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Mature medium chain acyl-CoA dehydrogenase iso
lated from pig kidney (pkMCADH) and originating from
mitochondria carries a phosphate group as demon
strated by 31 P-NMR-spectroscopy and chemical anal
ysis. Two broad resonances at - 6.3 and - 8 ppm are ob
served and are assigned to the pyrophosphate group
of the cofactor FAD. A third, narrow resonance at 4.65
ppm indicates the presence of a phosphomonoester
residue. Chemical analysis of intact pkMCADH shows
the presence of 3 ± 0.3 phosphates, those of FAD and
of an additional covalently attached phosphate. With
recombinant, human wild type MCADH expressed in
and purified from E. coli only the two FAD phosphates
(2 ± 0.35) are found. Similarly, pkMCADH which has
been converted to the apoenzyme and reconstituted
to holoenzyme also contains 2 ± 0.4 phosphates. The
covalently bound phosphate can be hydrolyzed by
phosphatase and subsequently removed by dialysis.
The phosphate group has no detectable effect on the
catalytic activity of the MCADH measured with artifi
cial and natural electron acceptors such as pig elec
tron transferring flavoprotein. However, phosphoryla
tion has a marked effect on protein solubility which is
ffi5-fold lower for the dephosphorylated protein.
Key words: Flavin / ß-oxidation /31 P-NMR.

Introduction

Mammalian fatty acid acyl-CoA dehydrogenases are
members of a family of flavoproteins (Nandy et al., 1996;
Tanaka and Indo, 1992) that catalyze the dehydrogenation
step of fatty acid CoA conjugates, the first, and rate limit
ing step in ß-oxidation. With the exception of very long
chain acyl-CoA dehydrogenase (Aoyama et al., 1995) all
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these dehydrogenases are soluble and consist of four
identical subunits containing one FAD, and have a molec
ular mass ~ 45 kDa. In recent years considerable effort has
been put into the investigation of the mechanisms of these
enzymes (Ghisla and Massey, 1989; Thorpe and Kim,
1995). Several ofthem have been cloned, expressed, and
purified in their recombinant forms (Kieweg et al., 1997;

Nandy et al., 1996; Peterson et al., 1995; Mohsen and
Vockley, 1995), and the latter have been used extensively
for biochemical studies also involving active site directed
mutagenesis. While the differences in the primary se
quence of recombinant MCADH's compared to those
present in mitochondria might be restricted to the first
amino acid(s) at the N-terminus, further post-translational
changes may occur upon import into mitochondria. Such
chemical modifications can affect the general as weil as
the catalytic properties of enzymes, and thus an assess
ment of their effect can be of basic importance, in particu
lar when conclusions drawn from studies with recom
binant enzymes are to be extrapolated to native forms.

This is of importance also since acyl-CoA dehydrogen
ases have been recognized to be the source of medically
relevant genetic defects (Gregersen, 1985, Roe and
Coates, 1995). In particular the K304E-MCADH mutation
(Kieweg et al., 1997) is among the rnost common found in
humans (Ziadeh et al., 1995). During our studies of various
mutants of human MCADH, and specifically of the one
above, we have observed differences in the electrophore
tic migration behavior between native MCADH and re
combinant proteins expressed heterologously (Bross et
al., 1995). These differences could not be attributed solely
to the change in charge resulting from the mutation itself
since they were also observed between wild-type MCADH
expressed in Eseheriehia eoli and fibroblasts, respectively
(Bross et al., 1995). Such differences complicate the inter
pretation of effects resulting from point mutations (Bross
et al., 1995). They have been described as possibly result
ing from a (pH dependent) difference in charge, which in
turn originates from a difference in phosphorylation, since
the wild-type enzyme is not subjected to post-translatio
nal modification when expressed in E. eoli (Bross et al.,

1995). This was a stimulus to verify whether mature
MCADH as isolated from mitochondria is phosphorylated
and to assess the possible effects of this modification.

