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ABSTRACT. NADH oxidases at the external surface of plant and animal cells (ECTO-NOX proteins) exhibit
stable and recurring patterns of oscillations with potentially clock-related, entrainable, and temperature-
compensated period lengths of 24 min. To determine if ECTO-NOX proteins might represent the ultradian
time keepers (pacemakers) of the biological clock, COS cells were transfected with cDNAs encoding
tNOX proteins having a period length of 22 min or with C575A or C558A cysteine to alanine replacements
having period lengths of 36 or 42 min. Here we demonstrate that such transfectants exhibited 22, 36, or
40 to 42 h circadian patterns in the activity of glyceraldehyde-3-phosphate dehydrogenase, a common
clock-regulated protein, in addition to the endogenous 24 h circadian period length. The fact that the
expression of a single oscillatory ECTO-NOX protein determines the period length of a circadian
biochemical marker (60 X the ECTO-NOX period length) provides compelling evidence that ECTO-
NOX proteins are the biochemical ultradian drivers of the cellular biological clock.

Our laboratory has described a family of NAD(P)H activities, hydroquinone (NAD(P)H) oxidation and protein
oxidase (NOX]) proteins that exhibit both an oxidative and disulfide—thiol interchange, that alternat&-5). Present in
a protein disulfide isomerase-like activityl,(2). These both plants and animals, they have no flavin, heme, or non-
proteins are characterized by the property, unprecedented irheme iron prosthetic groups and do not require ancillary
the biochemical literature, of having two distinct biochemical proteins for activation).

: : They are now referred to as ECTO-NOX proteins because
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oxidase with protein disulfidethiol interchange activity; tNOX, tumor-
associated and drug-responsive ECTO-NOX of cancer cells; CNOX, At least two forms of ECTO-NOX activities have been
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quinone-site inhibitors with anticancer activity, (L2). The
constitutive ECTO-NOX, designated CNOX, is hormone-
responsive and refractory to the quinone-site inhibitdjs (

A tumor-associated NOX (tNOX) is unregulated, refractory
to hormones and growth factors, and responds to inhibitors
(). CNOX proteins are widely distributed and exhibit
activity oscillations with a period length of 24 miri3).
tNOX proteins are cancer-specific and exhibit oscillations

cos Wabom?
I MSD:0.94

T R T I B

AN

10

NADH OXIDASE ACTIVITY,
nmoles/min/108 cells

with a period length of about 22 min, ca. 2 min shorter than 0.0 S
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proteins are independent of temperature (temperature com- wox | srom”

pensated)3—5, 14), and their phases are entrainaliel(4).
These two characteristics, temperature compensation and
entrainment (coupling the intrinsic clock to environmental
cues), are two defining hallmarks of the biological clotk,(

16). ECTO-NOX synchrony through entrainment is achieved
through autosynchrony in solutio®)( by coupling to red
(plants) (7) and blue (plants and animalslLg) light
photoreceptors and in direct response to melatonin (unpub-
lished).

To investigate possible relationships between the regular
oscillations of activity of the NOX proteins and the circadian
clock, COS-1 cells (SV-40-transformed African monkey
kidney cell line) were stably transfected as descrikEg) (
with a truncated form of tumor-associated NOX (ttNOX)
with a period length of 22 min, a C575A replacement of
ttNOX with a period length of 36 min, or a C558A
replacement of ttNOX with a period length of 42 mig, (
19). As an endogenous biochemical marker to monitor the
circadian rhythm, the activity of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), a common clock-regulated house-
keeping proteinZ0), was used.
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The C558A and C575A amino acid replacements were W u
by site-directed mutagenesis within a fully active and ool A
truncated tNOX cDNA 19). The truncated recombinant 0 12 24 36 48 60 72 84 96 108120132144 0 12 24 36 48

tNOX protein consisted of amino acid residues 2800 of TIME, MIN

the full-length tNOX sequence. Ndel and BamHlI restriction FIGURE 1. Rate of NADH oxidation by the cell surface NADH
sites were incorporated to accommodate subcloning into 2Xidases (ECTO-NOX proteins) of cultured COS cells. (A) Wild-

