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Abstract Nonenzymatic ADP-ribosylation of mitochondrial
proteins is thought to play a role in the regulation of Ca* efflux
from mitochondria. It has been shown that intramitochondrial
ADP-ribose is generated by a specific NAD"glycohydrolase,
which catalizes hydrolysis of NAD* to ADP-ribose and nicoti-
namide. We purified this enzyme from bovine liver mitochondrial
membranes. The final preparation had a 1660-fold purified en-
zyme activity and contained a main protein band with an apparent
molar mass of 32,000 in a SDS-polyacrylamide gel. The identity
of this protein band with NAD*-glycohydrolase was verified by
renaturation of its enzymatic activity. Partial amino acid se-
quence information was obtained from two enzyme fragments
after proteolytic cleavage of the protein band in the SDS-poly-
acrylamide gel. Searches in protein databases revealed that an
arginine ADP-ribosyl hydrolase harbours two stretches of amino
acids that are highly similar to the partial NAD"*-glycohydrolase
sequences.
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1. Introduction

The level of cytosolic free Ca™ is a key factor of cellular
regulation [1]. Extracellular signals often activate membrane
Ca’ channels through the synthesis of second messengers that
trigger Ca’" release from internal stores like inositol 1.4.5-
trisphosphate or the very recently discovered cyclic ADP-ribose
(ADPR) [2,3]. However, the molecular mechanisms of Ca’*
uptake and release of mitochondria are not well understood
yet. Release of Ca’* from intact rat liver mitochondria can be
induced by the oxidation of mitochondrial pyridine nucleotides
by hydroperoxides [4]. It has been shown that an increased
generation of endogenous hydroperoxides is associated with a
high level of oxidized pyridine nucleotides [5]. However, the
oxidation of pyridine nucleotides is not sufficient to induce the
release of Ca®* from mitochondria. In addition, hydrolysis
of NAD" to nicotinamide and ADP-ribose by
NAD"glycohydrolase is required [6]. It has been reported that
ADPR generated by this enzyme might lead to ADP-ribosyla-
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tion of acceptor proteins in the inner mitochondrial membrane
in a nonenzymatic reaction [7]. Specific ADP-ribosylation of an
ADPR acceptor protein may then trigger the release of Ca*
from mitochondria through regulation of a Ca** channel. The
respective NAD"glycohydrolase was assigned to the inner mi-
tochondrial membrane and a 60- to 70-fold enriched prepara-
tion from rat liver showed a main protein band with a molar
mass of 62,000 [8]. The putative ADPR acceptor protein was
proposed to be a protein of the inner mitochondrial membrane
which has a molar mass of 30,000 [6]. A recent report suggested
that the mitochondrial NAD*-glycohydrolase is located in the
outer mitochondrial membrane [9]. This localization is quite
controversial as it would call into question the role of NAD*-
glycohydrolase in the hydrolysis of intramitochondrial pyridine
nucleotides. In case of a localization in the outer membrane
NAD" could only be hydrolysed after its release through an
inner membrane pore. Formation of such pores has been ob-
served upon oxidative stress [10]. However, their involvement
in NAD™ hydrolysis appears unlikely, because pore formation
is not required for the hydroperoxide-induced Ca® release
from rat liver mitochondria [11]. Thus, the studies published so
far which investigated the role of mitochondrial NAD"-gly-
cohydrolase in the Ca** homeostasis of these organelles are not
conclusive, This prompted us to investigate in detail the bio-
chemical and molecular basis of this regulatory system. In this
first report we present the purification of the NAD"-glycohy-
drolase activity from bovine liver mitochondrial membrane and
its unequivocal assignment to a protein with a molar mass of
32,000. Moreover, we obtained first molecular data of this
enzyme, namely partial amino acid sequence information which
might indicate a relationship of NAD-glycohydrolase to an
arginine-ADPR hydrolase.

2. Materials and methods

2.1, Materials

DEAE-52 cellulose was purchased from Whatman, heparin Sepha-
rose CL-6B from Pharmacia and reactive green-19 agarose from Sigma.
Hydroxyapatite was synthesized according to the method of Bernardi
[12]. Polyethylenimine cellulose CEL 300 PEI/UV 4, thin-layer chroma-
tography plates (20 x 20 cm) were from Machery-Nagel. Triton X-100,
Triton X-114 and bovine serum albumin (BSA) were obtained from
Boehringer-Mannheim, 1,N®-etheno-NAD* (eNAD"), SNAD", ADP-
ribose, AMP, ADP and nicotinamide from Sigma, [adenine-2,8-
*HINAD" (4.2 Ci/mmol) from New England Nuclear (NEN), and the
protein determination Kit Micro BCA from Bio-Trade. All other chem-
icals were of analytical grade.