Results

31p-NMR Studies

The 31 P-spectra of MCADH from pig kidney shows three
resonances (Figure 1A). The two broad upfield ones at

http://www.degruyter.de/journals/bc/
http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-52231
http://www.ub.uni-konstanz.de/kops/volltexte/2008/5223/


./"..-~......

~

1382 P. Macheroux et a/.

Fig.1 31 P-Spectra of Pig Kidney MCADH.
All spectra were obtained with a 270 MHz instrument, with a pulse
recycle time of 2 sand a pulse width of 12 ~s which equals a flip
angle of 30. For each spectrum 30000 transients were accumu
lated and further processed using an exponential multiplication
with a line broadening factor of 20 Hz. (A) Spectrum of native
pkMCADH (0.4 mM in standard buffer, pH 8.5, measured at
305 K). The two broad resonances at - 6.3 ppm and - 8 ppm are
assigned to the pyrophosphate bridge of FAD. The phosphorus
resonance at 4.65 ppm has a half line width of 34 Hz. (8) Effect of
alkaline phosphatase. (See Materials and Methods for details).
Note that the two resonances attributed to the FAD pyrophos
phate are unaltered, while the signal at 4.65 ppm has shifted to
= 3.1 ppm (half line width 16 Hz). (C) Effect of dialysis against
standard buffer, pH 7.6.

8.5, the resonance at 3.2 ppm did not disappear indicating
a very tight binding of the phosphate group to the protein.
Removal was achieved by dialysis at a lower pH, Le.
pH 7.6 (Figure 1C). Dialysis of untreated pkMCADH at
pH 8.5 or 7.6 did not shift or remove the resonance of the
phosphorus signal.

With recombinant E376D-MCADH expressed in E. coli
the signal at 4.6 ppm was absent, the phosphorus signals
deriving from the FAD moiety, however, appeared at the
same resonance frequency. This suggests a post-transla
tional phosphorylation of pkMCADH which cannot occur
in bacteria.

Reduction of an anaerobic sampie of pkMCADH with a
threefold excess of dithionite did not alter the chemical
shift of the three phosphorus resonances (spectra not
shown) suggesting that reduction of the flavin does not
cause significant changes in the environment of the phos
phorus atoms.

In order to probe the accessibility of the phosphorus
atoms MnCI2 was added to a sampie of pkMCADH. This r.
resulted in a considerable line broadening of the signal at
4.65 ppm while the two resonances assigned to the pyro
phosphate moiety of FAD are not affected by addition of
manganese. This clearly demonstrates that FAD is buried
in the protein rendering the phosphorus atoms inaccessi-
ble to solvent borne reagents. The phosphorus resonating
at 4.65 ppm, however, appears to be readily accessible to
solvent in accordance to the observation that alkaline
phosphatase is capable of cleaving the covalent linkage.

The chemical shift of the downfield resonance showed
a considerable dependence on pH: with increasing pH
the resonance is shifted downfield (pH 7.6 = 4.24; pH
8.5 =4.65).

o -4 -8 -12 PPM48

-6.3 ppm and -8.08 ppm are assigned to the two phos
phorus atoms of the pyrophosphate moiety of FAD, which
in free solution resonate at - 9.8 and -10.3 ppm. They are
thus shifted downfield upon binding to apo-MCADH.
According to Kainosho and Kyogoku (1972) the upfield
resonance of the pyrophosphate group (-10.3 ppm) in
free FAD is due to the phosphorus atom of AMP and the
downfield one (-9.8 ppm) from that of the FMN moiety.
Such an unambiguous assignment of the phosphorus
resonances is not feasible in our case since the relative
magnitude of the downfield shift is not known. The third
signal at -4.6 ppm has a much narrower line width and
stems from a phosphate monoester which is probably at
least partially exposed to solvent. Treatment of a sampie of
pkMCADH with alkaline phosphatase leads to disap
pearance ofthe 4.6 ppm resonance, which is replaced bya
new one at 3.2 ppm (Figure 1B). The new signal at 3.2 ppm
(16 Hz) is considerably narrower compared to the parent
one (34 Hz). The two FAD phosphorus resonances are
not affected. The upfield shift in question can be inter
preted in terms of phosphomonoester cleavage resulting
in the generation of free phosphate. However, after exhau
stive dialysis of the sampie against standard buffer, pH