. . . type COS cells. The activity with a period length of 24 min (single
protein expression vector pET-11b for amplification and anows) is resistant to capsaicin, as is characteristic of the
expressionZ1). The oligonucleotides used for C558A were  constitutive NOX (CNOX). Activity with a period length of 22
5'-GCAAGCATTGAATACATCGCTTCCTACTTGCA- min (double arrows) is no longer observed after capsaicin addition,
CCGTCTTG-3 (forward), B-CAAGACGGTGCAAGTAG- ?s is Charac)teEis)tic of tN(gX (drug inhibitirc])n distinégtljisheﬁ tNOX

rom CNOX). (B) Recombinant tNOX. The period length is 22
GAAGCGATGTATTCAATGCTTGC'?’ (reverse). For min (single arrows). (C) Recombinant C558A replacement tNOX.
C575A, the oligonucleotides were-6CAGCGATGTG- The maxima are a doublet (single and double arrows) with a period
GAGGCCCTCATGGGTAGACTCC-3 (forward), 3-G- length of 42 min. Both members of the doublet were inhibited by

GAGTCTACCCATGAGGGCCTCCACATCGCTGG 3re- capsaicin. (D) Recombinant C575A replacement tNOX. The

verse). DNA ncina w. tiliz t nfirm the mMaxima are a doublet (single and double arrows) with a period
Cﬁr?eegtness of Z?Iqrii)lgce?nen?; utilized to co € length of 36 min. Both members of the doublet were inhibited by

. . . capsaicin. The decomposition fits (open triangles) for two (A and
For measurement of the period length of the circadian day ) or 1 (C and D) full periods show the reproducibility of the

with GAPDH activity as the indicator, COS cells were plated patterns of oscillations. The mean standard deviations of panels
a day before the experiment at>4 10° cells per 100-mm B—D averagedt2.4%. The two peak patterns were noted previ-
dish. For each experiment, triple dishes were prepared for©usly as a feature of NOX function.
each time point. After 2 days, the cells were exposed to . . .
ordinary laboratory lighting for 10 min to entrain the NOX dete;rmlned from the increases in absqr_bance at 3.40 nm at
period, covered with foil, and placed back into the incubator. 3/ ‘C_measured over 300 s. A millimolar extinction
Time zero for GAPDH measurements was at 8:00 a.m. the CO€fficient of 6.2 nm cm* was used to calculate NADH
following morning. disappearance.

G|ycera|dehyde_3_phosphate dehydrogenase was assayed Proteins were estimated by the bicinchoninic acid method
as described2?). The conditions were 0.1 M Tris-HCI, 0.5  (23) with bovine serum as the standard.
mM EGTA, pH 8.0, 10 mM NgHAsO,, 2 mM NAD*, and Statistical analyses used fast Fourier transform and de-
3 mM glyceraldehyde-3-phosphate. NADeduction was composition fits. To determine the period length, fast Fourier
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FIGURE 2: Period length of the circadian clock in COS cells as With @ 36 min period length. (A) COS cells transfected with the
determined from measurements of glyceraldehyde-3-phosphateC275A replacement (solid symbols, lines and arrows) exhibited
dehydrogenase (GAPDH) activity. (A) Glyceraldehyde-3-phosphate GAPDH maxima (solid arrows) absent from wild type (open
dehydrogenase activity of wild-type COS cells oscillated with a SymPols, dashed lines and broken arrows). Maxima and minima
circadian period of 24 h (single arrows). A possible minor period (asterisks) were significantly differenp (< 0.005). (B) GAPDH

of 22 h in length is indicated at the small double arrows. (B) COS activities of wild-type COS cells subtracted from those carrying
cells transfected with tNOX cDNA exhibit two circadian period the C575A replacement both showed a major (single arrows) and
lengths. One of 24 h (single arrows) corresponds to the CNOX & Mminor (double arrows) circadian period length of 36 h (ECTO-
period x 60, and one of 22 h (double arrows) corresponds to the NOX period X 60). The maxima (asterisks) were significantly
tNOX period of 22 minx60. Maxima and minima (asterisks) were ~ different from basal values (5 0.03).

