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SUMMARY

Diurnal variation in nitrogen homeostasis is observed across phylogeny. But whether these are
endogenous rhythms, and if so, molecular mechanisms that link nitrogen homeostasis to the
circadian clock remain unknown. Here, we provide evidence that a clock-dependent peripheral
oscillator, Krippel-like factorl15 transcriptionally coordinates rhythmic expression of multiple
enzymes involved in mammalian nitrogen homeostasis. In particular, Kriippel-like factor15-
deficient mice exhibit no discernable amino acid rhythm, and the rhythmicity of ammonia to urea
detoxification is impaired. Of the external cues, feeding plays a dominant role in modulating
Krippel-like factorl5 rhythm and nitrogen homeostasis. Further, when all behavioral,
environmental and dietary cues were controlled in humans, nitrogen homeostasis still expressed
endogenous circadian rhythmicity. Thus, in mammals, nitrogen homeostasis exhibits circadian
rhythmicity, and is orchestrated by Kriippel-like factor15.

INTRODUCTION

Despite its abundance in the earth’s atmosphere, mammals cannot freely assimilate nitrogen,
and are dependent on ingestion of amino acids. Nitrogen fixation is an elementary biological
process through which microorganisms that exist in the roots of leguminous plants convert
atmospheric nitrogen to ammonia. Thus, plants serve as the major source of amino acids
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(AAs) for mammalian organisms; accordingly amino acids in organisms are termed essential
(diet-dependent) or non-essential (synthesized from other essential amino acids in vivo). In
addition to serving as building blocks of proteins, AAs are critical for diverse biological
functions, including gluconeogenesis, hormone synthesis, nutrient signaling,
neurotransmission and embryonic stem-cell growth (Wang et al., 2009; Wu, 2009).
Following utilization of AAs, organisms also face the burden of detoxifying the by-products,
i.e., converting ammonia to urea (Morris, 2002). The importance of this homeostatic process
is perhaps best demonstrated in congenital disorders of amino acid (AA) metabolism/
ammonia detoxification that often present with dysfunction of multiple organ systems —
particularly cognitive impairment (Gropman et al., 2007). Recent studies have also shed
light on a potentially direct pathogenic role for amino acids. Interestingly, supplementation
of essential AAs significantly reduced survival in Drosophila (Grandison et al., 2009), while
supplementation of branched chain amino acids (BCAA) enhanced survival in mice
(D'Antona et al., 2010). Thus, organisms face a delicate task of imbibing and metabolizing
amino acids, and imbalance alters survival.

The behavior, activity and survival of organisms are influenced by the 24-hour rotation of
the earth on its axis (Foster and Roenneberg, 2008). Studies over the last two decades have
identified components of the endogenous core clock machinery (CCM) that govern 24-hour
rhythms even in the absence of external cues (e.g., light) (Reppert and Weaver, 2002). The
CCM exists in the central circadian pacemaker in the hypothalamus, the suprachiasmatic
nucleus, as well as in most peripheral cells, and consists of a series of positive and negative
feedback loops generated by the basic-helix-loop-helix family of transcription factors Clock
and Bmall, the Period and Cryptochrome families and the nuclear receptors Reverba and
Rora (Ko and Takahashi, 2006). The CCM in the suprachiasmatic nucleus is entrained by
cues such as light exposure and acts via neural and endrocrine signals to appropriately
synchronize the CCM in peripheral tissues (Dibner et al., 2010). However, circadian timing
in peripheral tissues many also be affected by other factors, such as rhythmic feeding and
temperature (Dibner et al., 2010). Multiple lines of evidence identify the CCM as centrally
involved in regulating metabolic homeostasis — particularly with respect to glucose and lipid
levels (Duez and Staels, 2008; Green et al., 2008; Lamia et al., 2008; Le Martelot et al.,
2009; Marcheva et al., 2010; Rudic et al., 2004; Turek et al., 2005; Yin et al., 2007). A
relationship of the CCM to AA utilization and excretion (i.e. nitrogen homeostasis) remains
unknown.

Interestingly, several aspects of nitrogen flux across several phylogenies in nature occur in a
diurnal fashion. The first process of “nitrogen fixation” in diazotrophs is highly diurnal due
to the oscillatory pattern of nitrogenase activity (Balandreau et al., 1974; Wheeler, 1969). As
a consequence, AA concentration in the leaves of plants exhibit diurnal variation (Bauer et
al., 1977). Intriguingly, studies from humans and rodents over five decades ago reported
diurnal variation in plasma levels of AAs that is modulated by changes in diet (Feigin et al.,
1969; Feigin et al., 1967; Fernstrom et al., 1979). Further, recent unbiased metabolite
analyses in yeast and mice have identified that AAs and urea-cycle intermediates exhibit
oscillatory behavior (Minami et al., 2009; Tu et al., 2007). In addition, screening of the
hepatic proteome revealed rhythmicity of AA metabolic enzymes and urea cycle enzymes
(Reddy et al., 2006). However, the molecular mechanisms that control these diurnal
rhythms, and whether nitrogen homeostasis exhibits true endogenous circadian rhythmicity,
i.e., oscillation in the absence of external cues, remain unknown.

