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ABSTRACT. Short-chain acyl-CoA dehydrogenase (hSCAD) catalyzes the first matrix step in the
mitochondrialg-oxidation cycle with optimal activity toward butyryl- and hexanoyl-CoA. Two common
variants of this enzyme encoding G185S and R147W substitutions have been identified at an increased
frequency compared to the general population in patients with a wide variety of clinical problems, but
functional studies of the purified mutant enzymes have shown only modestly changed kinetic properties.
Moreover, both amino acid residues are located quite far from the catalytic pocket and the essential FAD
cofactor. To clarify the potential relationship of these variants to clinical disease, we have further
investigated their thermodynamic properties using spectroscopic and electrochemical techniques. Purified
R147W hSCAD exhibited almost identical physical and redox properties to wild-type but only half of the
specific activity and substrate activation shifts observed in wild-type enzyme. In contrast, the G185S
mutant proved to have impairments of both its kinetic and electron transfer properties. Spectroelectro-
chemical studies reveal that G185S binding to the substrate/product couple produces an enzyme potential
shift of only +88 mV, which is not enough to make the reaction thermodynamically favorable. For wild-
type hSCAD, this barrier is overcome by a negative shift in the substrate/product couple midpoint potential,
but in G185S this activation was not observed. When G185S was substrate bound, the midpoint potential
of the enzyme actually shifted more negative. These results provide valuable insight into the mechanistic
basis for dysfunction of the common variant hSCADs and demonstrate that mutations, regardless of their
position in the protein structure, can have a large impact on the redox properties of the enzyme.

Human short-chain acyl-CoA dehydrogenase (hSCAD, Scheme 1: Acyl-CoA Oxidation Catalyzed by SCAD

E.C. 1.3.99.2%is a mitochondrial enzyme that catalyzes the 0 SCADox SCADred 0
reversible two-electron oxidation as part of the mammalian /\)j\ N /\)j\
p-oxidation cycle. Several members of the acyl-CoA dehy- SCoA N R AN SCoA
drogenase (ACD) family have been identified and their X-ray SCADred SCADox

crystal structures have been solved, including both a bacterial
and rat SCAD {, 2). SCAD is a homotetrameric enzyme
consisting of four identical 44 kDa FAD-containing mono-
mers, with maximal activity with butyryl-CoA as substrate.

The formal reductive half-reaction catalyzed by hSCAD
involves the abstraction of both a proton and a hydride ion
from thea- andj-carbons of the thioester acyl-CoA substrate
to yield the fully reduced ACD and enoyl-CoA (Scheme 1)
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a large negative shift in the potential of the actual substrate/ Mutagenic primers were synthesized by the Molecular
product couple itself (33 mV). Potential shifts such as those Biology Core Facility at the Mayo Clinic (Rochester, MN).
seen in hSCAD have also been observed in bacterial SCADFor the C511T variation, the upstream PCR primer was 5
(bSCAD) and mammalian medium-chain acyl-CoA dehy- CGT GCC ACC ACC GCCIGG GCC GAG GGC G-3
drogenase (MCAD) &, 7). However, the large degree of and for the G625A variation it was-‘&AC AGA GCC CTG
substrate activation observed in hSCAD is significant in that CAA AAC AAG AGC ATC AGT GCC TTC CTG GTC-
both the enzymandthe substrate itself require modulation 3'. The underlined bold nucleotides indicate those nucleotides
for the previously unfavorable reaction to become favorable that differ from wild-type hSCAD. PCR products were
and proceed in an efficient manner, a feat not necessary indigested withApa (Boehringer Mannheim; Mannheim,
the other enzymes. Germany) andBglll (Gibco BRL) and inserted into the