Determination of Phosphorus Content of pkMCADH

Chemical analysis of phosphorus was performed accord
ing to the procedure described in Materials and Methods
and revealed the presence of 3 ± 0.3 phosphorus atoms
per subunit of pkMCADH. Since the protein has tigthly bo
und FAD (Kd < 10-7 M, Mayer and Thorpe, 1981) two phos
phorus atoms are due to the FAD content. In contrast to
the pig kidney enzyrne, analysis of recombinant Y375G
MCADH expressed in and isolated from E. coli showed the
presence of 2 ± 0.35 phosphorus atoms per enzyme sub
unit. Similarly, when apo-protein derived from pkMCADH
was reconstituted with FAD, the resulting holo-pkMCADH
enzyme showed only the presence of 2 ± 0.4 phosphorus
atoms per enzyme subunit indicating that one was lost
during the apo-protein preparation/reconstitution.

Catalytic Activity of
MCADH and of Dephosphorylated MCADH

Using phenazine methosulfate (PMS) as electron accep
tor no difference in the specific activity is apparent be
tween phosphatase-treated and untreated pkMCADH.
However, PMS is an artificial electron acceptor and it is
therefore conceivable that only the natural occurring elec-
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tron acceptor, electron transferring flavoprotein (ETF), is
able to distinguish between the phosphorylated and de
phosphorylated forms of pkMCADH. Regulation of enzy
mes by reversible phosphorylation is weil documented
and in the case of pkMCADH the bound phosphate could
be involved in the binding-interaction of ETF and
pkMCADH. At saturating concentrations of the substrate
octanoyl-CoA (20 f..LM) and various concentrations of
pkMCADH (65 nM to 3 f..LM) the activity was measured at a
fixed concentration of ETF (1 0 f..LM). This experiment yields
apparent Km-values of 3.7 x 10-7 M for both the holo
pkMCADH and the phosphatase-treated enzyme. This
indicates a strong and similar interaction of both forms of
pkMCADH and ETF.

The turnover number of ~ 28 moI2,6-dichloroindophe
nol (DCI) reduced per minute and per mol ETF bound FAD
found under these conditions was also the same for both
proteins. Therefore it is concluded that the status of
phosphorylation of pkMCADH has no influence on the cat
alytic parameters.

Influence of the Phosphomonoester on the Solubility
and Apo-Preparation of MCADH

Native pkMCADH (containing the phosphomonoester)
can be concentrated up to 1 mM in 1MTris-buffer, pH 7.6.
In contrast, dephosphorylated pkMCADH shows a de
creased solubility (0.2 - 0.3 mM under the Sal11e condi
tions). When preparations of apo-pkMCADH are carried
out according to the method of Mayer and Thorpe (1981)
high yields (> 75%) are obtained when starting with native
enzyme. However, with dephosphorylated pkMCADH the
yields were < 10%. Furthermore, pkMCADH that has
undergone one cycle of apo-enzyme preparation and
reconstitution with FAD shows essentially the solubility
of dephosphorylated pkMCADH. This reconstituted
pkMCADH lacks the phosphorus resonance at 4.65 ppm
and shows poor yields when subjected to a second cycle
for the preparation of apo-MCADH. We therefore con
clude that this treatment leads to substantial dephos
phorylation.

Viscosity of a MCADH Solution

Using an Ostwald capillary viscometer a radius of ~ 41 A
(4.1 x 10-7 cm) was estimated for the protein molecule (as
suming a spherical shape).