Kruppel-like factors belong to the zinc-finger family of transcription factors, and are
implicated in coordinating numerous biological processes from pluripotency to
carcinogenesis (McConnell and Yang, 2010). Our laboratory previously demonstrated that
Kruppel-like factor 15 (KIf15) regulates glucose homeostasis through effects on AA
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metabolism (Gray et al., 2007). Subsequent genome-wide microarray analyses of muscle
and liver tissues identified additional targets of KIf15 as being involved in AA metabolism.
Thus, we hypothesized that KIf15 may be involved in regulating the rhythmic utilization of
amino acids. In the present study we demonstrate that nitrogen homeostasis exhibits 24 hour
periodicity in mice and humans. Further, we identify KIf15 as a clock-dependent peripheral
regulator of rhythmic amino acid utilization and excretion of amino acids.

KIf15 expression exhibits 24 hour periodicity

As a first step, we examined whether KIf15 expression itself was rhythmic. WT mice were
sacrificed every 4 hours under light/dark conditions (L/D) or constant dark (D/D) conditions
for 24-hours. KIf15 expression exhibits rhythmic oscillation in several peripheral organs
including liver and skeletal muscle under both conditions (Fig. 1la—¢ & Supplemental Fig.
1a,b), confirming the notion that KIf15 expression is rhythmic. As next steps, we examined
whether the CCM mediates KIf15 rhythmicity in peripheral organs, and how this occurs.
Examination of the regulatory region of KIf15 identified four “E-box” binding motifs (Fig.
1d inset), and CLOCK/BMAL1 induce KIf15 in a dose dependent manner in hepatocyte cell
lines (Fig. 1d). Consistent with this observation, KIf15 rhythmic variation was abrogated in
Bmall-null livers (Fig. 1e). Further, KIf15 rhythmicity was also abrogated in livers of
several CCM-mutant mouse lines including Per2/Cryl KO, Per1/2 KO and Reverba KO
(Supplemental Fig. 1c, d). Finally, chromatin immunoprecipitation (ChlP) revealed rhythmic
occupancy of Bmall on the KIf15 promoter (Fig. 1f). These data support a direct role for the
CCM in orchestrating the 24 hour periodicity of KIf15.

Nitrogen homeostasis exhibits 24 hour periodicity in mice

In addition to daily rhythms in KIf15, we next examined if AA utilization and excretion also
oscillate. Wild-type (WT) mice were placed in constant darkness for 38 hours (D/D), after
which plasma was collected every four hours for the following 24-hours. Interestingly, the
total AA pool, as well as major circulatory amino acids (AAs), e.g., alanine and branched
chain amino acids (BCAA) exhibited 24 hour rhythms in constant darkness (Fig. 2a—c).
Further, the detoxified excretory product of nitrogeneous waste i.e., urea also oscillates with
similar 24 hour periodicity (Fig. 2d). Of the twenty AA’s, fourteen AA’s were rhythmic
under D/D as detailed in Supplemental Table 1. Thus, nitrogen homeostasis in mice exists
with a 24 hour periodicity even under constant environmental conditions.