Inborn errors of the ACDs are significant causes of PKK223-3 (Pharmacia; Uppsala, Sweden) expression vector.
morbidity and mortality in humans. SCAD deficiency has All hSCAD plasmids and a plasmid containing the genes
been reported with extremely heterogeneous presentationsfor the bacterial chaperonins GroEL and GroES were
making it difficult to diagnose on a clinical basis. Abnormal introduced into thé. coli host strain XL1 Blue (Stratagene;
accumulation of ethylmalonic acid (EMA) in the urine is La Jolla, CA) and maintained under selective conditions
the hallmark sign of SCAD deficiency and presumably appropriate for each plasmid@.
reflects an intracellular accumulation of butyryl-Co@, ©). Expression of the mutant hSCAD proteins was essentially
Two polymorphisms, G625A and C511T, have been de- performed as described above and by Nguyen e1@) With
scribed in the SCAD gene and are more commonly found minor modifications. This included growth in Terrific broth,
in patients with elevated urine EMA and a variety of harvesting cedl 4 h after induction with isopropylthig-o-
neurologic conditions than in the general populati®niQ). galactoside (IPTG), disruption by sonication, and removal
These variant alleles result in glycine/serine and arginine/ of cellular debris through centrifugation. Mutant hSCAD was
tryptophan amino acid substitutions at positions 185 (G185S) purified from the crude cellular extract by chromatography
and 147 (R147W) in the mature SCAD enzyme, leading to on @ DEAE-Sepharose column, fractionation with-€5%
mild impairment of enzymatic function and increased ther- ammonium sulfate, and through use of a /20 ceramic
molability compared to wild-type SCAD. Near UMCD hydroxyapatite FPLC column.
spectroscopy indicates that decreased stability in these Sodium dodecyl sulfatepolyacrylimide gel electrophore-
mutants is caused by decreased flexibility in the tertiary Sis (SDS-PAGE) was used to determine the purity of all
conformation, and in vitro studies have demonstrated im- eénzymes. All experiments utilized enzyme of greater than
paired folding of the variant proteins after import into 95% purity at 25°C. Activity assays were performed using
mitochondria; however, the physiologic relevance of these ferricenium as the terminal electron acceptd8)( Molar
abnormalities remains uncleatQ 11). extinction coefficients of the oxidized wild-type and hSCAD

Both thermodynamic and kinetic characteristics are im- mutants were determined by the guandinium hydrochloride
portant in determining the mechanistic properties of enzymes, Method of Williamson and Engelg). Purified protein was
In the present study, the biophysical, enzymatic, and stored in 50 mM potassium phosphate buffer (pH 7.6) at
thermodynamic properties of the two mutant hSCAD en- —80 °C with 20% glycerol prior to use.
zymes were investigated using spectroelectrochemical tech- Materials.Butyryl-CoA and crotonyl-CoA were purchased
niques complemented by kinetic studies to evaluate the ability fom Sigma Chemical Company (St. Louis, MO). The
of the two mutant enzymes to accomplish electron transfer. following dyes were used in electrochemical experiments:
By investigating redox modulation of the two SCAD Mmethyl viologen (Sigma), indigo disulfonate (Aldrich),
enzymes, we seek to provide additional insight into the Pyocyanine (photochemically synthesized from phenazine

molecular basis for SCAD deficiency in humans. methosulfate (Sigma)), and 8-chlororiboflavin (a generous
gift from Dr. J. P. Lambooy, University of Maryland). All
MATERIALS AND METHODS experiments utilized glass-distilled water.

Anaerobic Titrations of Wild-Type and Mutant SCAD with
Protein Expression and PurificatiofRecombinant wild- Substrate.G185S and R147W hSCAD were titrated with
type hSCAD was purified as described previous8). (  butyryl-CoA substrate as described in detail previouSy (
hSCAD and other ACDs produced in bacterial expression The titration was accomplished by degassing a mixture
systems typically exhibit a bright green color due to a CoA containing 12-15 uM of the hSCAD enzyme, 10G:M
persulfide bound to the enzym&2). To remove the CoOASH,  methyl viologen, and buffer (50 mM KPpH 7.6) in the
a thiopropyl-Sepharose 6B (Pharmacia; Piscataway, NJ)cuvette of the spectroelectrochemical cell. The system was
column was used. The A280/450 ratio of the enzyme was then electrochemically reduced to remove any residual
4.5, indicating sufficient binding of the flavin. The final peak  oxygen. Aliquots of anaerobic 1.5 mM butyryl-CoA were
fractions were pooled and dialyzed against 50 mM potassiumadded via a gastight syringe (Hamilton Company; Reno, NV)
phosphate (K buffer (pH 7.6) for storage at80 °C with through a port in the cell. After each addition of substrate,
glycerol until use. Concentration of the protein was calculated spectral changes occurred within the system after a maximum
using the extinction coefficient determined for hNSCAD (14.5 time of 10 min, at which point the visible spectrum was
+ 0.2 mM cm™) using the method of Williamson and  obtained. Spectral scans were performed using a Perkin-
Engle @2). Elmer Lambda 12 spectrophotometer equipped with an IBM-
Polymerase chain reaction (PCR) site-directed mutagenesicompatible computer.
was used to construct the mutant SCAD cDNA sequences Binding ConstantsThe dissociation constant&d,y) for
from the cloned wild-type hSCAD gene as describa).( the G185S hSCAD enzyme complexed with butyryl-CoA
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or crotonyl-CoA were determined by aerobic titration of the T 501 Spectral Propertiesf Oxidized Wild-Type and Mutant

