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1. Statement of the hypothesis, objective and value of the research. 

The hypothesis under investigation wass that a ubiquinol (NADH) oxidase protein of the 
cell surface with protein disulfide-thiol interchange activity (= NOX protein) is a plant and 
animal time-keeping ultradian (period of less than 24 h) driver of both cell enlargement and the 
biological clock that responds to gravity. Despite considerable work in a large number of 
laboratories spanning several decades, this is, to my knowledge, our work is the first 
demonstration of a time-keeping biochemical reaction that is both gravity-responsive and 
growth-related and that has been shown to determine circadian periodicity. As such, the NOX 
protein may represent both the long-sought biological gravity receptor and the core oscillator of 
the cellular biological clock. 

Completed studies have resulted in 12 publications and two issued NASA-owned patents 
of the clock activity. The gravity response and autoentrainment were characterized in cultured 
mammalian cells and in two plant systems together with entrainment by light and small 
molecules (melatonin). The molecular basis of the oscillatory behavior was investigated using 
spectroscopic methods (Fourier transform infrared and circular dichroism) and high resolution 
electron microscopy. We have also applied these findings to an understanding of the response 
to hypergravity. Statistical methods for analysis of time series phenomena were developed 
(Foster et al., 2003). Site-directed mutagenesis was used to generate NOX proteins with period 
length longer or shorter than 24 min which when introduced into COS cells generated circadian 
responses with period lengths corresponding longer or shorter than 24 h (60 X the NOX period 
length) (MorrC et al., 2002). A role for bound copper in maintaining the 24 min period length 
was discovered together and a site-directed mutagenesis analysis of active site cysteines and 
functional domains was completed. A CNOX monoclonal antibody to soybean protein was 
obtained. The antibody was used in ongoing efforts to expression clone CNOX from plants as a 
first step toward site-directed mutagenesis and vector-forced mutational analysis of the role of 
CNOX in elongation growth, circadian function and gravity response in plants. 

The importance of the work is underscored by recent report that, after three months in 
space, astronauts lose sleep and sleep less soundly because of the lack of gravity and the absence 
of day- and night cues that disrupt their internal clocks (Monk et al., 2001). While the biological 
clock continues to hnction in space, the results of this first long-term study demonstrate rapid 
deterioration of the body’s daily rhythms and the need for ways to trick the internal clock into 
maintaining a strong 24 h cycle if longer space missions are to succeed. Our findings provide a 
biochemical approach to the development of just such a strategy. 

We are confident that the ground-based studies completed under NAG 2-1344 will lead 
eventually to flight experiments to test our model and hypothesis for how multicellular 
organisms respond to gravitational perturbances. New precise monitoring systems for 
application to both humans and to non-human species are expected to derive from the work as 
well as significant contributions to understanding mechanisms that underlie space flight-related 
developmental changes in plants and biomedical and behavioral changes in humans. 
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The most important and unique feature of the research proposed lies in the opportunity, 
for the first time, to isolate and characterize a gravity responsive protein that may, in fact, be 
both the gravity-receptor molecule and the biological clock. The protein appears to be 
distributed widely among plant and animal cells where it is located on the external cell surface. 
The protein is involved in the growth process and is stimulated by relatively low imposed 
gravitational forces (Garcia et al., 1999; Bacon and MorrC, 200 1). In gravitationally-responsive 
plant parts, the activity of the protein responds to unit gravity (Garcia et al., 1999). The 
structural and functional implications of such a protein are far-reaching. They not only provide a 
conceptual frame work within which future micro-gravity research may be based but provide, as 
well, opportunities for chemical or genetic modulation of the receptor protein to enhance 
adaptation of astronauts, food plants and living organisms in general, to space flight conditions. 