2.2. Protein determination
Protein concentrations were determined using the Micro BCA kit
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which is applicable to solutions containing Triton X-100 according to
the suggestion of the supplier.

2.3. Fluorimerric activity assay

Hydrolysis of eNAD" results in an about 10-fold increase of fluores-
cence [13,14). This change of fluorescence was used to monitor NADase
activity [15]. Enzyme preparations were incubated for 0.5 h at 37°C in
a buffer containing a saturating concentration of NAD* (100 mM
Tris-HCl pH 7.3, 0.2 mg/ml BSA, 0.1% Triton X-100, | mM SNAD"
and 0.1 mM eNAD") in a total volume of 50 ul. After the incubation
950 ul of H,0O were added and the fluorescence was measured in a
fluorescence spectral photometer (Perkin Eimer 650). The samples were
excited with 300 nm light, emission was measured at a wavelength of
412 nm.

2.4. Identification of NAD™-glycohvdroluse us an integral membrane
protein

The method reported by Findlay [16] was applied to test if NAD"-
glycohydrolase is an integral or a peripheral membrane protein. Triton
X-114 was added to an enzyme solution to a final concentration of 2.5%
in 10 mM Tris-HC] buffer, pH 7.4, containing 100 mM NaCl at 0-4°C.
Thereafter the mixture was warmed to 25-30°C and centrifuged to
obtain a watery and a Triton X-114 phase. In this two phase system the
enzyme activity was recovered from the Triton X-114 phase thus iden-
tifying it as an integral membrane protein.

2.5. Purification of NAD"glycohydrolase from bovine liver mitochondria

2.5.1. Preparation of mitochondrial membranes. Mitochondria from
fresh bovine liver were isolated according to the procedure described
by Bustamante et al. [17]. Mitochondria from about 800 g bovine liver
suspended in about 250 ml of 30 mM Tris-HCI buffer, pH 8.5, contain-
ing 1 mM DTT, 0.2 mM PMSF were extracted by passing them three
times through a precooled French Pressure Cell Press at a pressure of
10,000 psi (680 atm). The extract was centrifuged at 215,000 x g for 40
min at 4°C, the supernatant was discarded and the pellet was resus-
pended in 250 ml of the same buffer with a motor-driven 60 ml glass
homogenisator (Potter S, B. Braun) at 4°C. This centrifugation-resus-
pension step was repeated four times.

2.5.2. Solubilization of mitochondrial membranes.  After the last cen-
trifugation step the mitochondrial membranes were homogenized in
solubilization buffer (30 mM Tris-HCl, pH 8.5. 1| mM DTT. 0.2 mM
PMSF and 2% Triton X-100), with a motor-driven 60 ml glass potter
at 4°C, the resulting solution was placed on ice for 1 h and then
centrifuged at 215,000 x ¢ for 50 min. The extract was collected and the
solubilization procedure was repeated with the pellet four times. In each
extraction cycle the volume of the extraction buffer was reduced. This
repeated extraction yielded a total extract of 360 ml containing about
8 mg protein/ml.

2.5.3. DEAE-52 cellulose chromatography I.  About 3 g of solubil-
ized mitochondrial membrane protein was applied at a flow rate of 50
ml/h to a DEAE-52 column (20 x 5 cm) equilibrated in solubilization
buffer. The NAD"-glycohydrolase activity was found in the flow-
through.

2.5.4. Hydroxyapatite chromatography. The buffer system of the
pooled active fractions from the DEAE-52 cellulose column 1 was
adjusted by adding 65 gl of 0.5 M sodium phosphate buffer, pH 6.2,
and 11 4l of 1 M NaCl per ml of the protein solution. The adjusted
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solution was applied to a hydroxyapatite column (4 x 2.5 cm) equili-
brated in 30 mM Na,HPO,/NaH,PO, buffer pH 7.3, containing 10 mM
NaCl, 1 mM EDTA, | mM DTT, 0.2 mM PMSF, 2% Triton X-100.
The column was run by gravital force. The NADglycohydrolase activ-
ity was again in the flow-through of the column.