enzyme (ca. 5@M) with a known amount of ligand at 25  hSCAD and Substrate and Product Complexed G185S hSCAD
°C. Small amounts of ligand were added to the enzyme

o . J! enzyme ligand Amax(nmM) e, (MM~tcm™?)
solution in a reduced volume quartz cuvette via a modified —
syringe. Absorbance perturbations in the flavin spectrum ‘&'ﬁ’;we ﬂ%?]z 1186 111% 8'421
occur due to desolvation of the active sited), and these G185S none 449 14203
changes are monitored throughout the experiment at ap- butyryl-CoA 449 14.2+ 0.1
proximately 485 nm. Nonlinear regression analyses of crotonyl-CoA 452 14.6:0.3

binding titrations were performed using GraphPad Prizm  2Maximum wavelength/na) and extinction coefficientef).
version 3.00 for Windows (GraphPad Software; San Diego,

CA).
Spectroelectrochemical Method®otentiometric and cou- ~
lometric experiments were performed in a spectroelectro- ay
chemical cell at 28C in 50 mM potassium phosphate buffer Y-
(pH 7.6) as previously describe@, (L5). Visible spectra were A
recorded with a Perkin-Elmer Lambda 12 BVis spec- \}_ 25T * Acetoacetyl-CoA
trophotometer equipped with a thermostated cell and a X ) 3 )
stirring mechanism. In coulometric titrations, a-106 uM \Jl\)&v&/ \f \\' f“’f““
enzyme solution was used, along with methyl viologen (100 - i //
uM) as the mediator dye. Potentiometric experiments utilized N\ / ’\1 ' Argl47
the same solution composition as coulometric experiments, D D /\/ N
with the addition of three indicator dyes«(% uM): indigo L S \‘J
disulfonate E, = —118 mV, pH 7.6), pyocyaninek(, = — L
—19 mV, pH 7.6), and 8-chlororiboflavirEf, = —162 mV, ™
pH 7.6). Equilibration between the solution and the gold
working electrode typically took22 h per point and was
defined by a change in potential 6f1 mV/10 min. All Ficure 1: Schematic representation of the SCAD monomer based
potential measurements are reported versus the standarg" the crystal structure (Protein Data Bank code 1JQI).
hydrogen electrode (SHE). RESULTS AND DISCUSSION

To determine the midpoint potential of the hSCAD mutants
in the presence of the natural substrate/product couple Al
(butyryl-CoA/crotonyl-CoA), we performed experiments
essentially as previously described by Stankovich and
Soltysik 6). The spectroelectrochemical glass cuvette con-
tained approximately 1M enzyme, 100uM methyl

Expression and Purification of Mutant hSCAD Proteins.
| wild-type and mutant enzyme solutions exhibited a bright
yellow or green color, indicative of the oxidized holoprotein.
The enzymes were purified to homogeneity and showed
distinct 44 kDa SDSpolyacrylamide gel bands similar to

. o . N those seen in the wild-type enzyme (data not shown). The
viologen, 2uM indigo disulfonate, and &M pyocyaninein 3 465 and the extinction coefficients calculated for