KIf15 regulates rhythmic AA utilization

Next, the effect of KIf15 proficiency and deficiency on nitrogen homeostasis was assessed
under L/D over a 24-hour period. Because mammals are dependent on diet for essential
AAs, we first assessed the cumulative and total food intake over 24-hours. The cumulative
food intake (measured every five minutes, Fig. 2e) and aggregate food consumed over 24-
hours (Supplemental Fig. 2a) were nearly identical in WT and KIf15-null mice. Consistent
with this observation, the total body weights of KIf15-null mice were similar to their WT
counterparts (Fig. 2f). Further, the free running period under constant dark and constant light
conditions were similar between WT and KIf15-null mice (Supplemental Fig. 2b,c).
Interestingly, the hepatic expression of oscillation of several components of the CCM was
preserved in the KIf15-deficient state (Supplemental Fig. 2d). However, a marked alteration
in both the absolute levels and rhythmicity of the total AA pool and urea were observed in
KIf15-null mice (Fig. 3g, h). A detailed analysis of each individual AA is provided in
Supplemental Table 1. Collectively, these observations identify KIf15 as an essential
regulator of rhythmic nitrogen homeostasis.
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We next sought to elucidate the molecular basis for the non-rhythmic nitrogen homeostasis
in the KIf15 deficient state. In mammals, the liver and skeletal muscles are centrally
involved in coordinating nitrogen homeostasis. During the daily feed/fast rhythms, the
glucose-alanine cycle serves two main purposes — (a) to supply carbon skeletons to the liver
to sustain glucose levels, and (b) to facilitate transport and elimination of nitrogenous waste
(Felig, 1975). During the fed state, when glucose is freely available, skeletal muscle oxidizes
glucose to generate pyruvate that is transaminated by alanine transaminase (Alt) to produce
alanine (Fig. 3 schematic) (Felig, 1975). Further, in the post-absorptive state, carbons
generated from breakdown of muscle AAs are the principal precursors for hepatic
gluconeogenesis. Since branched chain amino acids (BCAA) compose 35% of the essential
AAs in muscle (Harper et al., 1984), they are major donors of carbon and dispose their
nitrogen through the glucose-alanine cycle. The skeletal muscle mitochondrial branched
chain transaminase (Bcat?) is the first step in BCAA catabolism and converts BCAA to
glutamate and a-keto acids (Harper et al., 1984). The glutamate is subsequently utilized by
Alt in skeletal muscle to synthesize alanine. The alanine spills into the circulation, is
absorbed by the liver, and ultimately donates its carbons for gluconeogenesis and its
nitrogen for urea synthesis (Fig. 3 schematic). Intriguingly, the expression patterns of Alt,
Bcat2 in skeletal muscle and Alt in liver of WT mice were found to exhibit robust diurnal
rhythms — an effect that was abrogated in both tissues with KIf15-deficiency (Fig. 3a,b and
Supplemental Fig. 3a). Consistent with this defect, skeletal muscle and liver concentrations
of alanine and glutamate were reduced, and BCAA was significantly increased
(Supplemental Fig. 3a). Consequently, plasma alanine was reduced without rhythmicity
(Fig. 3c), whereas, plasma BCAA was persistently increased with abnormal rhythmicity in
KIf15-null mice (Fig. 3d). An important consequence of impaired alanine availability was
persistently low glucose in KIf15-null mice (Fig. 3e). This occurred despite compensatory
adaptive changes in several hepatic gluconeogenic enzymes (Glut2, Pepck, Pfkfbp2 and
G6PC, Supplemental Fig. 3b), insulin and glucagon (Supplemental Fig. 3b). Next, to
examine if Alt and Bcat2 are direct transcriptional targets for KIf15, we utilized gain of
function studies and ChIP. Adenoviral overexpression of KIf15 induced Alt in hepatocytes
and Alt, Bcat? in skeletal myotubes (Supplemental Fig. 3c). Further, AA analysis of cell
culture supernatant from KIf15 overexpressing hepatocytes revealed reduced alanine and
increased glutamate concentrations (Supplemental Fig. 3c). Examination of the Alt promoter
region identified conserved consensus DNA binding sites for Kriippel-like factors - C(A/
T)CCC (Miller and Bieker, 1993)(Supplemental Fig. 3d). Finally, ChIP analysis of WT
livers over a circadian period identified rhythmic enrichment of KLF15 on the Alt promoter
(Fig. 3f and Supplemental Fig. 3d).

KIf15 regulates rhythmic urea synthesis

The final common pathway in liver for detoxification of nitrogenous waste occurs through
glutamate, the major nitrogen donor for ammonia (Brosnan and Brosnan, 2009).
Surprisingly, despite reduced plasma glutamate in KIf15-null mice (Fig. 4a), there was
increased accumulation of plasma ammonia (Fig. 4b). This led us to examine expression of
the hepatic urea cycle enzymes. The urea cycle (Fig. 4 schematic) is responsible for
detoxification of ammonia to urea, and occurs predominantly in the mammalian liver
(Morris, 2002). Interestingly, the expression of ornithine transcarbamylase (Otc), a hepatic
mitochondrial urea cycle enzyme was markedly reduced and devoid of rhythmicity in KIf15-
null mice (Fig. 4c). In contrast, the 24 hour periodicity of expression of other urea cycle
enzymes (Cps1, Asl, Ass and Argl) was either unchanged or increased with KIf15-deficiency
(Supplemental Fig. 4a). Importantly, OTC enzymatic activity from KLF15-null hepatic
mitochondrial extracts was reduced to ~6% of their WT counterparts (Fig. 4¢). Consistent
with this defect, plasma/tissue concentrations of ornithine were markedly increased (Fig. 4d
and Supplemental Fig. 4b). Further, urine analysis revealed elevated levels of ammonia and
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reduced urea, supportive of impaired hepatic ureagenesis (Fig. 4f, g). Next, to examine if
Otc is a transcriptional target for KIf15, we performed adenoviral overexpression in
hepatocytes and ChIP. KIf15 overexpression induced Otc expression, and analysis of
hepatocyte cell culture supernatant revealed reduced ornithine concentration (Supplemental
Fig. 4c). Further, ChIP identified rhythmic enrichment of KLF15 on a conserved region of
the Otc promoter (Supplemental Fig. 4c and Fig. 4h). Next, to determine if the observed
hyperammonemia was associated with cognitive dysfunction we performed extensive
neurocognitive behavioral testing. KIf15-null mice exhibited significant dysfunction of
short-term memory as evidenced by reduced percentage of alternation behavior in the Y-
maze test (Fig. 4i). To test for memory more specifically we determined contextual
(hippocampal) and cued (amygdala) fear-based memory. KIf15-null mice exhibit reduced
freezing in the context in which they had been previously received an aversive stimulus
suggestive of impaired hippocampal-based memory (Fig. 4j). However, no significant
difference was noted for cued fear conditioning (Fig. 4j). Finally, in the Morris water maze,
a selective test for hippocampal function, KIf15-null mice exhibit an initial significant
impairment in learning but no differences in retention suggesting that KIf15-null mice
exhibit delay in learning but ability to ultimately acquire and retain the task (Fig. 4k). In
summary, these data suggest that impaired detoxification of ammonia impairs selective
aspects of cognitive function in KIf15-null mice.

