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ABSTRACT. Ap binding alcohol dehydrogenase (ABAD) is an NAD-dependent mitochondrial dehydrogenase.
The binding between ABAD and /Ais likely a direct link between A and mitochondrial toxicity in
Alzheimer’s disease. In this study, surface plasmon resonance (SPR) was employed to determine the
temperature dependence of the affinity of the ABABS interaction. A van't Hoff analysis revealed that

the ABAD—Ap association is driven by a favorable entropic chang& € 300 + 30 J mol! K1)

which overcomes an unfavorable enthalpy changyel & 49 + 7 kJ/mol). Therefore, hydrophobic
interactions and changes in protein dynamics are the dominant driving forces of the-A®ADteraction.

This is the first dissection of the entropic and enthalpic contribution to the energetics of a protein
protein interaction involving A. SPR confirmed the conformational changes in the ABA4) complex

after AS binding, consistent with differences seen in the crystal structures of free ABAD and the ABAD
Ap complex. Saturation transfer difference (STD) NMR experiments directly and unambiguously
demonstrated the inhibitory effect offfon the ABAD—NAD interaction. Conversely, NAD inhibits the
AB—ABAD interaction. Binding of A and binding of NAD to ABAD are likely mutually exclusive.
Thus, A8 binding induces conformational and subsequently functional changes in ABAD, which may
have a role in the mechanism offAoxicity in Alzheimer’s disease.

Ap is believed to be the primary influence in causing that A5 triggers a cascade of pathological events which
Alzheimer's disease (AD)The amyloid hypothesis proposes eventually lead to neuronal dysfunction, neuronal death, and
demential, 2). However, the detailed molecular mechanisms
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SPR and NMR of ABAD-Ap Interaction

ABAD was also shown by overexpressing ABAD in the
murine 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
model of Parkinsonism with impaired mitochondrial respira-
tion (12). ABAD deficiency was initially studied with the
inactivation of the ABAD homologue iBrosophila termed
scully, which leads to developmental abnormalities in mi-
tochondria and a lethal phenotyp&3]. Clinical cases of
ABAD deficiency were reported recentlyll, 14, 15).
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Patients with mutant ABAD are characterized by an increased Figure 1:  Structures of human ABAD in complex with NAD (A)

level of urinary MHB and the absence of MHB dehydroge-
nase activity. Neurological symptoms include psychomotor

retardation and progressive infantile neurodegeneration. Thus

ABAD plays important roles in a cellular response to stress,

and A5 (B). ABAD has a typical, dehydrogenase Rossman fold.
The Lp, Lg, and L loops, which undergo large changes upgh A
binding, are colored purple, red, and green, respectively, and NAD
is colored gray. & binds to ABAD and alters the conformation
and dynamics of thed, Lg, and Lg loops. NAD was not observed

the energy metabolism of mitochondria, and the breakdown in the crystal structure of the ABABAS complex even though

of isoleucines in normal neuron®@).

In Alzheimer’s disease, ABABAS interaction links 48
toxicity with mitochondrial dysfunction via mitochondrial
oxidative stress4). An increased expression level of ABAD
was observed in inferior temporal lobe gyrus and hippo-
campus in AD brains4, 5). ABAD and A3 were shown to
be colocalized in mitochondria in AD brains by confocal
microscopy and electron microscop®).(AS most likely
enters the mitochondria through ER-to-mitochondrion trans-
fer (17). Although bothy-secretase activity and APP are
present on the mitochondrial membratg, (19), the arrested
mode of insertion of APP into the mitochondrial membrane,
with the entire A8 sequence ang-secretase site exposed
on the cytoplasmic side, may preclude cleavagesgcre-
tase (8, 19). ABAD was the only human protein found to
interact with AG in a yeast two-hybrid screenin@)( and
this interaction was shown to inhibit the enzymatic activity
of ABAD toward multiple substrated.0). Double-transgenic
mice (Tg mMAPP/ABAD) overexpressing ABAD and mAPP
(APP with V717F, K670M, and N671L mutations), which
provides an A-rich environment, were generated to study
the role of ABAD—A/ interaction in mitochondrial oxidative

the crystallization buffer included NAD.

interaction. Second, a high-affinity /A ligand may be
designed to inhibit the formation of/Aoligomers or fibrils
and to inhibit the interaction betweersAand other 48 target
proteins.