50 mM potassium phosphate buffer (pH 7.6). In the sidearm g5y enzyme are presented in Table 1. The G185S and
of the cell resided the substrate/product couple solution. Oncegq 47\ spectra showed characteristic flavin bands and are
the contents of the cell were degassed, the system wasgmijar to the WT hSCAD spectrum. The absorbance spectra
elec_t_roghemmally re_duced to a point near the expected yt e mutant enzymes shows only small changes compared
equilibrium. Reduction was performed to remove any ;o \wT hSCAD. This is not surprising given that these

residual oxygen and to require less turnover of substrate and, ;tations are located quite far (ca. 18 A) from the FAD
product to achieve equilibrium. The substrate/product couple ¢4 tor (Figure 1) 2) and likely minimally affect the

solution was then tipped into the cell and the final concentra- ¢\ ,cture of active site. Both purified mutant hSCAD
tion of the couple was approximately 150/, with a final enzymes were green in color, indicative of the presence of
protein concentration of approximately 102 uM. A 10- a bound CoA persulfide. Removal of the CoASH slightly
fold excess of substrate and product ensured that theftected the stability of the enzyme:; thus, COASH abstraction
measured potentlal was that of the system, equilibrating near,; 55 performed immediately prior to all experiments. Bound
the potential of the free, unbound coupled0 mV) (7). oA persulfide has previously been shown not to greatly
Equilibrium of the system was attained when the change in g¢act the kinetic properties of the purified enzymés)(
measured potential was less than 1 mV/30 min. This typically powever, it does alter behavior in electrochemical experi-
took less than 1.5 h, at which point the potential of the system ants ().
was recorded and the visible spectra was obtained. The activity of wild-type, R147W, G185S, and hSCAD
Coulometric and Potentiometric Titration Calculations. with butyryl-CoA was measured with ferricenium as electron
Prior to quantitation, spectra were corrected for dyes by acceptor 13), and kinetic parameters for each enzyme are
subtracting the spectra of each dye at the measured potentialpresented in Table 2. The same parameters previously
If necessary the spectra were also corrected for turbidity. measured with the physiologic enzyme acceptor electron
The number of reducing equivalents, was calculated in  transferring flavoprotein (ETF) were modestly impaired for
coulometric titrations based on the number of moles of the G185S mutant (the specific activity and tetramer catalytic
enzyme present in the sample and potentiometric data wasefficiency were approximately one-half and one-third, re-
calculated using the Nernst equation. spectively, of values obtained with the wild-type enzyme).
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Table 2: Kine_tic Parame@ést Wild-Type am_j .Variant SCAD Table 3: Midpoint Potentiaisfor Wild-Type and Mutant hSCAD
Measured Using the Ferricenium Assay Utilizing Butyryl-CoA as enzyme Eong(MV)°  AEoung(MV) % St onmq (V)P
the Substrate
wild-type —-162 0 <5.0 —52

enzyme Km (uM) Vmax (579)° VimalKm (MM s71) R147¥/5 —163 1 <50 _54

wild-type 55+ 8 34+ 2 618+ 25 G185S —150 +12 <5.0 —62

R147W 65+ 6 23+5.7 354+ 33 G185S/BCoA  —174 —24 <5.0

G185S 124+ 12 3.8+ 0.8 31+ 18 G185S/CCoA —65 +85 <5.0

aDetermined at 25C in 50 mM potassium phosphate buffer (pH a Potentials reported in mV at 2& in 50 mM potassium phosphate
7.6) using 20Q«M ferricenium.? Vimaxexpressed in [FCRF[FAD] s, buffer (pH 7.6).° All midpoint potential determinations were calculated

from an average of three trials with a typical error6f2—5 mV.

. ¢ Maximum percentage of blue neutral semiquinone stabilized during
Values obtained for the R147W mutant were comparable t0 potentiometric titrations of oxidized enzymeConditional midpoint