Feeding regulates nitrogen homeostasis and the peripheral core clock machinery

Previous studies have identified that rhythmic feeding is a dominant input that modulates
CCM expression in peripheral organs (Damiola et al., 2000). Thus, we reasoned that
rhythmic feeding could alter KIf15 diurnal expression pattern and nitrogen homeostasis. To
test this hypothesis, mice were fed for a six-hour period during the light phase (ZT3-ZT9) or
ad libitum for a period of one-month under L/D conditions. Animals were then harvested at
two time points corresponding to the zenith and nadir of the total AA pool under L/D (Fig.
29). Consistent with previous studies (Damiola et al., 2000), restricting food intake to the
light phase altered expression of several components of the CCM in liver including Clock,
Per2, Cryl, Reverbo and Dbp (Fig. 5a—c and Supplemental Fig. 5a). Interestingly, restricted
feeding also altered expression of KIf15 in liver and skeletal muscle, the total AA pool
(including alanine and BCAA), ammonia and urea (Fig. 5d-h). Of the fifteen AAs that
exhibit rhythmic oscillation in LD, the zenith and nadir of thirteen were shifted significantly
by daytime feeding (Supplemental Table 1). Further, examination of enzymes in AA
metabolism revealed Alt and Bcat2 to be altered in skeletal muscle, but not in the liver (Fig.
5i, j and Supplemental Fig. 5b). Of the nitrogen disposal machinery in the liver, Otc
expression was reversed, and corroborated by changes in plasma ornithine (Fig. 5k,l and
Supplemental Fig. 5b). In an additional set of experiments, mice were harvested at all time
points of a 24-hour period following restricted feeding. Consistent with our aforementioned
experiments, we identified full reversal in gene expression of Bmall, KIf15 and Otc in the
liver (Supplemental Fig. 5¢). Thus, feeding rhythms play a key role in modulating KIf15 and
rhythmic nitrogen homeostasis.

Adaptation to high protein diet in WT and KIf15-null mice

Our study suggests an important role for KIf15 in regulating rhythmic flow of nitrogen by
orchestrating rhythmic variation in expression of amino acid utilization and excretion
enzymes across multiple organs. To further substantiate the importance of these regulatory
effects in vivo, we challenged WT and KIf15-null mice to a high protein diet (70% protein as
casein) or normal diet (18% protein) for one week. In WT mice, despite the low levels of
carbohydrate in the high protein diet (18.7 %, normal diet has 62.3 % carbohydrate), the
mice were able to maintain euglycemia (Fig. 6a) by extracting carbon skeletons from amino
acids, i.e., gluconeogenesis through greater KIf15 and Alt expression (Fig. 6b, ). In addition,
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ammonia levels were also maintained at physiological levels by increasing ureagenesis (Fig.
6e, f) accompanied by a significant increase in hepatic Otc expression (Fig. 6d). In sharp
contrast, KIf15-null mice exhibit near fatal hypoglycemia on high protein diet (one of five
mice died at one week of high protein diet due to severe hypoglycemia), and demonstrated
significant accumulation of amino acids in plasma, indicative of impaired utilization of
amino acids (Fig. 6a—c). In addition, and consistent with a significant defect in hepatic Otc
function (Fig. 6d), KIf15-null mice exhibited marked hyperammonemia with impaired
ureagenesis (Fig. 6e, f). This global failure of nitrogen flux, and inability to adapt to high
protein diet further illustrates the role of KIf15 in controlling utilization and excretion of
nitrogen in mammalian organisms.