2. Review of research completed. 

a) Summary 

In work carried out under a previous NASA-sponsored project, a gravity-responsive 
protein with NADH oxidase activity at the external mammalian cell surface discovered from 
studies with isolated plasma membrane-derived endosomes from rat and bovine kidney and from 
HeLa (human cervical carcinoma) cells grown in culture. The initial observations were based 
on a response to imposed centrifugal forces (Morre et al., 1998a). A comparable activity was 
found for plants using a plasma membrane-derived endosome model (MorrC et al., 1998b). 
Subsequent studies under NAG 2- 1344extended the observations to isolated plasma membranes 
from HeLa cells and soybean tissues (Garcia et al., 1999). With the latter, a growth-related 
response to unit gravity was obtained (Garcia et al., 1999) as well as a response to imposed 
centrifugal forces. The cDNA to a mammalian form of the protein was cloned (GenBank 
Accession Number AF207881) and the protein expressed in bacteria (Chueh et al., 2002 a, b). 
The purified protein from soybean as well as the recombinant form of the protein from HeLa 
cells expressed in E. coli responded as well to low g centrifugal forces. A second important 
characteristic of the protein also given by the recombinant protein was a periodic alternation of 
two functional activities associated with the protein. The two functions were quinol (NADH) 
oxidation with concomitant transfer of protons and electrons to molecular oxygen or protein 
disulfides and protein disulfide-thiol interchange. The two activities alternated with a 
temperature compensated and entrainable period length of 24 min. The pattern of oscillations 
coincided with a similar pattern of oscillation with a period length of 24 min that characterize 
cell enlargement (growth) in plants (Morre, 1998; Morre et al., 2001a, 2002) and animal cells 
(Pogue et al., 2000). As such the activity has been suggested to function both as an ultradian 
core oscillator of the biological clock and of the enlargement phase of cell growth common to 
both plant and animal cells. 

b) Plasma membrane NADH oxidase of soybean hypocotyls is gravity-responsive (Appendix 
Figures 1-8, Table 1). 

i) Plant NOX activity responds to unit gravity 
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NADH oxidase measured with intact tissue sections and with isolated plasma membrane 
vesicles from etiolated hypocotyls of soybean (Glycine m a )  responds to gravity (Garcia et al., 
1999). The response was one of inhibition of activity with low centrifugal g forces (< 100 g) and 
short stimulation times lying flat of 20 min or less at 1 g and one of stimulation with higher 
centrifugal forces and stimulation times of 3 min or longer at 1 g (Garcia et al., 1999). Everting 
the tissue sections resulted in stimulation of the activity with a lag of less than 20 rnin and 
returning the sections to the normal upright position resulted in a return to initial rates also with a 
lag of less than 20 min. Both the stimulated and non-stimulated activities oscillated with a 
period of 24 min. 

ii) Plant NOX activity responds to imposed centrifugal force 

When intact hypocotyl sections were centrifuged for brief periods of time at low g forces, 
NOX activity also was stimulated in a time- and relative g-force-dependent manner (Garcia et 
al., 1999). A similar response was given by NOX activity of plasma membrane vesicles isolated 
from hypocotyl segments. 

The NOX activity of isolated vesicles of plasma membranes from soybean hypocotyls 
exhibited a response to centrihgation that was both g force- and time-dependent. These 
experiments were carried out with two spectrophotometers operated in parallel. With both 
instruments, the reaction mixtures were constituted, poured into tubes and transported from 
centrifuge to spectrophotometer in exactly the same manner, the only difference being that one 
was centrifuged and the other not. The centrifugal forces utilized were insufficient to sediment 
the membranes to form a pellet. The activity in response to centrifugation persisted for a time 
with a T ?4 of ca 10 rnin for the return to basal levels. However, the centrifugation induced 
responses persisted for a time sufficient to carry out physical measurements of changes in 
secondary structure. 

c) The gravity-responsive NOX activity oscillates with a temperature compensated period of 24 
rnin (Appendix Figures 9-15, Table 2). 

The NOX activity of etiolated hypocotyls of soybean oscillated with a period length of 
about 24 rnin or 60 times per 24 h day (MorrC and Morri, 1998). The oscillations were 
temperature compensated such that the period remained constant at 24 rnin between 17 and 37"C, 
a temperature range over which enzymatic activity varied 4-fold ( Q ~ o  of 2). The oscillations 
were observed with intact tissue sections, with isolated plasma membrane vesicles and with the 
detergent-solubilized and partially purified enzyme. The oscillations were observed both with 
the oxidation of NADH and in the restoration of activity to scrambled ribonuclease used as a 
measure of a protein disulfide-thiol interchange activity also associated with the NOX protein 
(Morrk et al., 1995a). 