highly significant for A < 0.0012) and significantp( < 0.04)

for B (p < 0.08 where marked by the double asterisk). of two distinct NOX activities having period lengths of 22

user-defined transforms were with SigmaPlot 8.0. Decom- min (capsaicin inhibited) and 24 (capsaicin resistant) min,

P . : respectively, within a homogeneous population of cancer
position fits used a MINITAB program to predict oscillatory . X ) ;
patterns based on the period length established by the FourieFeIIS was investigated in detail bY Wang e_t dldX
analyses. The decomposition fits served to evaluate the When assayed for GAPDH activity & h intervals over
reproducibility of the oscillatory patterns and yielded mean 76 (Figures 2 and 4) or 88 (Figures 3 and 5) h, experiments
average percentage error (MAPE), a measure of the periodidn triplicate reproduced a major 24 h circadian rhythm of
oscillation, mean average deviation (MAD), a measure of altérnating maxima and minima with nontransfected (wild
the absolute average deviations from the fitted values, and®yP€) COS cells (Figure 2A). The GAPDH activity of COS
mean standard deviation (MSD), the measure of standardCells transfected with tNOX retained the wild-type pattern
deviation from the fitted values. (Figure 2B, single arrows) plus a second set of maxima with

For the cDNA used in the transfection experiments, the & penoq 'enqth of 22 h (Figure 2B, df_’“_ble arrows).

patterns of oscillations given by the recombinant proteins ~ The circadian pattern of GAPDH activity for transfectants
generated irEscherichia coliare shown in Figure 1BD. carrying the C575A replacement with a 36 min period
For the recombinant tNOX, the period length was 22 min showed a pattern of circadian activity oscillations distinct
(Figure 1B). For the C558A replacement, the period length from that of wild type (Figure 3A). When the wild-type

was 42 min (Figure 1C), and for the C575A replacement, activity for that particular experimental series was subtracted
the period length was 36 min (Figure 1D). from that of the C575A replacement activity, the differences

Wild-type COS cells in culture exhibit an oscillatory due to the C575A replacement were seen as a new set of
pattern of ECTO-NOX activities comparable to those seen major oscillations spaced at intervals of 36 h (Figure 3B)
with other transformed cell line4(2, 14) (Figure 1A). The ~ (ECTO-NOX period X 60).
principal maxima corresponding to CNOX appeared at The circadian pattern of GAPDH activity for COS cells
intervals of 24 min (single arrows) and were resistant to expressing the C558A replacement where the NOX activity
inhibition by capsaicin. Maxima with a period length of about oscillated with a period length of 42 min was reproduced in
22 min, no longer evident after capsaicin addition, cor- two independent experiments. Both showed a complex
responded to the tNOX protein (double arrows). The presencepattern of GAPDH activity changes with a major circadian



11944 Biochemistry, Vol. 41, No. 40, 2002

50

} — C668A hfuhnto—- Wild type
| i '

GAPDH ACTIVITY, nmoles/min/mg protein

4

0 8 16 24 32 40 48 56 64 72 80 88
TIME, HOURS

Ficure 4: Length of the circadian period of COS cells transfected
with the C558A replacement having a tNOX activity with a period
length of 42 min. (A) COS cells transfected with the C558A

replacement (solid symbols, lines and arrows) compared to wild-
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Ficure 5: Repetition of the experiment of Figure 4 carried out in
parallel with the experiment of Figure 3. (A) COS cells transfected
with the C558A replacement with tNOX activity with a 42 min
period (solid symbols, double arrows) compared to wild type (open

type (open symbols, dashed lines and broken arrows). Maxima andsymbols, single arrows). The differences comparing maxima and

minima (asterisks) were significantly differen < 0.008). (B)
When the GAPDH activities of wild-type COS cells were subtracted
from those carrying the C558A mutant, the difference showed
double maxima (double arrows in panel A) with a circadian period
length of 46-42 h (ECTO-NOX periodk 60), where the maxima
(asterisks) were significantly different from the basal valyes:(
0.005).