Several crystal structures of ABAD have been determined
(4, 8, 24), and ABAD has a typical dehydrogenase Rossman
fold for dinucleotide binding (Figure 1A). The NAD
molecule has numerous interactions with residues in the L
Le, and Le loops. NAD interacts with the catalytic triad
(S155, Y168, and K172) in theglloop through hydrogen
bonding with K172 and Y168, and through hydrophobic
interaction with S155. The structural basis of inhibition of
Ap of ABAD enzyme activity was suggested by the recently
determined crystal structure of the ABABAS complex. In
this complex, the b, Lg, and Lg loops are deformed and
have decreased electron density, leading to prominent
distortions of the NAD binding pocket (Figure 1Bj)( No
electron density was observed for NAD in the ABABS
complex which was crystallized with NAD (Figure 1B),
suggesting NAD cannot bind to the ABAEAS complex.

stress and neurodegenerative diseases. These double-trangDe lack of NAD density can nonetheless also result from

genic mice exhibited increased mitochondrial stress, apo-

NAD dynamics or static disorder. Therefore, it is still unclear

ptosis of neurons, and an accelerated decline in learning andVhether NAD can bind to the A-ABAD complex. The

memory compared with single-transgenic Tg mAPP mice,
Tg mABAD mice, and non-Tg miced( 20). In neurons from
the Tg mAPP/ABAD mice, higher levels of free radical-
induced stress based on oxidation g7"2dichlorofluorescein
were observed in comparison with neurons from other
genotypes 4). A 29-amino acid peptide, ABAD decoy

critical interface between ABAD and/Awas not observed
due to the lack of electron density forsfand the lp loop.
Thus, the biophysical basis of the ABABAS interaction is
still poorly understood.

To probe the driving forces of the ABABAS interaction,
surface plasmon resonance (SPR) was employed to determine

peptide (DP) which shares the same amino acid sequencén€ entropy change and the enthalpy change of the ABAD

with the Lp loop (residues C91D119) in ABAD, inhibits
ABAD —Ap interaction. Mutagenesis and inhibition studies
have established that the loop plays a critical role in &
binding @). When DP was added into cultured neurons from
Tg mAPP/ABAD mice, the oxidative stress was inhibited
(4). These data strongly suggest Axecutes its cytotoxicity
through the interaction with ABAD16, 21—-23) in these
transgenic mice. In an /rich environment, ABAD binds
to Af and becomes dysfunctional. The ABARS complex

Ap interaction. SPR data also confirmed the presence of
conformational changes in the ABARAS complex subse-
quent to A3 binding. Saturation transfer difference (STD)
experiments were applied to directly demonstrate that A
inhibits the NAD-ABAD interaction. Conversely, SPR
revealed that large amounts of NAD inhibit the ABAIAj
interaction.

MATERIALS AND METHODS

may block essential metabolic steps in mitochondria, leading ABAD Purification. Escherichia colstrain BL21(DE3)

to reduced cytochromeactivity, generation and leakage of
ROS from the mitochondria, the activation of a programmed
cell death pathway, and ultimately loss of viability for

transformed with pGE5-encoding human ABAD was grown
in Luria-Bertini medium (LB) 0). Cells were induced with
0.5 mM isopropy! 1-thig3-p-galactopyranoside (IPTG) at