Nitrogen homeostasis is circadian in humans

Studies from the 1960°s conducted for six continuous days clearly established that AAs
exhibit diurnal rhythm in humans (Feigin et al., 1967). Our studies in mice suggested that
such rhythms could occur in the absence of external cues. However, since food intake
exhibits endogenous circadian rhythmicity in mice, we cannot determine if nitrogen
homeostasis is driven simply by the feeding/fasting cycle or by an endogenous circadian
rhythm independent of dietary cues. Thus, to determine if the circadian system per se
influences nitrogen homeostasis in humans independent of environmental, behavioral and
dietary influences, we scheduled individuals to live on 28-hour ‘days’ for 7 cycles, across
196 h, in persistent dim light as previously described (Scheer et al., 2009). This forced
desynchrony protocol dissociates the behavioral sleep/wake and fasting/feeding cycle
(imposed 28-h cycle) from the circadian system (endogenous ~24-h cycle) and thus allows
the determination of circadian system influences not confounded by the influence of changes
in behavior (including food intake) and environment (including light). In this way, blood
samples were obtained in the fasted state (~12 hours since the last meal) at different internal
circadian phases. Using this gold-standard method in human circadian research, we
discovered that several AAs including alanine and BCAA exhibit robust endogenous
circadian rhythms (Fig. 7b, c). Of the 20 AAs, six exhibited endogenous circadian
rhythmicity in humans (Fig. 7 & Supplemental Fig 6), and the total amino acid pool
demonstrated a trend towards rhythmicity (Fig. 7a). Finally, plasma urea and ornithine also
oscillated with endogenous ~24-hour periodicity (Fig. 7d & Supplemental Fig. 6).

DISCUSSION

Using complementary approaches in mice and humans we demonstrate that nitrogen
homeostasis is a conserved endogenous circadian process in mammals. Our initial studies in
mice were done under the classical conditions to ascertain rhythmicity, i.e., constant
darkness. In D/D we observed that a 24-hour rhythmicity existed for total amino acid pool,
ammonia and urea (Fig. 2a—d). Furthermore, in our human study we dissociated the
influence of the circadian timing system from that of all environmental, behavioral and
dietary influences on nitrogen homeostasis by placing humans in persistent dim light for 196
hours, and altered the habitual feed/fasting and sleeping rhythms to 28 hour cycles. Despite
these alterations and while fasted, nitrogen homeostasis proceeded with a 24-hour
rhythmicity (Fig. 7), convincing of an endogenous circadian driving force behind these
rhythms.

The teleological role of circadian rhythms is postulated to coordinate behavioral rhythms
(activity, feeding, sleeping) to the anticipated energetic needs of an organism (Green et al.,
2008). Of these functions, glucose homeostasis is paramount due to the obligate use of
glucose by the brain and limited ability of the mammalian liver to store glycogen. Therefore,
within a few hours after a meal, AAs derived from skeletal muscle provide the carbon
skeleton for hepatic gluconeogenesis (Felig, 1975). However, as a consequence of utilizing
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carbons from AAs, mammalian organisms face the burden of eliminating the toxic
nitrogenous waste. Our study identifies KIf15 as a clock-driven peripheral circadian factor
essential for coordinating delivery of the carbon skeletons required for glucose production
and elimination of ammonia to urea. The importance of this regulation is underscored by the
fact that failure to faithfully coordinate rhythmic utilization and excretion of amino acids can
lead to severe pathophysiological consequences. Indeed, failure of rhythmic amino acid
utilization leads to persistently low glucose with impaired circadian glucose homeostasis
(Fig. 3), whereas failure of rhythmic excretion causes hyperammonemia and attendant
cognitive dysfunction (Fig. 4).

Our study also links the circadian clock to nitrogen homeostasis through a KIf15-dependent
mechanism (graphical abstract). KIf15 rhythm was disrupted in several circadian clock
mutant mouse lines, and our data supports a direct clock-dependent transcriptional basis for
this regulation (Fig. 1e, Supplemental Fig. 1c,d). This was also confirmed in an independent
genome wide ChlIP-sequencing study that identified rhythmic BMAL1 binding to the KIf15
promoter (Rey et al., 2011). Feeding rhythms have been identified to play an important role
in entraining the peripheral clock (Damiola et al., 2000). Further, depleting food intake led
to failure of rhythmic variation of transcripts in the liver, whereas, restricted feeding in a
clock mutant induced oscillation of several transcripts in the liver (Vollmers et al., 2009).
Since nitrogen utilization and disposal largely occurs in peripheral organs, we examined the
role of restricted feeding, and identified that feeding plays an important role in rhythmic
nitrogen homeostasis by altering expression of KIf15, and other amino acid utilization
enzymes (Fig. 5). The essential role of KIf15 in mediating amino acid rhythms was also
evident from the observation that normal feeding/activity rhythms and near-normal hepatic
clock gene expression rhythms (Supplemental Fig. 2) in the KIf15-null mice were not
sufficient to maintain amino acid rhythms. Further, administration of a high protein diet was
also not sufficient to overcome the enzymatic deficiencies caused by the absence of KIf15
(Fig. 6). Thus, our studies suggest a central role for KIf15 in transcriptionally coupling
rhythmic variation in amino acid metabolic enzymes to the circadian clock and feeding
rhythms. There are several important limitations to our work. First, because KIf15 is under
control of Bmall (Fig. 1), our observations suggest that nitrogen homeostasis may also be
under the control of the circadian clock. However, studies assessing nitrogen homeostasis in
Clock-mutant or Bmall null mice are likely to be confounded by abnormal feeding rhythms,
altered food intake, and body composition (Turek et al., 2005; Shi et al., 2010). Further,
since nitrogen homeostasis occurs across multiple organs — compound tissue specific
deletion models in Clock mutants will be needed to investigate this issue. While such studies
are decidedly non-trivial, they are clearly of interest and will provide a more comprehensive
understanding of the link between the circadian clock and rhythmic nitrogen homeostasis in
mammalian organisms.