To illustrate the reproducibility of the periodic nature of the activity oscillations, rates 
were measured for plant plasma membranes simultaneously with two spectrophotometers and 
with reaction mixtures prepared in parallel. The two data sets yielded similar patterns of 
oscillations. The corresponding Fourier transforms of the oscillations given in Appendix Figures 
14C and 14D verified that the oscillations were periodic. 

4 



The rate of NADH oxidation z 1.6 + 1.9 sin (( 15.12 7c t) + 120 d l  80) where t =time in rnin and 

the value of 1.6 is the mean rate of NADH oxidation in the presence of 1 pM 2,4-D, a synthetic 
auxin regulator of plant cell enlargement that stimulates both growth and the NOX activity 
(Appendix Figrues 14A and 14B). The sine function described by the equation (dotted sine 
function) approximated the experimentally determined values of Appendix Figures 14a and 14B. 

180 

To allow for calculation of standard deviations in amplitude, a second set of two 
determinations was carried out under the same conditions as those for the first set. The second 
set of determinations was delayed to begin in phase with the first set. The specific activities of 
the four data sets were then averaged and standard deviations were calculated (Appendix Fig. 
15A). The maxima and minima of the oscillations were significantly different and the composite 
Fourier analysis (Appendix Fig. 15B) yielded a mean frequency of 0.042 k 0.001 cycledmin or 
an average period of 23.8 f 0.3 min. 

Fourier analyses were applied to triplicate data sets collected in the absence of 2,4-D at 
each of the 3 temperatures investigated (Appendix Table 2). The periods determined were about 
24 rnin at 17", 27" and 37" C and the mean period comparing the three different temperatures 
was 24.1 f 0.3 min. 

d) 
epithelial plasma membrane exhibits a 24 rnin temperature compensated period. 

NOX activity of the bovine milk fat globule membrane a derivative of the mammary 

An oscillating activity with a temperature compensated period of 24 rnin has been 
described for the NOX protein of the bovine milk fat globule membrane, a derivative of the 
mammary epithelial cell plasma membrane (Appendix Fig. 9, MorrC et al., 2002). The period of 
24 rnin remained unchanged at 17,27 and 37" C whereas the amplitude doubled with each 10" C 
rise in temperature (Qlo z 2) as for soybean. The periodicity was observed with both intact milk 
fat globule membranes and with detergent-solubilized membranes. 

e) The NOX activity of the HeLa cell surface exhibits a ca 24 rnin temperature compensated 
period and responds to gravity. 

A mammalian counterpart to oscillating NOX activity with a temperature compensated 
period length of 24 rnin of plants was observed as well for HeLa cells (Wang et al., 2001). The 
period length of 24 rnin remained unchanged at 17, 27 and 37" C whereas the amplitude doubled 
with each 10" C rise in temperature ( Q ~ O  z 2). The periodicity was observed with the surface 
activity of whole cells and in a cell-free environment with right side-out plasma membrane 
fragments and with partially purified NOX protein. The oscillations were not the result of 
instrument variation or of chemical interactions among reactants in solution. Preparations with 
different periodicities entrained (synchronized) when mixed. The gravity-responsive cell surface 
NOX protein is the first reported example of an entrainable biochemical entity with a h l l y  
temperature-compensated period length potentially capable of functioning as an ultradian core 
oscillator of the circadian clock. 
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A response to imposed gravitational forces has been demonstrated for the KOX protein of 
plasma membranes of HeLa cells, a partially-purified fraction of NOX proteins from HeLa cells 
and for human recombinant NOX protein. When subjected to low centrifugal forces, i.e., < 500 
g.min, the human NOX protein from all three sources responded nith an enhanced rate of 
NADH oxidation. The enhanced activity persisted over 5-6 min and then slowly returned to 
basal levels with a T % of about 10 min. 

f) The rate of plant and animal cell enlargement oscillates with a period length of about 24 min 
(Appendix Figures 16 and 17, Tables 3 and 4). 