neurons 20). Detailed understanding of this interaction is anAeq 0f ~0.6 and harvested by centrifugation at 4000 rpm
relevant to structure-based AD therapies in at least two ways.after induction for 4 h. The cell pellet was resuspended in
First, a drug can be designed to disrupj3-AABAD 40 mL (per 2 L ofbacterial culture) of 25 mM MES (pH
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6.0), 100 mM NaCl, 10 mM DTT, and 0.5 mM PMSF. oligomers not recognized by A1l antibody. A large cavity
Extracts of the soluble protein were subjected to cation observed in the crystal structure of the ABAIDS complex
exchange FPLC on an SP-Sepharose FF column (GEwhich can easily accommodategMligomer also suggested
Amersham Biosciences) followed by gel filtration on a that ABAD binds to the oligomeric form of A (4, 16). AS
Superdex 200 column. The SP column was equilibrated with oligomers are mixtures of species with different sizes;
25 mM MES and 5 mM DTT (pH 6.0) and eluted with an therefore, the stoichiometry of the interaction betwegh A
ascending linear salt gradient (from 0.0 to 0.4 M NaCl). and ABAD cannot be determined at this stage. Indeed,
ABAD elutes at ~0.15 M NaCl, and the ABAD-rich because of this difficulty, no stoichiometry has been deter-
fractions were collected and concentrated by ultrafiltration mined in published SPR studies offAnteractions 33—
to 20 mg/mL and loaded onto a Superdex 200 column (2 35). However, the correct measurement of affinity using SPR
mL was applied to the column for each run) equilibrated is not dependent on the knowledge of stoichiometry.
with 25 mM MES (pH 6.0), 100 mM NaCl, and 10 mM Atomic Force Microscopy (AFM) of thefA0 Solution
DTT. Peak fractions from the Superdex 200 column were Used for SPRImages of 4840 were obtained with an MFP-
collected and verified by SDSPAGE and an enzyme 3D atomic force microscope (Asylum Research, Santa
activity assay. Barbara, CA) and standard Si cantilevers (AC240TS, Olym-
SPR Study of ABADAS Interaction SPR has been pus America Inc., Center Valley, PA). ThegAolution used
employed in studying A aggregation and A—ApoE and for immobilization onto the SPR sensor chip was diluted to
ApB—membrane interactior2f). AB40 was obtained from 4 uM and placed on a mica surface for adsorption for 5 min.
rPeptide (www.rpeptide.com, catalog no. A-1156-2). SPR Nonadsorbed protein was washed away with water. Three-
studies were performed on a BIAcore 3000 system (BIAcore dimensional measurements at the nanometer scale were
AB, Uppsala, Sweden)./A(500uxg/mL) in 10 mM sodium collected in air using the tapping mode technique of AFM
acetate (pH 5.0)26) was immobilized using the standard and analyzed with IGOR Pro 5 (WaveMetrics, Inc., Lake
amino coupling on a research-grade CM5 sensor chip Oswego, OR).
(BlAcore) (27). Due to the large size of the ABAD tetramer Conformational Change Determined by SPR test the
(108 kDa), pronounced RU changes were observed wheneffect of association time on the molecular interaction
free ABAD (the analyte) binds A (the ligand) immobilized between ABAD and A, different volumes of 3(M ABAD
on the chip. The Tris running buffer contained 50 mM Tris- samples (20, 60, 120, and 24Q) were injected onto the
HCI (pH 7.5) and 150 mM sodium chloride. The flow rate Ap-immobilized sensor chip at a flow rate of 4@/min.
was 40uL/min to minimize the mass transfer effect. Four At the end of the each injection, running buffer was passed