2.5.5. Heparin Sepharose CL-6B chromatography. Combined frac-
tions of the hydroxyapatite column were dialysed for 5-6 h against 10
mM Na,HPO,/NaH,PO, buffer, pH 7.3, containing | mM EDTA,
1 mM DTT, 0.2 mM PMSF, 2% Triton X-100 and applied to a heparin
sepharose CL-6B column (1.5 x 1.4 cm) equilibrated in the same buffer
at a flow rate of 36 ml/h. NAD"-glycohydrolase activity was retained
on the column. The column was washed with 10 column volumes of
application buffer followed by a 0-70 mM NacCl salt gradient in appli-
cation buffer containing 0.1% Triton X-100 which was applied over a
period of 60 min at a flow rate of 18 ml/h. For elution a 70-300 mM
NaCl gradient in the same buffer was applied over a period of 80 min
at the same flow rate. The enzyme activity eluted at a salt concentration
of 150 mM.

2.5.6. Denaturation-renaturation step. Active fractions from the
heparin sepharose eluate were combined and dialysed against 10 mM
Tris-HCl buffer, pH 8.5, containing 0.1% Triton X-100 and proteins
were denatured by addition of SDS to a final concentration of 0.5%.
Thereafter, the protein solution was adjusted to 6% Triton X-100 in
order to allow renaturation of a portion of the proteins.

2.5.7. DEAE-52 cellulose chromatography II.  The renatured protein
solution was applied to a second DEAE-52 cellulose column (12.2 x 2.5
cm) equilibrated in 10 mM Tris-HCl buffer, pH 8.5, containing 0.1%
Triton X-100. NAD*-glycohydrolase was found in the void volume of
the column.

2.5.8. Reactive green-19 agarose chromatography. Active fractions
from DEAE-52 cellulose column II were combined and the buffer
system adjusted to reactive green-19 agarose chromatography by addi-
tion of 64 ul of 0.5 M sodium phosphate buffer, pH 6.6, per ml of the
protein solution. The resulting protein solution was applied to a small
reactive green-19 agarose column (1 x 0.8 cm) equilibrated in 30 mM
Na,HPO,/NaH,PO, buffer, pH 7.3, containing 2% Triton X-100. The
column was washed first with 10 column volumes of application buffer,
second with 5 volumes of 10 mM Na,HPO,/NaH,PO, buffer, pH 7.3,
containing 0.2% Triton X-100 and third with 10 column volumes of 0.1
M NaCl in the same buffer. NAD"-glycohydrolase activity was eluted
by raising the NaCl concentration to 0.6 M.

2.6. SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Sodium dodecyl sulfate-polyacrylamide slab gel electrophoresis was
performed as described by Laemmli [18) in 15% gels or in 12.5-17.5%
gradient gels as indicated.

2.7. NAD"-glycohydrolase renaturation in SDS-polyacrylamide gels
SDS-PAGs were produced at least 1 day prior to use to allow com-
plete decomposition of radicals. The runs were performed under stand-
ard conditions, but the gels were cooled during the run. After the run,
the lanes were cut into 1 mm slices. Each slice was put into an 1.5 m]
tube and homogenized with a plastic pestle in 60 &1 of 0.25 M Tris-HCl
buffer, pH 7.3, containing 6% Triton X-100. 10 ul of 500 uM ¢éNAD*
solution and 5 ul of 10 mM SNAD" solution were added to each tube,
and the samples were then incubated for 1 h at 37°C. Thereafter, 900
ul of H,O was added, polyacrylamide fragments were settled by centrif-

Table 1

Purification of NAD glycohydrolase from bovine liver mitochondrial membranes

Purification steps Amount of Total enzyme Specific enzyme Yield Purification
protein activity activity (%) (fold)
(mg) (tmol x min™') (umol x min™' x mg™")

Crude mitochondria proteins 11320 0.01 100 1

Washed mitochondria membranes 2900 0.04 100 4

DEAE-52 cellulose I - - -

Hydroxylapatite - - -

Heparin sepharose CL-6B 4.0 6.41 22 641

DEAE-52 cellulose II - - -

Reactive green-19 agarose 0.56 16.64 8 1664

The purification procedure was performed starting with 800 g of bovine liver. Protein concentrations were determined using the Micro BCA kit which
is applicable to solutions containing Triton X-100. NAD"-glycohydrolase activity was determined using the fluorimetric assay.
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Fig. 1. SDS-PAG of Reactive green-19 agarose eluate fractions. Eluate
fractions of the reactive green-19 column were separated in a 5%
polyacrylamide gel and silver stained. Lanes 1-9 = eluate fractions.
lane 10 = marker proteins. The enzyme activity of eluted fractions 1 -9
determined with the fluorimetric assay were 0,0, 0. 7.1, 12.4, 15.1, 15.3.
11.3 and 7.6 arbitrary units, respectively.

ugation and the fluorescence of the supernatants was measured. The
apparent molecular masses of both the protein band and the enzymatic
activity were identical in the SDS-PAGE.

