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ABSTRACT Intact frozen mouse sperm were analyzed for the presence of ECTO-NOX-like
protein disulfide-thiol interchange activity. Activity was determined both from the cleavage
of a dithiodipyridine substrate and from the restoration of activity to scrambled and inactive
ribonuclease. An activity was found using both methods of activity determination. The activity
was resistant to inhibition by both capsaicin and bacitracin. The activity, which oscillated in the
characteristic manner of ECTO-NOX proteins, was characterized by a pattern of five maxima and
an overall period length of 24 min. Three of the five maxima were separated by an interval of 6
min and the remaining maxima were separated by intervals of 4.5 min to generate the repeat-
ing pattern with a period length of 24 min. The activity pattern was unusual in that all five of
the maxima within the 24 min repeat were of approximately equal specific activity. Normally,
for somatic cells, the first two maxima are involved in NADH oxidation and less pronounced in
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terms of protein disulfide-thiol interchange than are the remaining three.
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There have been reports of protein disulfide isomerase associ-
ated with plasma membranes of several cell types (Kroning
et al. 1994) and multiple functions have been attributed to
the protein (Zair et al. 1999). Protein disulfide isomerase,
for example, assists protein folding by expressing both an
isomerase and a chaperone-like activity (Wang 1998; Chen
et al. 1999). A protein disulfide isomerase-like activity has
been found associated with the plasma membranes of sperm
(Bohring et al. 2001) and has been suggested to be important
for capacitation and the acrosome reaction. A similar activity
has been associated with the acrosome (Ohtani et al. 1993).

In the present report a protein disulfide isomerase-like
activity (protein disulfide thiol interchange) is demonstrated
for the cell surface of mouse sperm based on assays using
cell impermeant substrates. The activity has characteristics
of a constitutive ECTO-NOX (CNOX) activity as is associ-
ated with plasma membranes of a variety of cells and tissues
(Morré 1998) rather than that of a classical protein disulfide
isomerase (e.g., ER 60) typically associated with the endo-
plasmic reticulum (Essex et al. 2001).

Methods

Frozen mouse sperm was supplied by Dr. Diego A. Eller-
man, University of California, Davis, California (Ellerman
et al. 2003).

Oxidation of NADH was determined from the disappear-
ance of NADH measured at 340 nm in a reaction mixture
containing 25 mM Tris-MES (pH 7.2), 100 uM GSH, 1
mM KCN to inhibit mitochondrial oxidase activity, and 150
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uM NADH at 37°C with temperature control (+ 0.5°C) and
stirring (Morré and Morré 2003a, 2003b). Activities were
measured using paired Hitachi U3210 spectrophotometers
with continuous recording. Assays were initiated by addition
of NADH. Assays were for 1 min and were repeated on the
same sample every 1.5 min for the times indicated. A mil-
limolar extinction coefficient of 6.22 was used to determine
specific activity.

Protein disulfide-thiol interchange was determined spec-
trophotometrically from the activation of scrambled and
inactive RNase with cleavage of cCMP measured spectro-
photometrically as the assay (Lyles and Gilbert 1991) or
from the cleavage of an artificial dithiodipyridine substrate
(Morré et al. 1999).

Proteins were estimated by the bichinchoninic acid
method (Smith et al. 1985). Bovine serum albumin was the
standard.

Results

Mouse sperm exhibited a classical protein disulfide-thiol in-
terchange (protein disulfide isomerase) activity as determined
by the ability to activate scrambled and inactive ribonuclease
(Fig. 1). cCMP was used as the substrate in a standard spec-
trophotometric assay (Lyles and Gilbert 1991). In contrast
to a classical protein disulfide isomerase, the activation was
not linear but periodic. Periods of activation were separated
by periods of lesser activity at intervals of ca 24 min (Fig. 1,
upper curve, arrows). In the absence of sperm, the scrambled
ribonuclease remained inactive (Fig. 1, lower curve).

Assay of protein disulfide-thiol interchange using a
dithiodipyridine (DTDP) substrate also revealed an oscil-
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Figure 1. Protein disulfide-thiol interchange activity of mouse sperm
measured from the activation of scrambled RNase. Preparations plus
(upper curve) or minus (lower curve) sperm were assayed in parallel.
The ribonuclease assay measured spectrophotometrically as the cleav-
age of cCMP (Lyles and Gilbert 1991).

lating pattern of activity also dependent upon the presence
of sperm (Fig. 2B). Activity in the absence of sperm did not
oscillate (Fig. 2A).

