
The C-terminal Kinase and ERK-binding Domains of
Drosophila S6KII (RSK) Are Required for Phosphorylation of
the Protein and Modulation of Circadian Behavior*□S

Received for publication, October 20, 2011, and in revised form, March 21, 2012 Published, JBC Papers in Press, March 23, 2012, DOI 10.1074/jbc.M111.315929

Michelle M. Tangredi, Fanny S. Ng, and F. Rob Jackson1

From the Department of Neuroscience, Sackler School of Graduate Biomedical Sciences, Center for Neuroscience Research, Tufts
University School of Medicine, Boston, Massachusetts 02111

Background: S6KII (RSK) kinase is important for neuronal plasticity and behavior.
Results: Using genetic approaches, we identified functional S6KII domains relevant for circadian behavior.
Conclusion: ERK binding to S6KII and activation of its C-terminal kinase modulate circadian period whereas the N-terminal
kinase is dispensable for circadian function.
Significance: This is the first in vivo structure/function analysis of S6KII (RSK) in the context of behavior.

Adetailed structure/function analysis ofDrosophilap90 ribo-
somal S6 kinase (S6KII) or itsmammalian homolog RSK has not
been performed in the context of neuronal plasticity or behav-
ior. We previously reported that S6KII is required for normal
circadian periodicity. Here we report a site-directed mutagene-
sis of S6KII and analysis ofmutants, in vivo, that identifies func-
tional domains and phosphorylation sites critical for the regula-
tion of circadian period. We demonstrate, for the first time, a
role for the S6KII C-terminal kinase that is independent of its
known role in activation of the N-terminal kinase. Both S6KII
C-terminal kinase activity and its ERK-binding domain are
required for wild-type circadian period and normal phosphory-
lation status of the protein. In contrast, theN-terminal kinase of
S6KII is dispensable formodulationof circadianperiod andnor-
mal phosphorylation of the protein. We also show that particu-
lar sites of S6KII phosphorylation, Ser-515 and Thr-732, are
essential for normal circadian behavior. Surprisingly, the phos-
phorylation of S6KII residues, in vivo, does not follow a strict
sequential pattern, as implied by certain cell-based studies of
mammalian RSK protein.

p90 ribosomal S6 kinase (RSK)2 is a well-conserved serine/
threonine kinase and a target of the Ras-mitogen-activated
protein kinase (MAPK)/extracellular-signal-regulated kinase
(ERK) signaling cascade (1). RSK was first identified as a kinase
that phosphorylates the 40 S ribosomal subunit protein S6 in

Xenopus larval extracts (2), although it has since been deter-
mined that S6 protein may not be a relevant substrate in vivo
(3–5). As with other elements of the Ras-ERK pathway, RSK
kinase activity has been linked to awide range of critical cellular
processes including transcriptional and translational regula-
tion, cell proliferation, survival, growth, and cell motility (6),
reviewed in Refs. 7, 8.
RSK is unique among serine/threonine kinases in that it con-

tains two distinct and functional kinase domains joined by a
linker region (9, 10). The kinases are thought to be sequentially
activated by a series of phosphorylation events, beginning with
phosphorylation by activated ERK. However, recent studies
indicate that kinase activation may occur in the absence of this
full sequential series of modifications (11, 12). As the majority
of these studies were conducted in vitro, there is insufficient
evidence as to whether sequential phosphorylation/kinase acti-
vation is required in vivo. The sole known purpose of the RSK
carboxyl (C)-terminal kinase is to activate the amino (N)-ter-
minal kinase through autophosphorylation. In contrast, the
N-terminal kinase is responsible for phosphorylation of other
protein substrates (9, 13, 14). N-terminal kinase activity was
thought to be essential for RSK function until a recent study
demonstrated an alternative role for RSK in fly eye develop-
ment as a non-catalytic, scaffolding protein (15).
Themammalian genome encodes four isoforms of RSK (RSK

1–4) while only a single isoform has been described for Dro-
sophila melanogaster (dRSK or S6KII) that has �60% amino
acid identity with RSK1 (16). Whereas there have been exten-
sive studies of RSK structure and function using mammalian
cell-based assays, detailed studies of fly S6KII functional
domains have not been reported even though the kinase is
known to be important for memory functions and circadian
behavior (17–19). The use of Drosophila for such an analysis
will permit critical domains and phosphorylation sites of S6KII
to be delineated, in vivo, in the context of behavior and plastic-
ity, with obvious relevance for mammalian RSK function.
Even though S6KII is ubiquitously expressed throughout