different concentrations of ABAD (3.75, 1.25, 0.42, and 0.14 over the sensor surface for 26 min to observe the dissociation
uM) were injected during the 90 s association phase, andrate.
the chip surface was exposed to running buffer for 120 sto  van't Hoff AnalysisTo determine the enthalpy change and
monitor the dissociation phase. The chip surface wasthe entropy change of the ABADAS interaction, the
regenerated by the injection of 4L of regeneration buffer  equilibrium dissociation constants provided by the ratios of
[4 M guanidine-HCl in 10 mM Tris-HCI (pH 8.0)]26). Data the kinetic rate constants were measured at six different
from a control cell without & immobilization were sub-  temperatures, 10, 15, 20, 25, 30, and €& van't Hoff
tracted from raw data. A running buffer injection using the analysis was carried out assumifgH and AS of the
same injection method was always applied before eachABAD —Ap interaction vary negligibly with temperature,
injection and subtracted for double reference. The binding using the following equation:
curves were analyzed with the global fitting model using
BlAevaluation version 4.0.1 (BIAcore AB). Immobilization In Ky = AH,nt 1o RT — ASR
of AS in SPR experiments may alter the affinity or kinetics
of the A3—ABAD interaction; however, the dextran layer whereR is the universal gas constant (8.31 J mdK ™)
where A3 was immobilized retains many of the rotational andT is the absolute temperature in kelvin.
properties of the macromolecule and some degree of STD Study of A Inhibition of ABAD-NAD Interaction.
translational diffusion freedom2@). Myszka et al. have  STD is an elegant NMR tool for studying the interaction
demonstrated that carefully executed SPR measurementdetween protein and small molecules in the solution state
generate affinity data in excellent agreement with data (36, 37). STD experiments were carried out on a Bruker 600
obtained from solution-based methods in two model systemsMHz spectrometer at 298 K equipped with a cryoprobe
(29, 30). according to the method of Meyer and May86), STD—
Immobilization of A3 monomers, prepared by NaOH NMR spectra were recorded with 512 scans, and selective
treatment 81), did not show binding to ABAD in SPR  saturation of protein resonances-at ppm was achieved
experiments. No binding was observed in the NMR titration using a 2.049 s strain of 50 ms Gaussian pulses with a 32
of ABAD into A monomers (data not shown). Therefore, Hz field, separated by a delay of 1 ms. No NAD resonance
ABAD does not bind to & monomers. The A used for is present near-1 ppm. Due to spin diffusion in a large
immobilization onto the sensor chip was composed of molecule, irradiation at-1 ppm quickly results in selective
oligomers, as demonstrated by atomic force microscopy saturation of all proton signals in the 108 kDa ABAD
(AFM, Figure 2A,B). 6E10 antibody, which recognizes all tetramer. The NMR sample contains 200 NAD and 8.3
species of A&, blocked the binding betweengfand ABAD uM ABAD in MES buffer [25 mM MES and 100 mM NacCl
in SPR experiments (data not shown), while All, a (pH 6.0)]. Control experiments using the free ligands (NAD
nonspecific antibody against oligomers of many proteda, ( only) and a control protein (NAD and an engineered intein)
did not block binding. Therefore, ABAD binds to /A were performed under the same experimental conditions, and
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Ficure 2: AFM images of A6 and typical SPR data of the ABADPAS interaction. (A) AFM images of & used for immobilization onto

