&A\t-SSADH1 and its mech-
anism of inhibition resulted from measuring the influence
of ATP and AMP on cofactor (NADH) binding tc\t-
SSADH1 by a fluorescence assay. The presence of the
inhibitory nucleotide resulted in changes in NADH fluores-
cence by releasing it from the NATINADH binding site.
This revealed that, although ATP reduced the amount of the
NAD —At-SSADH1 complex, it did not prevent its formation
completely, even in great molar excess. Therefore, we
excluded the possibility that displacement of NADH results
from ATP binding at the cofactor binding site, indicating an

NTP-inhibitor concentration (mM)

Ficure 7: Influence of ATP and GTP on NADbinding to ST- additional binding site for ATP. With this fluorescence assay

At-SSADH1. (A) Titration of STALSSADH1 with increasing 't Was possible to distinguish between competitive and
amounts of NAD in the presence of constant 5 mM AT®)(or noncompetitive types of inhibition, as demonstrated for AMP
GTP (0). The points represent the individual responses after 1 min and ATP, respectively.
pulse injections of increasing amounts of NAIh the range of We were able to measure binding of NARNd ATP to
— + in—1 . .
0.001-10 mM NAD™ at a flow rate of 1uL min™%. Error bars A gSADH1 directly by surface plasmon resonance. This
show mean deviations for a set of three independent experiments. hod ired i bilizati f eith fthe i .
The lines result from fitting the data points by applying eq 4. (8) M€thod required immobilization of either of the interacting
Dissociation constanKp of the affinity-captured NAD-ST-At- compounds. To avoid modification of the nucleotide, we
SSADH1 complex on a StrepTactin-coated surface in the presencedevised a strategy for a mild, reversible immobilization of
T s wers e o o ooy s SSADH by affy capuring. STASSADHL it e cigh
b . . . i k .
eq 4. The values are the means of three independent experimentsammo acid res@ue Strep-tag atthe N termmus_ was captyred
n.d.. not determined. on a StrepTactin-coated surface. Thus, reducing conditions

were maintained throughout all experiments with SSADH,

50 T M guaranteeing maximal activity of the enzyme. The capturing
w0l 3 ] was reversible so that the sensitive AFSSADH1 could
. 5 % easily be renewed with freshly prepared protein, and the
2 a0l LI i StrepTactin-coated chip was reusable for many times. The
= - (3 3 capturing of STAt-SSADH1 was stable, as a result of the
5201 = high affinity of the Strep-tag to StrepTactin but probably
o L also because the tetrameric structure of the enzyme allows
101 = 1 multiple interactions with StrepTactin. The high density of
ol « binding sites in the StrepTactin (one per subunit of 15 kDa),
. _ , the specificity of the interaction, and the mild conditions for
0.1 1 10 regeneration make this system advantageous over other

ATP concentration (mM)

Ficure 8: Titration of STA-SSADH1 with ATP in the absence
(®) and presence of 10 mM GTR)). The points represent corrected
equilibrium SPR responses.

protein tags. The frequently used His-tag, for example, does
not provide this high selectivity, and it requires a highly
loaded metatchelator matrix for immobilization, which is
prone to nonspecific interactions.

Binding of NAD™ (663 g/mol) confirmed thép of 135
DISCUSSION uM obtained from enzyme kinetics. Comparison of the
Recent kinetic studies revealed that ATP is a noncompeti- maximum binding amplitude of NADat different levels of
tive inhibitor of plant SSADH, a property that has not been captured STAt-SSADH1 (3506-6000 RU) suggests a bind-
reported for SSADH from any other organism. Mitochondrial ing stoichiometry of~0.5 nucleotide per subunit (53 kDa)
SSADH is the last enzyme of the GABA shunt, which or 2 NAD*' per SSADH tetramer. This is in good agreement
provides succinate and NADH as substrates for the respira-with the stoichiometry of 2 NADH per SSADH tetramer

tory chain. Inhibition of SSADH by ATP signifies a feedback earlier proposed for pig brain SSADI8)( For ATP, binding
regulation, since the end product of the oxidative phospho- with an estimatedp of 4.3 mM was observed. Complete
rylation is ATP. To assess this model, we attempted to affinity titration was not possible for this lower affinity
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interaction because the background at concentrations highecchain as well as by succinyl-Co-synthetase (SCS), which
than 30 mM was too high. The maximum binding amplitude carries out the substrate level phosphorylation in the citric
corresponded to a stoichiometry of 2 ATP molecules per acid cycle and generates succinate alternatively to SSADH.
SSADH tetramer. However, the additive binding amplitudes Interestingly, succinyl-Co-synthetase in plants generates
of NAD™ and ATP confirm the existence of a different ATP, while in animals it generates GTP. Apparently the
binding site for ATP. Competitive binding of GTP to the S-subunit of SCS determines the specificity6). Here we
ATP binding site was observed, but only ATP binding show that SSADH activity from plants is affected by ATP,
increased the dissociation constant of the NAR-SSADH1 although it also binds GTP, probably at the same binding
complex. The consequence is an increasg@nd decreased  site.
Vmax IN the enzymes’ kinetics. Collectively, the data presented here support the model
From the binding data in this study and the previous kinetic for the regulation of the last step of the GABA shunt by
data B), we suggest that-SSADH1 possesses two different mitochondrial reducing potential and energy chargg (
nucleotide-binding sites. The site for the cofactor NAD consistent with accumulating evidence for the important role
binds also NADH and AMP in a competitive manner. Mass- Of the GABA shunt in plant metabolisn,(2). The regulation
sensitive detection by SPR revealed a second, low-affinity of SSADH by ATP suggests a tight control of the rate of

binding site, which seems to bind nucleotides with different substrates provided by the GABA shunt to the respiratory
effects on enzyme activity. chain. Consequently, the feedback regulation may also play

a role in controlling the steady-state levels of GABA and,

observed by kinetic analysiS)(and by displacement assays. ?heni:(e, Eossmlle functions of GABA via pathways other than
Analysis of the At-SSADH1 amino acid sequence for € Rrebs cycle. i _ )
potential nucleotide binding sites revealed only one obvious N summary, we employed two techniques to investigate
candidate site, GSTAVGK, at position 24851 of the  high- and low-affinity binding of nucleotides to plant
mature protein ). This motif perfectly matches the con- SSADH. Mass-sensitive detection by SPR in combination
sensus sequence for the ATP-binding motif GxxxxGK[TS], With affinity capturing of the enzyme proved valuable for
also called the phosphate binding loop (P-lod)(but this quantifying nucleotide.enzyme interactions. This method,
phylogenetically conserved site in SSADH has already beenWith further optimization, has the potential to be used for

implicated in NAD'/NADH binding (12—14). A second studying binding of various nucleotides to different enzymes
similar, but not identical motif, GLGREG, is present at without the need to alter or label the nucleotide. In particular,

residues 468473 of the maturét-SSADH1. However, this for very sensitive redox enzymes, functional immobilization

site lacks the conserved lysine residue of the P-loop. PY affinity capturing may be the key for successful binding

Therefore, a second binding site for nucleotides toAke ~ €XPeriments. The immobilization method should be ap-
SSADH1 monomer is not substantiated by sequence analysisP!ic@ble to other recombinant enzymes, solely requiring the
Another aspect that may underline the mechanism of ATp @ddition of the Strep-tag peptide to their coding sequence.
inhibition is the number of substrate molecules that bind to

each tetrameric enzyme. Although each tetramer has fourACKNOWLEDGMENT
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