Discussion

The 31 P NMR-spectra of pkMCADH document a consider
able shift to lower field for both FAD-pyrophosphate P
resonances. According to model studies of Gorenstein
(1975) the chemical shift of phosphate esters is mainly
governed by the P-O-P bond angle and the torsional
angle. As judged from the divergence in the chemical
shifts, the FAD binding site of ~CADH is different than
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that in glucose oxidase (James et al., 1981) with respect
to the conformation of the phosphodiester bridge of FAD.
As in glucose oxidase, addition of Mn++ did not result in an
observable line broadening of the pyrophosphate P
resonances indicating that the groups are buried in the
binding site and not accessible to solvent-borne reagents.
Moreover, reduction of MCADH did not lead to any change
in the chemical shi"ft ofthe phosphorus resonances. This is
in line with the three-dimensional structure of MCADH
(Kim et al., 1993) from which it appears that the bridge
Iinking the isoalloxazine and adenosine moieties is
packed inside the domain interfacing two subunits.

Phosphomonoesters bound to amino acid residues
show a chemical shift in the range of 8.5 to 3.8 for phos
phothreonine and phosphoserine respectively, and their
chemical shift depends strongly upon pH (the range cov
ers 4 ppm; Vogel, 1984). This value is based on an exter
nal standard of 85% phosphoric acid (= 0 ppm) and is 1
ppm shifted to higher field compared to our values.
Accordingly, the phosphorus resonance observed in
pkMCADH is in the range of a phosphornonoester formed
with either serine or threonine. On the other hand, a phos
phodiester, diphosphodiester, phosphoramidate or an
acyl phosphate group can be ruled out on account of the
different chemical shifts reported for those compounds
ranging from 0 to -.11.3 ppm (Vogel, 1984).

The fact that the chemical shi"ft of the phosphorus reso
nance depends on the pH also supports our interpreta
tion. Unfortunately, the exact pKa-value of the phospho
monoester group could not be determined because of the
low stability and activity range of MCADH (pH 7- 9) im
peding a reliable titration. Further evidence in favour of a
phosphomonoester group was provided by the result
that the bound phosphorus was cleaved upon incuba
tion with alkaline phosphatase, which results in a new
phosphorus resonance at the resonance position ex
pected for free phosphate. At high field (Ho> 6 Tesla) the
chemical shift anisotropy becomes the dominant relaxa
tion mechanism for phosphorus nuclei. Therefore the line
width is mainly governed by T2-chemical shift anisotropy
relaxation times, which in turn depend on the correlation
time (Tc) of the observed molecule. T2-chemical shift ani
sotropy decreases linearly with increasing correlation
times and causes a gradual line broadening with increas
ing molecular weight. The correlation time for MCADH
can be estimated from the measured line width (= 34 Hz) of
the phosphorus resonance (Figure 1A) and yields a value
of ~ 177 ns. This is in agreement with the correlation time
reported for succinyl-CoA synthetase, a protein with a
similar molecular mass (140 kDa; Vogel et al., 1982). The
correlation time can also be estimated from the Stokes
Einstein relationship. Using a radius ~ 41 A(4.1 x 10-7 cm)
for MCADH that was obtained from viscosity measure
ments, a Tc =92 ns is obtained. It should be emphasized
that this estimation is based on the assumption that
MCADH is a spherical molecule, which is correct only at a
first approximation, the shape of the MCADH tetramer re
sembling a tetrahedron. Also, hydration of the protein,
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which has been estimated to increase the radius up to 3 A
was not taken into consideration; this might be the origin
ofthe difference in t~.e correlation times obtained using the
two methods.

Catalytic activity of many enzymes is controlled by
means of reversible phosphorylation (mainly at a serine
rather than threonine), wh ich, in vivo, is under hormonal
control and is mediated by kinases and phosphatases
(Vogel, 1984). In general, the site of reversible phospho
rylation is not located close to the active site. Surprisingly
the state of phosphorylation does not show any effect on
the catalytic reductive or oxidative half reactions of
MCADH. The good accessibility of the phosphorylation
site to alkaline phosphatase provides strong evidence
that the phosphomonoester is near the surface of the
protein. This agrees with the lack of electron density at
tributable to a phosphate group in the structure of pig
MCADH (J.J. Kim, personal communication), which also
indicates that the residue must be highly mobile. Therefore
it is conceivable that the phosphomonoester group me
diates the interaction with other proteins that might be in
volved in the metabolism offatty acids and/or protein deg
radation.