the SPR sensor chips. ThggAligomers were mostly homogeneous with an average diameter-&#@5m. A few larger aggregates were
present, but no fibrils could be observed. (B) Magnification of a selected AFM area of panel A. (C) Typical sensorgram of ABAD
interaction. Different concentrations of ABAD (11, 3.7, 1.2, 0.4, and @NI¥were injected in the 90 s association time, and the dissociation

time was 120 s. Globally fit data (red lines) using a conformational change model were overlaid with experimental data (black lines). There
are two steps in the ABABAS interaction: AS and ABAD associate, and then a conformational change slowly occurs, resulting in
ABAD' with altered structure. The dissociation constdy)(was determined to be 172 nM at 26.

no STD signal was observed. The inhibitory effect g§ A Samples were injected in KINJECT mode (@0) at a flow
on NAD—ABAD binding was probed by the changes in STD rate of 40uL/min. The chip surface was then exposed to
intensity with varying amounts of Ain the NMR sample, the same running buffer containing NAD for 120 s to observe
0, 30, and 4Q«M. dissociation.

NAD resonances were assigned by two-dimensional
TOCSY and two-dimensional NOESY spectra. In the RESULTS
aromatic region of the NMR spectra of free NAD, the triplet ~ Conformational Changes in ABAD Caused bp As-
splitting established the assignment of N-H5 at 8.2 ppm. sociation.SPR was employed in studying the kinetics and
N-H5 shows two distinct intrabase NOEs to N-H4 (8.8 ppm) thermodynamics of ABAB-AfS interaction. As shown in
and N-H6 (9.1 ppm). The assignment of N-Hit 6.1 ppm panels A and B of Figure 2, the fAsolution used for
was determined by two NOE peaks, one to N-H2 and the immobilization contained & oligomers. Therefore, the SPR
other to N-H6 at 9.3 and 9.1 ppm, respectively. A*MAs sensor chip was immobilized with/Aoligomers instead of
identified by its characteristic chemical shift at 6.0 ppm and Apg fibrils, and our SPR data reported the thermodynamics
an NOE peak to H8 at 8.4 ppm. The assignment processof the interaction between Aoligomers and ABAD. The
described above left the peak at 8.1 ppm in the aromatic stability of A5 oligomers was confirmed by obtaining
region as the only candidate for A-H2. consistent SPR results after many cycles of regeneration over

NAD Inhibition of the —ABAD Interaction.New run- the course of a week’s time. A typical series of sensograms
ning buffers with different concentrations of NAD (1, 10, are shown in Figure 2C with data acquired with the injection
100, and 50M) were prepared by adding different amounts of 0.14, 0.4, 1.2, 3.7, and 1AM ABAD in the association
of NAD into the Tris running buffer described above. ABAD phase. However, the resonance unit (RU) of this binding
(5 uM) was preincubated in the new running buffers with reaction did not reach plateau even with 30 min of association
different NAD concentrations for 5 min before injection. time (data not shown). The binding reactions for a simple
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Ficure 3: Various contact time experiment examining the ABAD
Ap interaction. A 3uM sample of ABAD was injected over the 1
surface-immobilized A(1—40) for 0.5, 1.5, 3, and 6 min. Data 145
were normalized by setting the response at the start of the )
dissociation phase to 1. The uniform scaling of each SPR curve — T T T T T v T T T T T J
preserves the slope in the dissociation pha®. (The longer 320 325 33 3% 340 35 350 3%
association time caused slower dissociation, indicating the presence -1

of a conformational change in the ABABAS interaction. 1000/T (K )

. . ... FIGURE4: Enthalpy and entropy changes of ABAID\j interaction
bimolecular reaction would normally plateau once equilib- from SPR. van't Hoff analysis of the ABABAS interaction at
rium was reached. Failure to plateau during the associationsix different temperatures yielded/H of 49 + 7 kd/mol and a
phase suggested ABAD and/opAnay undergo conforma- ASof 3004 30 J moft K—1, This indicates ABAD-AS interaction
tional changes after ABABAS association. is driven by favorable entropy change which overcomes the

To confirm such conformational changes, the dissociation unfavorable enthalpy change.
rates with different association times were compared (Figure concentrations of & might be much higher, e.g., in or near