period 24 h in length, plus a second circadian period with
maxima at intervals of 4842 h (Figures 4 and 5). Subtrac-
tion of the wild-type GAPDH activity from that of the C558A
mutant activity clearly revealed the oscillations in GAPDH
activity with a period length of 4042 h (Figures 4B and
5B).

Figures 2-5 were reproduced in duplicate determinations

minima (asterisks) were highly significaqt € 0.004). (B) GAPDH
activities of wild-type COS cells were subtracted from those
carrying the C558A mutant; the difference showed double maxima
with a circadian period length of 4312 h (ECTO-NOX periodx

60). The differences between activity values at maxima (asterisks)
were highly significant|f < 0.007) compared to basal values.

underlie the cellular biological clock was made possible by
identification of key regions of the tNOX protein confirmed
by site directed mutagenesis. In several of the cysteine
replacements, a normal rate of oscillating NADH oxidase
activity was retained, but the period length of the oscillations
was increased from 22 to 36 min or 42 min. Overexpression
of these tNOX proteins in COS cells resulted in a propor-
tionate influence on the length of the circadian period.

each within three repetitions. Differences between maxima Current clock models suggest operation of a transcriptional
and minima determined by Student’s t-test were significant feedback loop with time delays in protein translation and

to highly significant. Also significant to highly significant
were the differences observed when wild-type specific
activities were subtracted from the specific activities of the

transport back to the nucleus and where activities fluctuate
as a function of the light-dark cycl@’, 26). Feedback loops
seem essential to the construction of a true 24 h time-keeping

mutants. Figures 2 and 4 were from the same set of system capable of coordination of the many aspects of cell
experiments. Figures 3 and 5 were from a different series. function under circadian controR{—32). However, they

Yet the wild-type profiles were very similar. A difficulty in

may not be the actual clock drivers. Even in organisms

distinguishing between a 40 h period length and a 42 h periodcarrying mutations in time-keeping genes that affect molec-

length arose because data were collectied h intervals.

ular rhythmicity, aspects of circadian control remain. Despite

What might have been oscillatory maxima spaced at intervalsconsiderable conservation among feedback loop gees (
of >40 but <44 h might have appeared spaced at 40 h 29), their operation at all times in all cells of all organisms

because of th 4 h sampling interval. In addition to the two
repetitions with GAPDH activity, HMG-CoA reductase
activity, assayed as describettl), showed a similar altered

that exhibit circadian rhythms remains to be established. In
contrast, the CNOX proteins appear as universal cell
constituents that keep time over widely varying conditions

pattern of response with the C558A replacement comparedand without interruption.

to wild type (not shown).
The opportunity to test the hypothesis that the NOX

Consistent with our findings are experiments that show
the clock-related transcription factors, NPAS2 and Clock,

proteins function as ultradian biochemical oscillators that to be intracellular redox sensofzy. DNA binding activities
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of NPAS2 and Clock are influenced by the redox status of 14.Wang, S., Pogue, R., M6yr®. M., and Morfe D. J. (2001).
NAD(H) and/or NADP(H) @3). Since NOX proteins func-

tion as terminal electron acceptors of plasma membrane

electron transportl), their activities provide a significant
mechanism for regeneration of cytosolic NAD{Pfrom
NAD(P)H (34).

The correlation between expression in COS cells of ECTO-

NOX activities of different period lengths (NOX period X
60) and circadian GAPDH activity show that expression of

a single protein through cDNA transfection determines the

circadian period length. Thus, we conclude that the NOX
proteins are the ultradian biochemical drivers of the cellular
biological clock.
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