Materials and Methods

Chemieals and Enzymes

Octanoyl-CoA was purchased from Sigma 01' was synthesized
according to Bernert and Sprecher (1977). 1-amino-2-naphtol

4-sulfonic acid was from Merck, alkaline phosphatase, PMS from

Sigma and DCI frorn Fluka, ferricenium hexafluorophosphate was

from Aldrich. pkMCADH was purified essentially as described by

Lau et al. (1986); however, Q-Sepharose (instead of Whatman
DEAE-cellulose) and commercial calcium phosphate gel cellu

lose (Fluka) were used. The A278/446 ratio of the purified enzyme
was = 5 and its activity comparable to that reported by Thorpe et

al. (1979). Human wild type MCADH was obtained as described

elsewhere (Kieweg etal., 1997). ETF was purified as described by
Gorelick et al. (1982).

Catalytic Activity

Assays were done at 25°C according to Thorpe et al. (1979) in
0.7 ml incubations containing 50 mM KPj, pH 7.6,60 /-1M EDTA, 20

/-1M octanoyl-CoA, 1 mM PMS, and 30/-1M DCI. The reaction was

started by the addition of 5/-11 MCADH. The ETF assays were per
formed as described by Frerman et a/. (1985), at a concentration

of octanoyl-CoA =100 /-1M. Ferricenium assays were carried out

accor~ingto Lehman et a/. (1990).

Determination of Phosphate and Sampie Preparation

Phosphate analysis was done according to Lanzetta et a/. (1979).

All procedures were carried out in polypropylene plastic labora
tory ware. Incubations were stirred and left in the dark at room

temperature for 30 rnin. Mixtures were then filtered through a 0.45

/-1m membrane (washed with at least 20 ml of double distilled wa

ter). Phosphate was determined by mixing 750 /-11 of this reaction

mixture with 100 /-11 aliquots of the test solutions. After incubation

for 20 min at room temperature the absorbance at 630 nm was

read. KPj-butter was used as a standard. Protein sampies were

-'·~.""i; .. -"""

rnade phosphate-free by repeated washing (8 cycles) with 50 mM
Tris-butter, pH 7.6 containing 10 mM potassium sulphate in

Centricon 30 microconcentrators. The protein concentration of

these sampies was determined spectrophotometrically from the

OD445nm (smax =15000 M-1 cm-1
, Thorpe et al., 1979). For the re

lease of the phosphate group from the protein the sampie was

treated with 10% trichloroacetic acid (01' sulphuric acid) for 3 h at

90°C. Tl1e sampies were then left for 20 h at roorn temperature
before the phosphate content was determined.

NMR-Spectroscopy

31 P-NI\t1R-spectroscopy was carried out with a Bruker AM 270

instrument equipped with an Aspect 3000 digital computer, oper

ating at 109.35 MHz. All spectra were obtained in 15 mm Wilmad
precision NMR tubes containing 5-6 ml sampies in a 100 mM

Tris/400 mM NaCI, pH 8.5 butter (calIed standard butter) at 300 K.

The chemical shifts were determined relative to 85% phosphoric
acid in a capillary. Field-frequency locking was achieved by

using the deuterium resonance of D20 in the sampie. Cleavage of

phosphomonoester groups was achieved by adding 7 mg MgCI2

and 60 units of alkaline phosphatase to a sampie containing

about 80 mg of MCADH (ca. 0.4 mM). After this treatment
MCADH was dialyzed against standard butter, pH 7.6. Tl1e spec

tra of reduced MCADH were obtained upon flushing the sampie
tube with argon and addition of a threefold molar excess of a con

centrated dithionite solution. The experiments to study the sol

vent accessibility of the phosphorus atom were carried out in the

presence/absence of 1/10 equivalent of MgCI2 . For comparison a

1.4 mM solution of FAD in standard butter was measured under
the same conditions.

Viscosity Measurements

Viscosity measurements of a MCADH solution were carried out

with an Ostwald capillary viscorneter in standard butter at 25°C.