3). For binding interactions without any conformational senile plaques, in neuronal mitochondria or in synapses where
change, the dissociation rate should be independent of the plagues, ynap

length of the association phase. For a binding event ac-Aﬂ can be significantly enriched.
companied by a slower conformational change, a longer Entropy Change and Enthalpy Change of the ABAB
association phase will result in conformational changes in Interaction. To better understand the driving forces of
more bimolecular complexes, leading to slower dissociation ABAD —Af interaction, the temperature dependence of the
rates in the dissociation phase. This method for determining ABAD —A/ interaction was studied by SPR at six temper-
conformational change has been used by many SPR studiegtures, ranging from 10 to 3% in 5 °C intervals (Figure
(38-41). ABAD was injected with different association times ~ 4)- A least-squares linear fit (correlation coefficié= 0.97)
(0.5, 1.5, 3, and 6 min). For the better appreciation of Yi€ldS @AH.ant norr Of 49 & 7 kd/mol from the slope and a
differences in dissociation rates with different lengths of AS0f300= 30 J mof* K™* from theY-axis intercept. Thus,
association time, the individual sensogram was scaled so thathe favorableAS overcomes the unfavorableH and drives
the RU at the beginning of dissociation phase was set to 1.the association between ABAD ang5AThe large positive
Such scaling preserves the slope of the curve in the ASsuggests th_at hydrophob_lc interaction and an increase in
dissociation phase. This method for data presentation wasProtein dynamics play dominant roles in the ABABf
used by Munoz et al39). The normalized responses shown entha}lpllc contnpun_ons hgve been dissected in any pretein
in Figure 3 indicate that the bound ABAD dissociates slower Protein interaction involving A.
with longer association times (shallower slope of the RU  AJ Inhibition of the ABADB-NAD Interaction.SPR cannot
curve), confirming that the ABABAS complex undergoes  be utilized to study NAB-ABAD interaction because of the
conformational changes while ABAD bindspA This is small size of NAD. Saturation transfer difference (STD) is
consistent with the large conformational differences in an elegant solution NMR method for the direct observation
ABAD observed between the crystal structures of the of the binding between small molecules and large proteins
ABAD —Ap complex and the B-free ABAD (Figure 1) 4). (36). In an STD experiment, protein resonances are selec-
Therefore, both our SPR data (Figures 2C and 3) and crystaltively saturated by long, weak RF irradiation in a narrow
structures of ABAD (Figure 1) indicated there are confor- frequency region where no ligand resonances are present.
mational changes upon formation of the ABAIBS com- Due to the large size of proteins, all the protein proton
plex. resonances are quickly saturated by efficient spin diffusion.
Affinity of ABAD-AS Interaction from SPRAccordingly, When the ligand binds to the saturated protein, the saturation
a conformational change model was chosen to fit the SPRis transferred from the protein to the ligand resonances due
data. As shown in Figure 2C, ABABAS binding curves  to the proximity of ligand protons and protein protons at the
were well fit with the conformational change model to yield interface. Because of the lonfy of small molecules, the
a dissociation constarif) of 172 nM at 298 K. The affinity ligand resonances will remain saturated after dissociation
between &4 and ABAD (60+ 20 nM, at 35°C) obtained from the protein. Therefore, if there is binding between
by the conformational change model agreed well with the protein and ligand, the signal intensity of the free ligand will
affinity measured by biochemical methodsp(= 38 + 5 be attenuated even when only the protein resonances are
nM, at 37 °C) (4). Although the concentration of Ain being saturated. When a difference NMR spectrum of the
plasma and CSF is on the order of 0.1 nkR), the local free ligand is taken between the NMR spectra with and
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Ficure 5: Ag inhibition of the ABAD—NAD binding by STD
NMR. (A) STD signals of NAD (20tM NAD and 8.3uM ABAD)
without A3. STD demonstrated the binding of NAD with ABAD.
The magnitudes of the STD signals decreased after additioi of A
to 30uM (B) and 40uM (C), indicating A3 inhibits the ABAD—
NAD interaction. The one-dimensional spectrum of NAD with
assignment (D) and the null STD spectrum of free NAD (E) are
also shown.
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Ficure 6: NAD inhibition of the ABAD—Ag interaction by SPR.
ABAD (5 uM) was preincubated with different concentrations of
NAD. Fit data (red lines) were overlaid with experimental data
(black lines). There was a progressive decrease in RU of ABAD
Ap interaction with an increase in the concentration of NAD.

mational changes. Loss of NAD was clearly shown with the
decrease in the magnitude of STD signals wifhtAration.