Since activity of the gravity-sensitive NADH oxidase was correlated with the rate of cell 
enlargement, experiments were designed to determine if the rate of cell enlargement also 
oscillated with a period length of 24 min. This expectation is borne out with elongation of 
hypocotyl sections of dark-grown soybeans (Morre, 1998; MorrC et al., 2002), elongation of 
coleoptile sections of dark-grown maize and enlargement of individual epidermal cells of 
soybean ( M o d  et al., 2001a) as well as enlargement of CHO (Pogue et al., 2001) and HeLa 
(Wang et al., 2001) cells. Steady state cell enlargement in these cells and tissues is strikingly 
periodic and the pattern of oscillations parallels those of the cell surface NADH oxidation. 

Oscillations in the rates of cell enlargement in CHO (Pogue et al., 2001) and HeLa cells 
(Wang et al., 2001) were monitored by light microscopy. The period lengths corresponded to 
those of the NADH oxidases present at the CHO and HeLa cell plasma membranes. 

As both the gravity-responsive NOX activity and plant and animal cell enlargement 
exhibit oscillations with period lengths of 24 min, we postulate that gravity may be an important 
contributor to NOX synchrony and entrainment with important implications in cell growth, 
homeostasis and circadian control of cellular activities. A hypothesis that we are eager to test is 
that small molecules that mimic the effect of gravity on earth can be utilized in space to improve 
plant production and to facilitate traverse of the complete reproductive cycle and to enable space 
travelers to maintain normal biorhythms in a micro-gravity environment. 

g) The NOX protein shed from cells and into the circulation. 

The NOX protein is an ectoprotein anchored in the outer leaflet of the plasma membrane. 
As is characteristic of other examples of ectoproteins (sialyl and galactosyl transferase, 
dipeptidylamino peptidase IV, etc.), the gravity-responsive NOX protein is shed. It appears in 
soluble form in conditioned media of cultured cells and in sera. The serum presence of the 
NOX proteins seems to represent an origin due to shedding from cells and offers an opportunity 
to monitor NOX activities of human subjects based on serum analyses. 

h) Mechanistic studies (Appendix Figures 19-29).. 

The mechanisms whereby the NOX protein both responds to gravity and exhibits a h l ly  
temperature-compensated period length are, at the moment, speculative but appears to reside 
within the secondary or tertiary structure of the NOX protein. One scenario is that paired NOX 
subunits interact specifically to induce a random coil or a-helix to p-structure transformation. 
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The ensuing conformational change would be spontaneous and reversible. Upon reaching a 
certain conformation, the process would then reverse and, after 24 min, begin anew. 
Synchronous subunits might at some point dissociate from each other more readily than 
asynchronous subunits and then reassociate with subunits where folding and unfolding was less 
synchronous than with themselves. Association of two asynchronous subunits would then result 
in synchronization such that by association and reassociation, a membrane population or solution 
would become highly synchronized. The NOX protein is considered to be anchored to the 
membrane either by hydrophobic or electrostatic interactions that can be reversibly dissociated. 
The NOX protein appears to contain neither a GPI anchor or a transmembrane spanning domain. 
Both of these possibilities are ruled out by experiment and on a theoretical basis from the derived 
amino acid sequence and from the hydropathy plots of the derived amino acid sequence of the 
open reading frame of the cDNA (Morre et al., 2001b). As such, the NOX protein would be 
relatively mobile in and off the membrane. Subunits would be free to associate and dissociate as 
well as recruit unsynchronized new molecules coming from synthesis to replace shed molecules. 
A role of NOX as an ultradian time-keeping mechanism would also be served by the existence of 
a fully active but drug-responsive circulating form of the protein that retained periodicity (see 
above). The circulating form could move throughout the organism and associate with NOX 
subunits on the surfaces of cells to synchronize the entirety of NOX molecules within the cell 
and ultimately within the entire organism. 

i) Cloning of the tumor-associated NOX protein (tNOX) from HeLa (human cervical carcinoma) 
cells and the constitutive NOX protein (CNOX) from soybean. 

Expression screening of a HeLa cell library was used to isolate cDNA clones encoding a 
protein recognized by a monoclonal antibody to the human tNOX protein isolated from sera of 
cancer patients. 