Finally, because AAs can activate many signaling pathways and are precursors for
hormones/nitrogenous substances (Wu, 2009), dysregulation of rhythmic utilization and
excretion may play a pathogenic role in the onset of common disease states. For example,
restricted feeding also resulted in a marked elevation of the total AA pool, BCAA and
alanine (Fig. 5f, m & n). Interestingly, this was associated with a significant increase in
plasma insulin (Fig. 50 and Supplemental Fig. 7), and is consistent with the well-known
relationship between shift work and insulin resistance (Scheer et al., 2009). Indeed, studies
have identified a pathogenic role for altered BCAA levels in the development of insulin
resistance (Newgard et al., 2009). More recently, Shah et al. identified a significant
relationship between BCAA levels, urea cycle metabolites in patients with coronary artery
disease (Shah et al., 2010). Finally, KIf15-null mice develop cardiac and vascular myopathy
characterized by heart failure and aneurismal aortic dilatation following exposure to
angiotensin Il infusion (Haldar et al., 2010). These findings support a potential link between
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impaired nitrogen homeostasis and susceptibility to common disease states. Thus,
examination of rhythmic changes in nitrogen homeostasis may have wide clinical
implications for diagnosis, prognosis and therapy.

EXPERIMENTAL PROCEDURES

Mice and dietary perturbations

Wildtype male mice on C57BL6/J background were purchased from The Jackson
Laboratory (Bar Harbor, ME), and acclimatized to our facility for 3-4 weeks. Generation of
systemic KIf15-null mice was previously described (Fisch et al., 2007), and KIf15-null mice
have been backcrossed into the C57BL6/J background for over 10 generations. WT and
KIf15-null mice were housed under strict light/dark conditions (6 AM lights on and 6PM
lights off), and had free access to standard chow/water. For L/D experiments, mice were
euthanized with CO» inhalation or isoflurane every four hours for 24 hours. For D/D
experiments, mice were placed in complete darkness for 38 hours (starting at the end of light
phase ZT12) followed by harvest every four hours over a 24-hour period. Studies on the
Bmall-null, Perl/2 double KO, Per2/Cryl KO and Reverba were as previously described
(Hogenesch et al., 2000; Oster et al., 2002; Preitner et al., 2002; Zheng et al., 2001). For
restricted feeding studies, mice had free access to food (ad libitum group) or only during the
light phase ZT3-ZT9 for one month. High protein diet feeding was conducted for one week:
the control diet for this study consisted of 18.1% protein, 62.3% carbohydrate and 6.2% fat
(TD110483, Harlan laboratories), and high protein diet was 70% casein, 18.7% carbohydrate
and 6.2% fat (TD 03367, Harlan laboratories).

Physiological studies

Wheel-running behavior was monitored in mice using Clocklab software (Actimetrics).
Animals were housed in light-dark until stably entrained, then wheel running was recorded
for three weeks in L/D, three weeks in D/D, and 17 days in L/L. Food intake analysis was
measured using the Dietmax system (Accuscan Instruments, Columbus, OH) every five
minutes at the Cincinnati mouse metabolic phenotyping core (MMPC).

Tissue harvest and biochemical analysis

Prior to euthanasia, glucose was measured from tail blood using glucometer (Accu-Check,
Roche Diagnostics). Following this, mice were euthanized and blood collected from the
inferior vena cava with a heparin-coated syringe. For constant dark experiments, following
euthanasia the optic nerves were severed before proceeding to organ harvest. Organs were
washed in cold phosphate buffered saline, and flash frozen in liquid nitrogen. Plasma was
separated by centrifugation and frozen in aliquots for analysis. Plasma insulin, glucagon
were measured using radio-immuno assay, and amino acids, ammonia, urea and ornithine
were measured using high performance liquid chromatography at the Vanderbilt MMPC.
Tissue amino acids, ammonia, urea and ornithine were extracted by homogenizing weighed
tissue pieces in 10% 5-sulphosalicylic acid dissolved in distilled water. Briefly, amino acid
analysis was performed using a Biochrom 30 analyzer, a PC controlled automatic liquid
chromatograph with a post column detection system. Prepared samples are injected into a
column of cation exchange resin and separated by buffers of varying pH and ionic strength.
They are then reacted with ninhydrin at 1350 C and the absorbance maxima read at 440 and
570nm. The retention time of the peak identifies the amino acid, and the area under the peak
indicates the quantity present. Samples were prepared by deproteinizing with 10% SSA (5-
Sulfosalicylic Acid) and centrifugation. The resulting supernatant was then added to an
equal quantity of Lithium citrate loading buffer, which lowers the pH prior to introduction to
the cation exchange column. A known quantity of Norleucine may also be added to act as an
internal standard. The PC presents both a detailed chromatogram of each sample and the
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amount of each amino acid based on comparison to a standard mixture of acidic and basic
amino acids. These results were confirmed by manual calculations based on the area of each
peak.