By displacing the NAD molecule, A should inhibit the
enzymatic activity of ABAD toward all substrates, which
was borne out in experiments with multiple substrates,

without the selective saturation of protein, ligand resonancesincludingS-acetoacetyl-CoA, octanol, and/-estradiol (0).

responsible for protein binding are revealed. STD signals
not only demonstrate binding between protein and ligand
but also map the binding epitope of the ligand. STD has
also been utilized to study competition in the binding of
ligand to proteins 7).

To directly observe the effect of(fon the NAD-ABAD
interaction in solution, the STD signal of NAPABAD
binding was monitored in the presence of different concen-
trations of A3 while the other conditions of the NMR sample
were kept constant. Under such conditions, the STD signa
strength is proportional to the concentration of NAD bound
to ABAD. In the absence of A (Figure 5A), STD signals
indicate that protons N-H2, N-H6, A-H2, and A-H8 in NAD
are in contact with ABAD, consistent with the crystal
structure of the ABAD-NAD complex @4). As shown in
panels B and C of Figure 5, increasing the concentration o

In addition, A3 binding may inhibit ABAD enzymatic
activity by displacing ABAD substrates, which remains to
be clarified by additional experiments. Because of the
important role of ABAD in mitochondrial energy metabolism
and in amino acid catabolism, the loss of ABAD activity
leads to mitochondrial dysfunction. The dysfunction of
mitochondrial energy metabolism inhibits ATP production,
impairs calcium buffering, and generates reactive oxygen
species (ROS)43—45). In Alzheimer’s disease, impaired

|energy metabolism and oxidative damage occur in the early

stage before A deposition 46). Incubation of soluble A42
with two kinds of cells (with mitochondrial DNA and without
mitochondrial DNA) displayed decreased viability in cells
with mitochondrial DNA but intact viability in cells without
mitochondrial DNA @7). This strongly suggests functional

¢ mitochondria may be critical for cellular toxicity induced

AS progressively decreased the magnitude of the STD signalPy Soluble 46 in cells in many cases. /A progressively

of NAD—ABAD binding. Therefore, less NAD bound to
ABAD with an increase in the concentration offfA
demonstrating the inhibitory effect ofAon the interaction
between NAD and ABAD.

NAD Inhibition of the ABAB-AS Interaction To address
the reverse question of whether NAD inhibits the ABAD
Ap interaction, ABAD was injected for SPR binding
experiments after preincubation with different concentrations
of NAD (1, 10, 100, and 50@&M). As shown in Figure 6,
the addition of NAD causes a progressive drop in RU in the
binding of ABAD to A5. Thus, NAD also inhibits ABAD-

Ap binding. Together with the STD data, the NAD inhibition
data obtained from SPR suggest that binding St&ABAD
and binding of NAD to ABAD are mutually exclusive.

DISCUSSION

In this work, we demonstrate with SPR that the binding
of AB to ABAD causes conformational changes in the
ABAD —Ap complex, consistent with findings from crystal-
lographic studiesd). In addition, we directly and unequivo-
cally demonstrate that/Ainhibits NAD—ABAD binding in
solution using STD, most likely as a result of the confor-

accumulates in mitochondrid7) and interacts with ABAD,
which induces the generation of free radicals and oxidative
damage in AD.