The amino acid sequence derived from the open reading frame of the cloned cDNA 
(Appendix Figure 30) contains conserved quinone binding site motif (drugs inhibitory to tNOX 
are considered to bind at the quinone site) and a conserved NADH-binding site. The protein 
contains 8 cysteines and a putative C-XXXX-C protein thiol-disulfide interchange motif distinct 
from that of protein disulfide isomerase and other known thiol oxido-reductases. A H(326)-V-H- 
P-F-G copper-binding motif in the deduced amino acid sequence of the NOX gene is highly 
conserved with the motif H-V-H-E-F-G in that of both human and chicken copperhinc 
superoxide dismutase (CdZn SOD). The third ligand for copper binding was located 15 amino 
acids downstream from the motif in chicken SOD. One histidine (histidine 355) located 14 
amino acids downstream of the motif in tNOX, therefore, is the likely candidate for the third 
copper binding ligand in the NOX protein. 

The antigen was a 34 kD peptide from sera of cancer patients (Chueh et al., 1997). This 34 kD 
peptide region had been associated previously with a sulfonylurea-binding protein from plasma 
membrane of HeLa cells and with the sulfonylurea-inhibited and/or capsaicin-inhibited NOX 
activity shed into culture media conditioned by growth of HeLa cells and of sera of cancer 
patients. Antisera generated to the 34 kD peptide inhibited and immunoprecipitated the 
sulfonylurea- or capsaicin-inhibited activity and cross-reacted with the 34 kD band from sera. 
Clones were selected on the basis of reactivity with 34 kD tNOX-enriched fractions prepared 
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from the HeLa cell surface. Secondary screening used inhibition of the drug-inhibited 
component of tNOX activity of pooled sera of cancer patients. The antisera were extensively 
characterized (Cho et al., 2002). 

The periodic oscillations in enzymatic activities associated with the cellular NOX 
proteins has been observed with the recombinant tNOX generated from expression of the tNOX 
cDNA in bacteria (Chueh et al., 2002 a, b). The period length of the recombinant protein is the 
same as that of cellular tNOX and its identity as tNOX is confirmed by the total inhibition of the 
activity by 1 pM capsaicin. 

A second unique feature of the cell surface tNOX activity is that the two activities 
associated with the cloned and expressed protein, the hydroquinone (NADH) oxidase activity 
and the protein disulfide-thiol interchange (dithiopyridine cleavage) not only oscillate but the 
two oscillatory activities alternate (Appendix Figure 20C). This represents an extraordinary 
observation and one unprecedented in the scientific literature. 

j) Cloning of the constitutive NOX protein (CNOX) from plants. 

In a parallel investigation, a monoclonal antibody was generated to the constitutive NOX 
activity of soybean plasma membranes (CNOX). This antibody was used to initiate expression 
cloning of the CNOX cDNA from a soybean library. 

A total of 5 mice were immunized with right side-out plasma membrane vesicles as 
immunogen. One mouse yielded a monoclone to the constitutive NOX. The antibody had the 
required characteristics to proceed with library screening. The antibody completely blocked the 
24 min pattern of oscillations of the column purified constitutive NOX activity from soybean 
(Appendix Figure 18), reacted on Western blots with the 48 kD CNOX peptide, 
immunoprecipated both the CNOX peptide and the activity in parallel and did not cross react 
with the E. coli NOX as required to have utility for expression cloning using the bacterial 
system. 

k) Red light in plants and cysteine compounds in plants and animals set the period and cysteine 
compounds may have utility for growth of plants and other organisms in space. 

The NADH oxidase activity of the plant cell surface clearly oscillates with a 24 min 
period. With plants of spinach or soybean, the oscillations of all plants within a single 
population are in phase (MorrC et al., 1999a). Experiments were carried out to determine what 
stimulus in the environment was responsible for the synchrony. The findings demonstrate that 
light exposure of plants transferred from darkness initiates a maximum 12 min following the 
light exposure independent of the point in the cycle where the light was given (MorrC et al., 
1999a). Red light (650 nm, 10 min, 50 pM m-2s-') was equivalent to white light. Blue light also 
phases the oscillations but apparently through a different chromophore than red light (MorrC et 
al., Submitted b). Green or yellow light at a similar intensity as red or blue light were 
ineffective. Far-red illumination (730 nm, 5 min) appeared to be equivalent to darkness and was 
sufficient to condition the plants to respond to light by resetting the NOX cycle. Involvement of 
phytochromes, as the light detecting molecule, therefore, is indicated for the red light absorbing 
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chromophore. Since blue light sets the period in both plant cells and mouse skin, a blue light 
absorbing chromophore common to both plant and animal cells such as a cryptochrome is 
indicated for the blue light chromophore. 