Since both the scrambled ribonuclease and the DTDP
substrates revealed oscillatory patterns, the sperm were next
assayed for the ability to oxidize NADH (Fig. 3). Again an
oscillating pattern was observed consisting of five maxima,
two of which @ and @ were separated by six min and three
additional maxima @, @ and ® were separated from each
other and from the M@ and @ doublet by intervals of 4.5 min
to generate a period length of 24 min (6 + 4 X 4.5 min). Cap-
saicin added after 60 min was without effect on the activity
as was bacitracin (not shown).

Parallel measurements of NADH oxidation (Fig. 4A) and
DTDP cleavage (Fig. 4B) showed that both activities followed
the same oscillatory pattern. These measurements were made
simultaneously using two aliquots of the same sperm sample
but with the two different substrates using paired spectropho-
tometers. With NADH oxidation, as in Figure 3, the 5 maxima
of the 24 min repeating set of oscillations were of nearly equal
magnitude (Fig. 4A). However, with the DTDP substrate to
measure protein disulfide-thiol interchange (Fig. 4B), on av-
erage maxima labeled ®, @ and ® were somewhat greater
than those labeled @ and @.

Discussion

Mouse sperm exhibited a protein disulfide isomerase-like
activity with characteristics more typical of that of consti-
tutive ECTO-NOX proteins than that of a classical protein
disulfide isomerase (Morré and Morré 2003a, 2003b). As
is characteristic of ECTO-NOX proteins in general, their
enzymatic activities oscillate in a characteristic pattern that
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Figure 2. Rate of protein disulfide-thiol interchange of mouse sperm as
determined by cleavage of dithiodipyridine (DTDP; Morré et al. 1999).
Preparation plus (B) or minus (A) sperm were assayed in parallel.
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Figure 3. Rate of NADH oxidation by mouse sperm. The activity exhib-
ited the typical CNOX activity pattern of oscillations with two maxima
separated by intervals of 6 min and the remaining maxima separated by
intervals of 4.5 min to generate a 24 min period (6 + 4 x 4.5). Capsaicin
(1 wM) was added after 60 min.

imparts a time keeping attribute to the protein (Morré et
al. 2002). ECTO-NOX proteins are located on the external
cell surface, loosely bound, and exhibit both NADH (or
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Figure 4. Rate of NADH oxidation (A) and rate of protein disulfide-thiol
interchange (DTDP assay) (B) measured in parallel. Capsaicin (100 uM)
was added after 45 min of incubation.

hydroquinone) oxidase activity and protein disulfide-thiol
interchange. Normally the two activities alternate with two
maxima separated by six min favoring NADH oxidation and
the three maximum separated by 4.5 min favoring protein
disulfide-thiol interchange.

The activity observed with the mouse sperm is unusual
in that there is no distinction in activity between any of the
maxima for NADH oxidation. They are all approximately
equal. However, with activation of RNAse, periods of activ-
ity alternate with periods of inactivity as observed previously
for both CNOX (Results unpublished) and a cancer-specific
ECTO-NOX designated tNOX (Chueh et al. 2002). Similar
results were observed in the experiments of Figure 4, where
protein disulfide thiol interchange was augmented during the
portion of the cycle attributed to maxima labeled @, @ and
®. These observations have mechanistic implications in that
during this part of the cycle, the protein appears to have the
capability, previously unobserved, of simultaneous oxidation
of NADH and protein disulfide-thiol interchange.

tNOX differs from CNOX by being responsive to quinone
site inhibitors such as capsaicin (Morré et al. 1995). Since the
sperm activity was unaffected by capsaicin, it is an activity
other than tNOX. Resistance to bacitracin distinguishes it

from the more classical protein disulfide isomerases (Essex
et al. 2001). The characteristic C-X-X-C motif common to
most, if not all, members of the protein disulfide isomerase
family of proteins (Ohnishi et al. 1995) is missing from tNOX.
Neither tNOX nor CNOX appear to contain bound flavin nor
are their activities dependent upon addition of flavins (FAD
or FMN). The protein disulfide thiol interchange catalyzed
by mouse sperm most clearly fit the category of a non-flavin-
containing ECTO-NOX with functions in time keeping and
physical membrane displacement rather than having the tra-
ditional chaperone function attributed to the protein disulfide
isomerases of the endoplasmic reticulum, for example.
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