Acknowledgements

This work was supported by a grant from the Deutsche For

schungsgemeinschaft (Gh 2/4-7, Gh 2/6-1) to SG and RU 145/11
2 to HR.

References

Aoyama, T, Souri, M., Ushikubo, S., Kamijo, T, Yamaguchi, S.,
Kelley, R.I., Rhead, W.J., Uetake, K., Tanaka, K., and Hashi

moto, T (1995). Purification of human very-Iong-chain acyl
coenzyme Adehydrogenase and characterization of its defi
ciency in seven patients. J. Clin. Invest. 95,2465-2473.

Bernert, J.T, and Sprecher, H. (1977). An analysis of partial reac
tions in the overall chain elongation of saturated and unsatu

rated fatty acids by rat liver microsornes. J. Biol. Chem. 252,
6736-6744.

Sross, P., Jespersen, C., Jensen, TG., Andresen, B.S., Kristen

sen, J.M., Winter, v., Nandy, A., Kräutle, F., Ghisla, S., Bolund,
L., Kim, J.J., and Gregersen, N. (1995). Ettects oftwo mutations
detected in medium chain acyl-CoA dehydrogenase (MCAD)
deficient patients on folding, oligomer assembly, and stability

of MCAD enzyme. J. Biol. Chern. 270, 10284 -10290.

Frerman, F.E., and Goodman, S.1. (1985). Fluorimetric assay of
acyl-CoA dehydrogenases in normal and mutant fibroblasts.
Siochem. Med. 33,38-44.

"tl

'1

r
.'

("

,-



rj

""

r'\

f'\

...~

Ghisla, S., and Massey, V (1989). Mechanisms of flavoprotein
catalyzed reactions. Eur. J. Biochem. 181,1-17.

Gorelick, R.J., Mizzer, J.P., and Thorpe, C. (1982). Purification and
properties of electron-transferring flavoprotein from pig kidney.
Biochemistry 21,6936-6942.

Gorenstein, D.G. (1975). Dependence of 31 P chemical shifts on
oxygen-phosphorus-oxygen bond angles in phosphate esters.
J. Am. Chem. Soc. 97,898-900.

Gregersen, N. (1985). The acyl-CoA dehydrogenation deficien
cies. Recent advances in the enzymic characterization and
understanding of the metabolic and pathophysiological dis
turbances in patients with acyl-CoA dehydrogenation deficien
cies. Scand. J. Clin. Lab. Invest. Suppl, 174,1 -60.

James, T.L., Edmondson, D.E., Husain, M. (1981). Glucose oxi
dase contains a disubstituted phosphorus residue. Phospho
rus-31 nuclear magnetic resonance studies of the flavin and
nonflavin phosphate residues. Biochemistry 20,617 -621.

Kainosho, M., and Kyogoku, Y. (1972). High-resolution proton
and phosphorus nuclear magnetic resonance spectra offlavin
adenine dinucleotide and its conformation in aqueous solution.
Biochemistry 11,741-752.

Kieweg, V, Kräutle, E-G., Nandy, A., Engst, S., Vock, P., Abdel
Ghany, A.G., Bross, P, Gregersen, N., Rasched, 1., Strauss, A.,
and Ghisla, S. (1997). Biochemical characterization of purified,
human recombinant Lys304~Glumedium chain acyl-CoA de
hydrogenase containing the common disease-causing muta
tion and comparison with normal enzyme. Eur. J. Biochem.
246, 548 - 556.

Kim, J.J., Wang, M., and Paschke, R. (1993). Crystal structures of
medium-chain acyl-CoA dehydrogenase from pig liver mito
chondria with and without substrate. Proc. Natl. Acad. Sci.
USA90, 7523-7527.

Lanzetta, PA., Alvarez, L.J., Reinach, PS., and Candia, O.A.
(1979). An improved assay tor nanomole amounts of inorganic
phosphate. Anal. Biochem. 100,95-97.

Lau, S.-M., Powell, P, Büttner, H., Ghisla, S., Thorpe, C. (1986).
Medium chain acyl-CoA dehydrogenase from pig kidney has
intrinsic enoyl-CoA hydratase activity. Biochemistry 25,4184
4189.