The only substances found so far that alter the pattern of oscillations are melatonin and 
valerian. These compounds do not change the period length but “set” the phase of the oscillatory 
patterns much like light. But unlike light these substances act directly on the NOX protein itself. 
A single addition of 1 pM melatoninresults in an activity maximum with activity maxima every 
24 min thereafter. The response to valerian is similar to that for melatonin and has been 
demonstrated for soybean, HeLa and CHO cells and mouse skin. 

FT-IR spectrometer used to measure protein changes in NASA centrifuge. 

When subjected to low centrifugal forces (< 500 g min), a human recombinant ECTO- 
NOX protein (tNOX) responded with an enhanced rate of NADH oxidation. The enhanced 
activity persisted for 5 to 6 rnin after centrifugation and then slowly returned to basal levels with 
a Tl/z of about 10 min. Normally ECTO-NOX proteins exhibit complex oscillatory behavior 
within each 24 rnin period consisting of five maxima unequally separated at intervals of 4 to 6 
min. Each of the 5 maxima correspond to changes in the proportion of a-helix and p-structure 
determined by Fourier transform infrared (FT-IR) and circular dichroism spectroscopy. After 
centrifugation for 4 rnin at 100 g, the activity of the fourth upward inflection in each period was 
disproportionately increased and the third inflection appeared earlier. These two inflections are 
two of three inflections that coincide with maxima in protein disulfide-thiol interchange and 
correlate with growth. 

Taken together, the findings suggest that the gravity response is confined to specific 
domains within the structure of the protein involved in the oscillatory behavior. To test this 
hypothesis, an Avatar 360 FT-IR spectrometer was mounted to the arm of the 20 G centrifuge 
(29 ft radius with Avatar’s center mounted at 23 ft) at the NASA Ames Research Center, Moffett 
Field, CA. Greatest instrument stability was achieved with the mirror aligned tangential to the 
centrifuge rotation. The Avatar, fitted with a calcium chloride sample cell containing human 
recombinant tNOX protein was rotated at forces of up to 2.75 GI (the instrument withstood 5 
rnin at 3.5 G). An alteration in the FT-IR signal (Amide I/Amide 11) was observed in proportion 
to G force that was retained by the protein following centrifugation (Appendix Figure 32) for a 
time before returning to the original baseline value. The findings confirm that ECTO-NOX 
proteins respond to normally sustainable G forces on earth and experienced in flight. 

NOX proteins have many characteristics in common with prions. A distinguishing 
property of prions is the ability to undergo a permanent conformational change (to learn) and to 
transmit this conformational change to other proteins like itself (to teach). The response to 
gravity may be similar except that the memory component is transient and the protein in solution, 
at least, returns after a time to its original baseline value. 

As controls, the recombinant tNOX protein was replaced by albumin or ribonuclease. 
Neither control protein exhibited the five-peak pattern of change in Amide I/Amide I1 nor 

9 



exhibited the G-force dependent alternations in peak amplitude observed with the recombinant 
I NOX protein. 
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desmitd by LGthcn and Bdrrger (19%). Each rtnrlr 
i s  for fwr 0.5 cm xciions. Elongation hmtd 
with a period Length of 24 mia (A). Tke secdolu 
W C : ~  qudibnted far 180 min rtbrr whiFh 1 b! 2,J- 
D was added. Steady state elonpaon rate b t m c n  
4 0  ad 630 min arc shown. (81 T h e  re* 
(decoqms~iort) analysis to vwfy the reproducibility 
of be pmrn of orcillrtiolrr a h  coprvmrd by 
Founet rallysir [From M& er rl.. 2001b). 
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Fig. I1.Exon.inr~on orgwiulin of &e gene boding for 
human &OX. me miid line nprrsmrr thc g e m k  
DNA and cDSh rcgiont cbncd while the dashed line 
rcprcxnlr unchuucrtriztd cDNA s q u m c r .  C l a d  
boxer in the genomic O W  map rcprrscnt h e  I 
tdcntifNd protrin-cdir,g exons. @xn b o a s  in rhe 
cDNh map rcprcsmt thc eight idcnbfkd prorcin-codirg 
exons and rhc hatched box in b e  cDNA map rcprncnu 
&he prorcm-coding rcg:on 