3. Results

Purification of the NAD"-glycohydrolase from mitochon-
drial membranes of bovine liver was routinely started with
32-40 g mitochondria prepared from about 800 g of bovine
liver. This amount of mitochondria yielded usually about 11 g
of mitochondrial protein after extraction with Triton X-100. As
initial experiments using Triton X-114 phase partition indicated
that the NAD"-glycohydrolase behaves like an integral mem-
brane protein, we first isolated mitochondrial membranes and
further removed membrane associated proteins by a washing
step. Solubilization of the remaining membrane fraction re-

sulted in a clear, yellow solution which contained about 3 g of

protein. This solution was subjected to 5 chromatographic pu-
rification steps.

Table 1 summarizes the purification procedure resulting in
a 1660-fold increase of specific NAD"-glycohydrolase activity
with an overall yield of about 8%. NAD*-glycohydrolase from
bovine liver mitochondrial membrane is a highly hydrophobic.
low abundance transmembrane protein. Its high tendency to
associate with other very hydrophobic proteins severely ham-
pered its purification beyond a certain stage. Probably, NAD"-
glycohydrolase became buried within hydrophobic protein ag-
gregates and a conventional purification strategy was inappli-
cable. We therefore applied a ‘negative purification’ procedure
including a DEAE-52 column and a hydroxyapatite column.
DEAE-52 cellulose proved to be the best chromatography ma-
terial for the first ‘negative purification’ step. The NAD"-gly-
cohydrolase passed through the column and the enzymatic ac-
tivity was in the void volume. The majority of the other pro-
teins, however, was efficiently retained on the column. The
sample obtained from this and the subsequent flow through
step on hydroxyapatite was purified and concentrated on Hep-
arin sepharose CL-6B column. These three chromatographic
steps resulted in a 640-fold enrichment of the enzymatic activ-
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ity. The eluate apparently consisted of specific protein aggre-
gates, because further purification steps with this sample, for
example on Reactive green-19 agarose or on a 5-AMP column
did not change the pattern of protein bands as analysed by
SDS-PAGE. Therefore, a denaturation-renaturation step was
introduced in order to destroy the protein aggregates. By this
procedure the NAD"-glycohydrolase activity could be sepa-
rated from other, possibly no longer correctly folded proteins.
Thus, the eluate of the Heparin-sepharose was denatured by
addition of SDS to a final concentration of 0.5%, which resulted
in the disappearance of all NAD"-glycohydrolase activity. Re-
naturation was achieved by the addition of Triton X-100 to a
final concentration of 6%. After this procedure which recov-
ered 80-100% of the enzyme activity two further chromato-
graphic purification steps, namely a DEAE-52 cellulose and a
Reactive green-19 agarose column were performed. Fig. 1
shows a silver stained SDS-PAG of the fractions eluted from
the last column. Only one major protein band in the molar mass
range above 20,000, namely a protein with a molar mass of
about 32,000 was detected in the active fractions. This band
correlated in staining intensity with the NAD*-glycohydrolase
activity of the fractions. In order to unequivocally assign the
NAD™-glycohydrolase activity to one of the protein bands in
the final preparation we developed a renaturation procedure
directly in the SDS-PAG which is based on the denaturation/
renaturation step used in the purification. A gel lane was cut
into | mm slices which were then homogenized under renatura-
tion conditions and subsequently subjected to a fluorimetric
NAD*glycohydrolase assay. Fig. 2 demonstrates that in the
final enzyme preparation only the protein band with a molar
mass of 32,000 contained measurable NAD"-glycohydrolase
activity. The products of either a purified enzyme preparation

enzyme activity SDS-PAGE
after renaturation (121;5-171,6[%)

- 200 000
- 97 400
- 69 000
- 46 000
- 30 000
- 21 500
- 14 300

Fig. 2. Renaturation of the final enzyme preparation in a SDS-PAG.
The final enzyme preparation was separated on a 12.5-17.5% PAG.
After electrophoresis a lane containing the purified enzyme was cut into
| mm slices, while the neighbouring reference lane containing an iden-
tical sample as well as molecular weight standards were stained with
Coomassie blue. Lane P = final enzyme preparation; lane M = marker
proteins. The enzyme activity after renaturation was determined with
the fluorimetric assay. The 32,000 protein band in the SDS-PAG corre-
lated exactly with the peak of enzyme activity after renaturation.



J. Zhang et al. | FEBS Letters 377 {1995, 530-534

ADPR-Arg-hydrolase 234 ...KYLE
PepA NAD glycohydrotlase

ISOKEIRC AP FPQPFGVKERD

ADPR-Arg-hydrolase 261 CFYIEVSYSGWGGSSGHDAFMIAYDALLAA

ADPR-Arg-hydrolase 292 GLS RAFFHGG. .. .. ..