wild-type enzyme 10). Similar results were obtained using potential measured with BCoA/CCoAFrom ref5. f AEqnq calculated
the ferricenium assay. THE, of the G185S mutant was the as difference in potential between uncomplexed and ligand complexed
highest, and th&/ma/Km the lowest of the three enzymes, G185S hSCAD.
which indicated that is the most catalytically inefficient.
Although theVma/Kn of the R147W enzyme is only half of 2 and the calculated enzyme reduction potentials are shown
that determined for WT hSCAD, the variant is still a in Table 3. TheEnq for wild-type hSCAD 162 mV) is
relatively efficient and thus functional enzyme. only slightly more negative than tHe,«nq potential deter-
Spectroelectrochemical Measurements of Free G185S andmined for the G185S mutant-(150 mV) and essentially
R147W hSCADWild-type hSCAD is a highly thermody- identical to theEqyngfor R147W (163 mV). It was expected
namically modulated enzyme with a free midpoint potential that both the Gly— Ser and Arg— Trp mutations would
of —162 mV, the most negative of any acyl-CoA dehydro- have only slight effects on the enzyme redox potential due
genase electrochemically studied in our laboratory. The to their position in the enzyme monomerl8 A distance
electron transfer properties of the uncomplexed hSCAD from the FAD cofactor. Further structural implications of
variant enzymes were investigated to characterize the effectthese mutations will be discussed further in subsequent
of these mutations on the redox properties of the enzymes.sections. Less than 5% of semiquinone was stabilized in the
Coulometric titrations of the two enzymes were performed protein titrations; thus, the formal potential values cannot
initially to ensure that a two-electron reduction was occurring, be accurately calculated.
and indeed both R147W and G185S had a calculated value Eqyynqg Of hNSCAD Mutants in the Presence of BCoA and
of n &~ 2.2. No major spectral differences were observed CCoA. Binding of the substrate/product couple has been
between coulometric reduction of the wild-type and mutant shown to be essential for enzymatic function in acyl-CoA
hSCADs and less than 5% of either blue or red semiquinone dehydrogenase$,7). Thermodynamic information regard-
was stabilized throughout the course of the titrations. ing the effects of binding on the enzyme potential is obtained
The two-electron reduction potential€Eqfng of the through measurement of the enzyme reduction potential upon
enzymes were then established through potentiometric titra-addition of an excess of the substrate/product couple. The
tions. A typical potentiometric titration is presented in Figure calculated enzyme potential when substrate/product bound
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FiGure 2: Potentiometric titration of uncomplexed G185S hSCAD. Titration was performed in 50 mM potassium phosphate buffer (pH
7.6) at 25°C under anaerobic conditions. Solution contained 2BDmethyl viologen, 2uM indigo disulfonate, 5M pyocyanine, and 2

uM 8-chlororiboflavin. Curve 1, fully oxidized spectrum. Curves& E = —137, —145, —155, —159, —162, —172, and—177 mV,
respectively. Curve 9, fully reduced spectrum. Inset: Nernst plot indic&ing —150 mV.
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be measured during electrochemical experiments due to the

overlapping spectra of the thioester and the protein in the

UV region. To determine the contributions of the thioester

couple to enzyme modulation, anaerobic substrate titrations

were performed with each variant enzyme, and a conditional

potential difference AE) was calculatedAE is defined as

the difference between th&,nq value and thég,pprogcouple

(6, 7). Titration of wild-type hSCAD with BCoA resulted

in aAE value of—21 mV, with the potential for the enzyme

being more positive. This large shift in the BCoA/CCoA

couple in the hSCAD system allows for electron transfer to

proceed and represents the greatest substrate activation of
Free S/P any ACD studied. While both hSCAD mutants also dem-
(-40 mV) onstrate some degree of modulation, an energy barrier still

remains for electron transfer to commence. Substrate titra-

tions of the two mutants yield additional information about

how the potential of the substrate/product couple changes

upon binding to the enzyme.

Figure 4 shows the progression of the titration of G185S

Ficure 3: Comparison of the BCoA/CCoA couple potential shifts and R147W hSCAD with butyryl-CoA. The spectra from

and flavin midpoint potential shifts in the WT and variant the two experiments are starkly different in that very little

hSCADssubstrate/product complexes. The unfilled bars represent reduction is seen in the G185S mutant. This is in contrast to
the enzyme potential shift when bound to each specific S/P couple . - . ] o .
(Eoxng). The solid bars signify the midpoint potential shift of the the results obtained with anaerobic substrate fitrations with

S/P couple upon binding to hASCAD. The dotted line indicates the Wild-type or R147W enzyme. Interaction of an acyl-CoA

60

Midpoint Potential (mV vs SHE)
A D
(=] (=]

&
S

-20

-17

midpoint potential of the free BCoA/CCoA couple-40 mV). dehydrogenase with a substrate is typically studied by
_ . monitoring the characteristic absorbance changes at 450 and
is referred to as the conditional midpoint potentiBlq). 580 nm following the addition of substrate to enzyme under

It has previously been shown that wild-type hSCAD exhibits anaerobic conditions. A decrease in the absorbance at 450
a large potential shift (110 mV) upon substrate/product nm is characteristic of the reduction of the essential flavin
binding ). Thus, the act of binding itself is considered to cofactor, while an increase in absorbance at 580 nm is due
be responsible for a large portion of the thermodynamic to a new resonance signal related to formation of the stable
modulation observed in wild-type hSCAD. charge-transfer complex in the enzyme reactivp@19).