OTC activity analysis

Hepatic mitochondrial extracts were prepared, and OTC activity measured as previously
described (Lee and Nussbaum, 1989; Ye et al., 1996).

Cell culture studies

For adenoviral overexpression studies, Hepal-6 cells or AML12 mouse hepatocyte cell
lines and differentiated C2C12 cells were used. For AA analysis, adenoviral overexpression
was performed for 48 hours in serum-free media. The media was removed, spun to remove
debris, deproteinized and analyzed for AA, ornithine concentration. The promoter region of
KIf15 (-5kb before the translation start site in the second exon) was cloned into PGL3
reporter vector (Promega, Madison, WI). Transient transfection studies were conducted in
HepG2 cells using Fugene HD (Roche, Indianapolis, IN).

RNA isolation and Real-time PCR analysis

RNA was isolated from frozen liver and skeletal muscle samples by homogenization in
Trizol reagent by following manufacturer’s instructions (Invitrogen, Carlsbad, CA). RNA
was reverse transcribed following DNAse treatment. Real-time PCR was performed using
standard or LNA based Tagman approach with primers/probes designed and validated from
the Universal Probe Library (Roche, Indianapolis, IN). The results were normalized to Beta
actin or Gapdh.

Western Immunoblotting

Liver samples were homogenized in buffer containing 50mM Tris, 150mM NaCl, 1mM
EDTA, 1% Triton X-100, 0.5% Sodium deoxycholate and 1% SDS supplemented with
protease and phosphatase inhibitors (Roche, Indianapolis, IN). Nuclear lysates were
prepared using the NE-PER kit following manufacturer’s instructions (Thermo Scientific,
Rockford, IL). A goat polyclonal antibody against KLF15 was used (ab2647, Abcam,
Cambridge, MA).

Chromatin immunoprecipitation

Chromatin immunoprecipitation was performed from mouse livers as previously described
(Tuteja et al., 2009)(Ripperger and Schibler, 2006). Briefly, wildtype mouse livers were
harvested every four hours and fixed with 11% formaldehyde for 10 minutes. Following
this, chromatin was prepared and sonicated using Bioruptor (Diagnode, Sparta, NJ). The
sonicated chromatin was flash frozen in liquid nitrogen and stored at —80F for subsequent
analysis. Immunoprecipitation was conducted using Dynabeads (Invitrogen, Carlsbad, CA)
bound to BMAL1 or KLF15 antibody. The promoter regions of putative KLF15 target genes
were manually examined for conserved regions using Kalign (EMBL-EBI). Real-time PCR
analysis was performed using following primers Alt (F — aactagctgtccegtctcca and R —
ctctgatgagcecactgcaag), Otc (F- acctgggctcagttagggtag R- cgtcatgatttgtaatgacctaaga), 28S (F-
ctgggtataggggcgaaagac R- ggccccaagacctctaatcat), non-target region (F- cctctgtgectgtgaagga
R- catcagtgtcccctgacaga). The relative abundance was normalized to abundance of 28S
between the input and immunoprecipitated samples as previously described (Tuteja et al.,
2009).

Neurobehavioral analysis
Described under the supplemental methods section.
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Human study

We studied 10 adult participants [5 female; mean age 25.5 years (range 19-41 years); mean
body mass index 25.1 kg/m2 (20-28 kg/m2)], as previously published (Scheer et al., 2009).
The forced desynchrony protocol consisted of 7 recurring 28-h sleep—wake cycles under dim
light conditions (1.8 lux) to minimize any influence of light on the circadian system.
During this period a fasting plasma sample was collected from each participant every 28 h
across the full 196 h of the forced desynchrony, with each sample collected approximately
12 hours since the last meal (within 1 hour of awakening and prior to breakfast). By
analyzing the plasma samples every 28 h throughout the forced desynchrony protocol,
samples were distributed across the circadian cycle, allowing assessment of the effects of the
circadian system, independent of the effects of the behavioral cycles of sleep/fasting and
wake/eating (Scheer et al., 2009). A sufficient number of samples across the entire circadian
cycle was available for analysis in 8 of these 10 participants.

Statistical analysis

All data are presented as mean + SEM. For circadian mouse studies, the statistical
significance between time points to assess rhythmicity was performed using analysis of
variance (ANOVA). The statistical difference between two individual groups was assessed
using the Student’s t-test. P<0.05 was considered significant. For the human forced
desynchrony protocol, the effect of the endogenous circadian rhythm was analyzed using
cosinor analyses including the circadian (fundamental ~24-h) rhythmicity and a linear
component (hours since the start of the forced desynchrony protocol) and mixed model
analysis of variance with restricted maximum likelihood (REML) estimates of the variance
components (JMP, SAS Institute) (Nelson et al., 1979). For analytes without significant
effect of the linear component, a simple cosine model was used. Continuously recorded core
body temperature was used as individualized circadian phase marker in the human study
(Scheer et al., 2009).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. KIf15 exhibits 24-hour periodicity and is driven by the core clock machinery