Lehman, T.C., Haie, D.E., Bhala, A., and Thorpe, C. (1990). An
acyl-coenzyme Adehydrogenase assay utilizing the terrice
nium ion. Anal. Biochem. 186,280-284.

Mayer, E., and Thorpe, C. (1981). A method for resolution of gen
eral acyl-CoA dehydrogenase apoprotein. Anal. Biochem. 116,
227-229.

Phosphorylation of Mediurn-Chain Acyl CoA Dehydrogenase 1385

Mohsen, A.W., and Vockley, J. (1995). Identification of the active
site catalytic residue in human isovaleryl-CoA dehydrogenase.
Biochemistry 34,10146-10152.

Nandy, A., Kieweg, V, Kräutle, E, Vock, P., Küchler, B., Bross, P.,
Kim, J.-J.P, Rasched, 1., and Ghisla, S. (1996). Medium/long
chain chimeric human acyl-CoA dehydrogenase: Medium
chain enzyrne with the active center base arrangement of long
chain acyl-CoA dehydrogenase. Biochemistry 35, 12402 - .
12411.

Peterson, K.L., Sergienko, E.E., Wu, Y., Kumar, R., Strauss, A.W.,
OIeson, A.E., Muhonen, W.W., Shabb, J.B., and Srivastava,
D.K. (1995). Recombinant human Iiver mediurn chain acyl CoA
dehydrogenase: Purification, characterization, and the mecha
nisrn of interactions with functionally diverse C8-CoA mole
cules. Biochemistry 34, 14942 -14953.

Roe, C.R., and Coates, PM. (1995). Mitochondrial fatty acid oxi
dation disorders. In: The Metabolic and Molecular Basis of
Inherited Disease. C.R. Scriver, A.L. Beaudet, W.S. Sly, and D.
Valle, eds. (New York: McGraw-Hill), pp. 1501 -1533.

Tanaka, K., and Indo, Y. (1992). Evolution of the acyl-CoA dehy
drogenase/oxidase superfarnily. In: Progress in Clinical and
Biological Research, Vol. 375: New Developments in Fatty Acid
Oxidation, PM. Coates and K. Tanaka, eds. (New York: John
Wiley and Sons), pp. 95 -110.

Thorpe, C., and Kim, J.J. (1995). Structure and mechanism of ac
tion of the acyl-CoA dehydrogenases. FASEB J. 9,718- 725.

Thorpe, C., Matthews, R.G., and Williams, C.H., Jr. (1979). Acyl
Coenzyme Adehydrogenase from pig kidney. Purification and
properties. Biochemistry 18, 331 -337.

Vogel, H.J. (1984). Phosphorus-31 NMR, Principles and
Applications. (New York: Academic Press Inc.), pp. 105-154.

Vogel, H.J., Bridger, W.A., and Sykes, B.D. (1982). Frequency-de
pendent phosphorus-31 nuclear magnetic resonance studies
of the phosphohistidine residue of succinyl-CoA synthetase
and the phosphoserine residue of glycogen phosphorylase a.
Biochemistry 21,1126-1132.

Ziadeh, R., Hoffman, E.P, Finegold, D.N., Hoop, R.C., Brackett,
J.C., Strauss, A.W., and Naylor, E.W. (1995). Medium chain
acyl-CoA deficiency in Pennsylvania: Neonatal screening
shows high incidence and unexpected mutation frequencies.
Pediatr. Res. 37,675-678.

Received June 17,1997; accepted August 7, 1997


	Text39: 
	Text40: 
	Text41: First publ. in: Biological Chemistry 378 (1997), pp. 1381-1385
	Text42: 
	Text43: Konstanzer Online-Publikations-System (KOPS)URL: http://www.ub.uni-konstanz.de/kops/volltexte/2008/5223/URN: http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-52231
	Text44: 
	Text45: 
	Text46: 
	Text47: 
	Text48: 
	Text49: 
	Text51: 