To examine these same binding effects in the recombinantHowever, in the G185S hSCAD mutant the flavin band does
variant hSCAD mutants, we determined the conditional not decrease, and no charge-transfer band is observed. Even
midpoint potentials Ko Of the mutant enzymes in the after excessive amounts of butyryl-CoA are added-@0-
presence of their optimal substrate couple, butyryl-CoA and fold excess) to the solution, only very small amounts of
crotonyl-CoA as previously described, (16). Spectral reduced enzyme are observed (2.9% bleaching). This sug-
changes that occurred upon addition of the 1:1 BCoA/CCoA gests that the stable charge-transfer intermediate seen when
couple were typical of those seen in these types of experi- either wild-type or R147W hSCAD is titrated with butyryl-
ments. To calculate the concentration of oxidized and reducedCoA does not form with the G185S mutant. These results,
mutant hSCAD present at equilibrium, the free oxidized coupled with the impaired kinetic properties observed in this
molar absorptivities were as presented in Table 1, and CCoA-mutant, suggest that the G185S enzyme does not properly
bound R147W and G185S molar absorptivities were calcu- utilize its optimum substrate.
lated as 13.6t 0.5 and 14.Gt 0.3 mM™* cm™. The Eqguhq As noted, only 2.9% reduction with excess substrate was
values for the G185S and R147W proteins were experimen-observed for the G185S enzyme as compared to the
tally determined to be-62 and—54 mV, respectively (Table  considerably higher bleaching obtained with the wild-type
3, pictorially shown in Figure 3, unfilled bars). (83%) and R147W (72%) enzymes. TheSE values are

The Egungfor R147W hSCAD is extremely similar to that  calculated from the spectra acquired during the substrate
of wild-type hSCAD, suggesting that this mutation is of no titrations and correspond to values-6#5, —14, and—21
apparent consequence in determining the redox propertiesmV for G185S, R147W, and wild-type hSCAD, respectively
of the flavin. TheEqunq value calculated for G185S5-62 (Figure 3, solid bars). This indicates that product formation
mV) was 10 mV more negative than that of the wild-type actually appears to be madeore difficult by binding of
protein; thus, binding of the substrate/product couple doessubstrate to the G185S mutant. It would appear that the
not produce as large of a shift in the FAD cofactor. substrate binding cavity in G185S enzyme does not allow
Comparison of thésgng and Eoxyng Values for each protein  for favorable formation of the charge-transfer complex after
shows that electron transfer to the acyl-CoA thioestet( binding of substrate. Because the G185S mutant lies at the
mV) is still unfavorable for each enzyme at this point. beginning of aS-strand at the opening of the substrate
Therefore, to determine the extent of modulation in each of binding pocket (Figure 1) it is likely that the Gl Ser
these enzymes the contributions from the substrate/productmutation induces a conformational change in the enzyme
themselves also need to be considered. that does not allow the thermodynamic modulation observed

Anaerobic Titrations of hNSCAD Mutants with Butyryl-CoA. in other ACD systems to occur. On the other hand, the
The actual potential of the substrate/product couple cannotR147W mutation is exposed to solvent on a diffefgstrand
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FiGURE 4: Reductive titration of R147W and G185S hSCAD with butyryl-CoA substrate. Titrations were performed in 50 mM potassium
phosphate buffer, pH 7.6 under anaerobic conditions 4€2%olutions contained 1QM methyl viologen and spectra have been subtracted
for turbidity. (A) Titration of R147W hSCAD (13.&M) with butyryl-CoA. Only selected spectra are shown for clarity. Inset: Plot of
absorbance at 446 nmd) and 580 nm @) as a function of substrate added. (B) Titration of G185S hSCAD (@Bt)Lwith butyryl-CoA.