(a) KIf15 mRNA accumulation from WT mice livers (n=5 per time point). (b)
Representative KLF15 and U2AF65 protein expression from WT and KIf15-null liver
nuclei. (c) KLF15 protein densitometry from three replicates. (d) KIf15-luciferase is induced
on a dose dependent fashion by CLOCK/BMALL1, and inset illustrates four “E Box” motifs
in the KIf15 promoter (=5 kb). (e) KIf15 mRNA accumulation in WT and Bmall KO livers.
(9) (h) Rhythmic binding of BMALL1 on the KIf15 promoter (n=3 per time point). Data
presented as mean £ SEM.
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over a circadian period after placing mice in constant darkness for 38 hours (n=5 per time
point). The data are double-plotted, and ANOVA was used to determine rhythmicity. (e)
Cumulative food intake measured every 5 minutes in WT and KIf15-null mice (n=4 per
group). (f) Total body weights of WT and KIf15-null mice (n=4 per group). (g, h) Plasma
total AA pool, urea from WT and KIf15-null mice measured every four hours under L/D and
double plotted to illustrate rhythmicity (n=5 per group per time point). Data presented as
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Figure 3. KIf15 regulates rhythmic amino acid utilization

Schematic illustrates the inter-organ transport, utilization of amino acids “the glucose-
alanine cycle.” (a, b) Skeletal muscle Alt and Bcat2 expression in WT and KLF15-null mice
(n=4 per group per time point). (c, d) Plasma alanine and BCAA in WT and KIf15-null mice
(n=5 per group per time point) (e) Plasma glucose in WT and KIf15-null mice (n=5 per
group per time point). (f) ChIP for KLF15 on Alt promoter (n=3 per time point). (# p<0.05 at
all time points between WT and KIf15-null). Data presented as mean + SEM.
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Figure 4. KIf15 regulates rhythmic nitrogeneous waste excretion

Schematic illustrates the excretion of nitrogenous waste products, i.e., “the urea cycle.” (a,
b) Plasma glutamate, ammonia in WT and KIf15-null mice (n=5 per group per time point).
(c) Otc expression in WT and KIf15-null livers (n=4 per group per time point). (d) Plasma
ornithine in WT and KIf15-null mice (n=5 per group per time point). (¢) OTC enzymatic
activity measured from liver mitochondrial extracts from WT and KLF15-null mice (n=4 per
group). (f, g) Urinary levels of urea and ammonia in WT and KLF15-null mice (n=5 per
group). (h) ChIP for KLF15 on the Otc promoter (n=3 per time point). (# p<0.05 at all time
points between WT and KIf15-null). (i-k)Results of neurobehavioral testing for (i) Y-maze,
a test of working memory (n=3 per group) (j) Fear conditioning during contextual changes
(hippocampal function) and altered cues (amygdalar function) (n=8 per group) and (k)
Morris water maze test, a test of hippocampal function (n=8 per group). Data presented as
mean + SEM.
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Figure 5. Feeding alters KIf15 expression and nitrogen homeostatsis

Following ad-libitum or feeding restricted to the light-phase (ZT3-ZT9) for one month: (a, b
& c) liver expression of Clock, Per2 and Cryl, (d, e) liver and skeletal muscle expression of
KIf15, (f, g & h) total plasma AA, ammonia and urea concentrations (1, j) skeletal muscle Alt
and Bcat2 expression (k) liver expression of Otc (I, m, n & o) plasma ornithine, alanine,
BCAA, insulin (n=5 per group per time point). Data presented as mean + SEM.
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Figure 6. WT and KIf15-null adaptation to high protein diet
Following one week of high protein diet (70% casein) or normal diet (18% protein) WT and
KIf15-null (a) blood glucose (n=5 per group), (b) plasma amino acids, (c, d) liver expression
of KIf15, Alt, Otc (d) plasma ammonia and (e) plasma urea. Data presented as mean + SEM.
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Figure 7. Human endogeneous circadian nitrogen homeostasis

Fasting total plasma amino acid pool, alanine, BCAA and urea exhibit endogenous circadian
rhythmicity in humans during the forced desynchrony protocol. The cosine models (black
lines) and 95% confidence intervals (gray areas) are based on mixed model analyses and use
precise circadian phase data. To show that these models adequately fit the actual data, we
also plot the proportional changes across 60 circadian degree windows per individual
multiplied by the group average with SEM error bars (open circles with error bars). Data are
double plotted to aid visualization of rhythmicity. Lower X-axis, circadian phase in degrees,
with fitted core body temperature minimum assigned 0-degrees, and 360 degrees equal to
the individual circadian period (group average 24.09h); top X-axis, corresponding average
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clocktime for these individuals; vertical dotted lines, core body temperature minimum;

horizontal gray bars, corresponding average habitual sleep episode in the two weeks prior to
admission.
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