I # 2 4 -  

fig. 20. n e  w i v i Q  of h e  ckned tnd expressed prokh 
from H d a  a h  is pcfiobic. The p k d k  vuirtica in rhc 
me of orjbl ioo a f  NADH as a fundon of  time ovn 
100 mm Bowing I m u h a  (3 min. 24 min, 47 min. 69 
mio md 9; min). W h i n  a time of 93 min. four m x h a  
were obvrved wilh M r v m p c  period lmfl of about 23 
min per M o d  The a m i t y  WY completely bloclt:d by 
the tVOX LJlibiroc capsaicin at a coneenartion of 100 
pM n e  pr ied  sa of du vue collretd 
simulun-ty using two Hiuchi Uj07.1 
iprc-ccm. Oxidation of SADK at 340 run was 
r n c u d .  A ,  The auyme wurc: w a  a crude 
picpamion born bacteria expotha N O X  cDEu'A !MI 
a HcLa (hutma) libmy inr!uccd to express the p m r ~ i a  by 
cddinoa of IPTG. 8. in A bur in thc absence of 
Mduccr I sene u r roawl for machine and r tyent  
V Y L U ~ .  C. As A rxccpt the rcxkides werc 
m o w e d  simulmwruly as I lunttion of time wing WO 
diffemt spccmphotomctcrr a r b  vi& identical unounu 
of thc M i l y  expressed INOX pmcin. The solid 
c w r  shows oxkbcion of NADH measured Y in A. f h c  
&tud cwwe shows the cleavage of 8 didriodipyrdinc 
(DTP) t u h 4 e  which u a measure of the lwi.disuIMr 
inccrchmgt activity, E& I t f i v i t i o  show a 23 min 
pcriadicrty when rates wen dctennincd for 90 mb 
cxcepr thar rhr activity m u h a  were I;? pcriad out of 
phase wirh each orha. Both activities were inhibited by 
I fiM capuicin W d  at % min ( M o d .  1991s). 
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Fig. 3 L. Preliminary stdies  with tNOX cystcine to alanine rcpioccmcnts show that NOX period length 
determines rhc length of the Clrczd iM period. Glyceraldehyde-f-phosporpholc dehydrogmrsc, a celldar 
house keeping protein whose activiry oscillates wth a 24 h circadim period, urd to monitor cellular 
clock function. A. GLyceraIdehyOe.3-phorphite dehydrogenase (GAPDH) activity m wild we COS 
cells exhibits a precise circadian period length of 24 k A minor pcnod length of 22 h corrcrponb to rhtf 
for endogenous tKOX (COS CCHS a r ~  SV40 transformed) (double arrows). 6. GAPDH activities of 
COS cells transfected with ItN0.Y cDNA ovenxprcrsing the 34 kD tNOX protein with a 22 m h  period 
length The transiectcd cells cxpms both 21 h (~ittgle arrow) and 22 h (double LVW) circadian 
pcnodr. C. GAPDH activities of COS cells einsfecred with mutant &VOX cDNA overexpressing the 
C558A mutant W0.Y protein with a period ten& of 42 min. The transfeckd cells exprew both 24 
(single arrows) and 42 h (double arrows) circadian periods. D. GAPDH specific achvities of wild W e  
subtracted from those expressing the C558A mutant tNOX with a 42 min period length. The difference 
shows a circadian period length of 41 h. 

These experiments have k e n  repeated subsequently wilh one of the LVOX cysteine to 1 1 3 1 ~ ~  
replacemenrs exhibiting a 16 min period length (Cj75A). T h c x  truufectants now exhibit GAPDH 
activiry with a penod length of 36 h in addiuon ~3 h e  wild type penad IengLh of 24 h. 
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Figure 32. Retention of a confomtional change by recombinant WOX in response to 
increasing impased centrifugal force (Imposed G) over 5 minutes as measured using a 
centrifuge-mounted Avatar, The values reported are the increase in Amide llAmide II 
ratio determined at 1650 cm', respectively, after return to unit gravity following a 5 min 
centrifugation lo generate the imposed G forces indicated. 
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