Only selected spectra are shown for clarity.

that does not appear to participate significantly in interactions of BCoA-bound and CCoA-bound G185S to be examined
with substrate 4). These results are consistent with the separately as for the catalytic base mutant E368Q (
previous hypothesis predicting an electron-transfer impedi- The overall appearance of both BCoA and CCoA bound
ment in the G185S hSCAD protein. G185S complexes are similar to those seen in similar studies
Binding and Electrochemical Characterization of BCoA with the kinetically dead E368Q hSCAD mutant bound to
and CCoA Bound G1859iminished reduction of the  natural thioester ligands, with a slight red shift of the flavin
G185S enzyme with BCoA as demonstrated with anaerobic upon binding and growth of a shoulder at ca. 485 nm (data
substrate titrations is indicative of a lack of electron transfer not shown). The dissociation constartsd) calculated for
from the thioester couple to the FAD cofactor. The overall BCoA and CCoA bound G185S are 1Q«® and 246 nM,
activity of the G185S variant under anaerobic conditions was respectively. Clearly binding of each ligand is not greatly
also less than 5% of the activity of wild-type hSCAD as affected by the G185S mutation, although the product binds
measured with BCoA. Thus, the G185S variant can be treated40 times more tightly than substrate. This is reasonable based
essentially as a kinetically impaired enzyme and this allows on the known structure of the wild-type human enzyme
for examination of the binding and electrochemical properties where neither the G185 nor the R147 residues appear to be
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G185S (Free) Ligand Kyox E,(mV) AE,
- 150 mV None — - 150 0
Butyryl- 103 uM - 174 -24
CoA (5)
Crotonyl- 246 nM -65 +88
CoA (P)
E—
S/P Bound Enzyme
-62mV
E, @\
Fatty Acyl-CoA 5 >
ETF
R SCoA Enzy1fu; ? ::R?d S/P Electron
~-40mV ™, CD Transport
& =
Z > - 26mV

Direction of Electron Transfer

Ficure 5: Overall thermodynamic modulations induced by enzyme/ligand binding in G185S hSCAD. Potential for S/P bound enzyme
measured using excess substrate/product couple. Potential for enzyme bound S/P determined through calctation of

directly involved with the tetramer interface, substrate enzyme appears incapable of electron transfer from the
binding, flavin binding, or catalysi?J. Rather, it is more  substrate to the FAD cofactor at the appropriate levels needed
probable that the mutations at these positions induce secondfor catalysis to proceed. The R147W variant, however,
ary changes that in turn decrease the geometry of the catalyticexhibits similar redox properties to wild-type enzyme, and
site and thus impair catalysis. if it contributes to metabolic diseases, it is likely through a
Coulometric titrations were initially performed using noncatalytic means. In this regard, it has been shown that
substrate or product saturated G185S enzyme solutions tdoth mutations affect folding in a temperature-sensitive
ensure that the reaction required two electrons and no co-manner 20, 21).
reduction was taking place. This was in fact seen and thus Examination of the crystal structure of rat SCAD leads to
allowed measurement of the midpoint potential. The calcu- ready potential explanations of our findings. R147 is located
lated Eoxngq values for BCoA or CCoA saturated G185S on a f3-barrel motif that does not directly contribute to
solutions are shown in Table 3. When the enzyme is substratemonomer interactions or binding of FAD in the substrate
bound the midpoint potential actually shifts negative 24 mV, binding pocket 2). In contrast, G185 is predicted to be
a result that was surprising but consistent with the earlier located near the opening of the substrate binding pocket.
electrochemical data. Thus, binding of BCoA makes enzyme Therefore, while it is not likely to directly interact with the
modulationlessfavorable, reinforcing our previous observa- substrate, substitution of the glycine residue with a serine
tion of the lack of electron transfer from substrate to the alters the hydrophobicity of the local protein environment
flavin. The Egung Value for CCoA bound G185S is65 mV, and likely alters the redox properties. Binding of FAD to
a value similar to that obtained when the enzyme was boundenzyme is not predicted to be affected by mutation, and our
to BCoA/CCoA (-62 mV). We postulate that product binding studies confirm this in the G185S variant. Overall,
binding is responsible for the large potential changes our thermodynamic, kinetic, and spectroscopic data provide
observed since substrate binding appears to inhibit electrona better understanding of the function of the common variant
transfer. A graphical representation of our model for SCAD enzymes and their potential contribution to clinical
thermodynamic modulation involved in the activation of the disease in humans.
G185S/BCoA complex is shown in Figure 5. As demon-
strated, the potential of the G185S bound to the substrate/ACKNOWLEDGMENT
product couple is significantly shifted in the positive
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