PepB NAD*glycchydrolase D\E
Fig. 3. Similarity between partial amino acid sequences of the
NAD*glycohydrolase and ADP-ribosyl arginine hydrolase from rat
brain [21]. Numbers indicate the amino acid position in the ADP-
ribosyl! arginine hydrolase. Boxes highlight stretches of similar or iden-
tical amino acids. Amino acid similarity groups are as follows: HKR.
EDQN, WFY, STGPA, C, ILVM. Inverse letters indicate similarity
and inverse bold letters identity.

or of enzyme renatured from gel slices were analysed by thin-
layer chromatography allowing the separation of NADY,
ADPR, nicotinamide, ADP and AMP. In both cases the prod-
uct of the enzymatic reaction was clearly identified as ADPR.
The purified enzyme did not contain any contaminating activi-
ties of other NAD* metabolizing enzymes. Thus, the results of
this product analysis demonstrate that the enzymatic activity
residing in the purified protein band with a molar mass of 32
000 is an ADPR generating NAD"-giycohydrolase.

Partial amino acid sequences of the protein band with the
molar mass of 32,000 were determined after proteolytic diges-
tion of the protein with LysC directly within the gel [19,20].
Sequencing of the generated fragments identified 2 partial pro-
tein sequences, namely (K)SILDGR and (K)ELAH. Searches
in current databases for proteins containing such sequences
revealed that the former sequence is not present in any of the
known protein sequences, whereas the latter sequence is present
in several other proteins, presumably because the probability
of finding such a short sequence in the many known protein
sequences is relatively high. For a more detailed database
search we used the program FINDPATTERNS of the GCG
program package (Genetics Computer Group, 575 Science
Drive, Madison, WI 53711, USA) to screen for proteins con-
taining sequences similar to both peptides with the restriction
that such a double hit in one protein should occur within 300
amino acids, a length which corresponds to the putative length
of the amino acid sequence of the purified protein with a molar
mass of 32,000. Under these conditions the top scoring protein
in all databases was a murine arginine ADPR hydrolase [21].
This protein has a molar mass of 39,000 and harbours 2 se-
quences which are highly similar to the sequences determined
for the mitochondrial NAD™-glycohydrolase and occur within
a distance of 55 amino acids (Fig. 3). In this arginine ADPR
hydrolase a sequence of RGILDGK corresponds to the se-
quenced peptide KSILDGR, namely 4 consecutive identical
amino acids (ILDG) and 3 highly similar ones (two exchanges
between R and K, both of which are highly basic amino acids;
as well as one exchange of S-to-G, both of which are small and
polar amino acids) are present. Furthermore, this enzyme har-
bours a sequence identical to the sequenced pentapeptide
KELAH.

4. Discussion

Even after 1660-fold enrichment of the enzymatic activity, a
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few protein bands in the molar mass range below 20,000 as well
as some faint additional bands were present in the final prepa-
ration besides the prominent protein band at a molar mass of
32,000. This prevented a correlation of the enzymatic activity
with a specific protein band. Fortunately, the successful appli-
cation of the denaturation/renaturation procedure during puri-
fication indicated a potential use of a renaturation protocol for
the efficient detection of the NAD"-glycohydrolase activity
after separation of the proteins by SDS-PAGE. Thus, a proce-
dure was designed which led to the unequivocal assignment of
the enriched activity to the molar mass range of about 30,000
to 35,000. This was an unexpected result since it was published
that the NAD™-glycohydrolase from rat liver mitochondria has
a molecular weight of 62,000 [8]. In the molecular weight range
around 62,000 we detected no enzymatic activity suggesting
either quite different properties for the rat and the bovine
mitochondrial NAD"-glycohydrolases or an inadequate former
assignment of the enzymatic activity.

The two partial amino acid sequences of NAD-glycohydro-
lase which were obtained after proteolytic digestion of the pro-
tein band and subsequent gas phase sequencing showed high
similarities to two sequence stretches of another mammalian
ADPR metabolizing enzyme, namely an arginine ADPR hy-
drolase from rat brain [21]. In our view, this finding corrobo-
rates our assignment of the enzyme to the protein with a molar
mass of 32,000. Moreover, the occurrence of this protein band
clearly correlated with the enzymatic activity in the fractions
eluted from the Reactive green-19 column. Taken together the
results demonstrate that beef liver mitochondria possess an
NAD"-glycohydrolase with a molar mass of approximately
32.000.
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