In this study, we demonstrate that the ABAB/ interac-
tion has a positive entropy change and a positive enthalpy
change. The enthalpy is a measure of the average potential
energy of interaction between molecules, whereas the entropy
is a measure of the disorder of the system. Because the free
Ap in solution is flexible 81, 48), it will lose entropy
subsequent to binding to ABAD, which is a large source of
negativeAS. PositiveASwhich overcomes the entropy loss
associated with & binding may have two sources: the
increase in the dynamics of water (hydrophobic interaction)
and the increase in the protein dynamics of ABAD. The large
positive entropy change is most likely due to the release of
ordered water from around the hydrophobic areas upon the
burial of these surfaces during ABAEAS association,
which results in the increase of the dynamics of water
(hydrophobic interaction). Mutagenesis and inhibition studies
demonstrated that theslloop of ABAD is likely responsible
for binding A3 (4). A520 displayed a similar binding affinity
for ABAD compared with that of full-length B, whereas
AB(25—35) exhibited no binding affinity for ABAD, indicat-
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ing that A3(1—20) mediates the ABAB A interaction 4).
Via a comparison of the sequences ¢f(A—20) and the b
loop, the hydrophobic interaction between ABAD and A
likely occurs between the central hydrophobic cluster (CHC
of Ap(17—20, LVFF) and hydrophobic residues in the L
loop (Y101, and residues 987 with the AGIAVA se-
guence). The additional origin of positivéS may come from
the increased dynamics in ABAD. In the crystal structure of
the ABAD—Ap complex, there is a loss of electron density
for the Lp, Lg, and L loops compared with the Afree
ABAD crystal structure (Figure 1). This is likely due to the
increased mobility of these loops upor dinding, which
contributes to the positive entropy change in the ABAD
Ap association. Favorable interactions in these loops are lost
upon A3 binding, which contributes to the positiveH of

the ABAD—Ap interaction. For example, residues E+12
Q115 in free ABAD form aru-helical structure, whereas in
the ABAD—ApS complex, they become unstructured. The
hydrogen bonds formed in thishelix are broken subsequent

to AS binding, contributing to the positivaH.

The mechanism of Ainhibition of ABAD—NAD interac-
tion is likely through the direct distortion of NAD binding
sites in ABAD upon 49 binding. Recently, the focus of
research on A toxicity has shifted to different types of
soluble A3 oligomers 49—53); however, the precise oligo-
meric state of 4 that binds to ABAD has not been
established. Binding of high-molecular weighg Aligomers
or soluble fibrils to ABAD can directly distort the NAD
binding pocket and displace NAD from its binding site in
ABAD. The second possible mechanism is allosteric in
nature because thesbinding site (L loop) is moderately
distanced from the NAD binding site (see Figure 1). Binding
of lower-molecular weight & oligomers (such as dimer or
trimer) may not displace NAD from its binding pocket
directly. The third mechanism of Ainhibition of NAD
binding may occur as a consequence of the increased
mobility of NAD binding pockets. This is consistent with
the loss of density for thed, Lg, and L- loops upon 4
binding.

We also showed that NAD inhibits the ABABAS
interaction. With additional NAD in the running buffer, the
binding affinity of the ABAD—Ag interaction was reduced.
It is unlikely that a small molecule such as NAD can displace 11.
Ap directly from ABAD. NAD binding may allosterically
hold ABAD in a conformational and/or dynamical state not
suitable for AG binding, especially for the 4 loop.

In summary, SPR revealed a favorable entropic change 12.
(AS = 300 &+ 30 J mol! K1) which overcomes an
unfavorable enthalpy changAKl = 49 + 7 kJ/mol) in the
ABAD —Ap interaction. Therefore, hydrophobic interactions
and changes in protein dynamics are the dominant driving
forces of the ABAD-Ap interaction. This is the first
dissection of the entropic and enthalpic contribution to the
energetics of a proteinprotein interaction involving A.
Using SPR and STD, we showed thaf Ainding induces
conformational and subsequently functional changes, in the
form of loss of NAD, in ABAD. Because NAD is the
required cofactor for ABAD enzyme activity, /Abinding
results in a loss of ABAD function. Thus, Ainduced
conformational change may have a role in the mechanism
of Ap toxicity in Alzheimer’s disease.
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