Drosophila development and in all embryonic tissues (15),
S6KII null mutant flies are viable (15, 19). Interestingly, S6KII
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null (S6KIIignorant or S6KIIign) flies exhibit circadian molecular
and behavioral phenotypes previously described by our labora-
tory (17). Specifically, the mutant exhibits a short-period phe-
notype that appears to result from alteration of the PERIOD
(PER)-based circadian oscillator. Based on those and other
studies, we have proposed a role for S6KII in modulating the
Drosophila circadianmolecular oscillator that involves interac-
tion and cooperationwith the known clock kinase casein kinase
2 (CK2) (17). Given that S6KII also interacts with numerous
other partners in a variety of ERK pathway roles, it is possible
that S6KII modulation of oscillator function is controlled by
ERK signaling. In addition, it is not knownwhether S6KII serves
as a kinase or alternatively as a scaffolding protein in the circa-
dian system. Finally, we wondered whether the sequence of
RSK phosphorylation and kinase activation observed in mam-
mals is relevant, in vivo, for S6KII modulation of fly circadian
behavior.
To further understand the role of S6KII in the circadian sys-

tem, we set out to evaluate the importance of conserved protein
domains and phosphorylation sites for kinase regulation of
locomotor activity rhythms. We report that S6KII’s circadian
function does not require its N-terminal kinase activity, similar
to findings reported for Drosophila eye development (15). In
contrast, C-terminal kinase activity, previously thought to be
responsible only for N-terminal kinase activation, is required
for normal circadian behavior. Our studies also suggest that
ERK binding to and phosphorylation of S6KII threonine 732
(T732) within clock neurons is essential for normal rhythmic-
ity.Whereas S6KII was shown to negatively regulate ERK in the
fly eye (15) and at the neuromuscular junction (20), our work
indicates that activation of S6KII by ERK is required for modu-
lation of the circadian clock. Further, we show that both ERK
binding and C-terminal kinase activity are important for auto-
phosphorylationofS6KII serine515 (S515) andT732phosphor-
ylation, whereas phosphorylation at S357, which activates the
N-terminal kinase, is not dependent on these activities. Phos-
phorylation of S6KII S515 or T732 is not required for normal
phosphorylation of the protein, but it is required for wild-type
circadian behavior. These studies provide novel insights about
the function of S6KII, in vivo, and support a model in which
ERK regulates S6KII in clock cells, thereby, modulating circa-
dian behavior.

EXPERIMENTAL PROCEDURES

Stock Maintenance and Generation of Fly Strains—Drosophila
cultureswere reared at 25 °C and 60% relative humidity in an LD
12:12 cycle on a modified standard medium containing wheat
germ. For genetic crosses and behavioral experiments, flies
were collected using C02 anesthesia.

The UAS-S6KII� transgenic line was obtained from the
Bloomington Drosophila Stock Center. UAS-S6KIIK231R, UAS-
S6KIIR902A,UAS-S6KIIK231R/R902A, andUAS-S6KIIK231M/K597M

flies were generously donated by J. Chung (KAIST, Korea) and
described in (15). Additional S6KII mutants were generated
from a pUAST-myc-S6KII construct obtained from Marc
Bourouis (University of Nice, France) that was used to create
Bloomington’s UAS-S6KII� transgenic line. A portion of the
S6KII C terminus containing the C-terminal kinase deadmuta-

tion K597M was excised from pUAST-myc-S6KIIK231M/K597M

(from J. Chung) using the enzymes SrgAI and BsiWI and clon-
ed into the pUAST-myc-S6KII� to create pUAST-myc-
S6KIIK597M. The QuikChange XL Site-Directed Mutagenesis
kit (Stratagene) was used to make pUAST-myc-S6KIIT732A,
pUAST-myc-S6KIIT732E, pUAST-myc-S6KIIS515A, and
pUAST-myc-S6KIIS515D. Mutagenesis primers were: T732A
forward 5�-CGGCCTCCTGATGGCGCCATGCTACAC-3�,
T732A reverse 5�-GTGTAGCATGGCGCCATCAGGAG-
GCCG-3�, T732E forward 5�-CAACGGCCTCCTGATG-
GAGCCATGCTACACAGCC-3�, T732E reverse 5�-GGCT-
GTGTAGCATGGCTCCATCAGGAGGCCGTTG-3�, S515A
forward 5�-GATCTTCCGCGGGTTCGCCTTTGTGGCTC-
CTGTC-3�, S515A reverse 5�-GACAGGAGCCACAAAGGC-
GAACCCGCGGAAGATC-3�, S515D forward 5�-GATC-
TTCCGCGGGTTCGACTTTGTGGCTCCTGTC-3�, S515D
reverse 5�-GACAGGAGCCACAAAGTCGAACCCGCGGA-
AGATC-3�. Constructs were sequenced to confirm the pres-
ence of newmutations. For the T732 transgenes, an S6KII frag-
ment containing the relevant mutation was excised and ligated
appropriately into pUAST-myc-S6KII� due to additional
sequence alterations in another region of the mutagenesis con-
struct. The S515mutations were produced in a�3.2 kb S6KII�
fragment within pBluescript II, which was then subcloned into
pUAST.Transgenic strains carrying the newmutant constructs
were produced by Genetic Services, Inc. (Cambridge, MA).
Analysis of Behavioral Rhythmicity—Locomotor activity

data from individual flies were collected using the Drosophila
Activity Monitor (DAM) system (Trikinetics, Waltham, MA).
Flies were entrained at 20 °C to an LD 12:12 cycle for 4 days and
then transferred to constant darkness (DD) at the same temper-
ature for approximately 2 weeks. Our previous work (17) shows
that the S6KII mutant phenotype is most severe at 20 °C. To
estimate period and visualize actograms, we used a MATLAB
(MathWorks)-based signal processing toolbox (21). We
employed a time series analysis called autocorrelation to look
for periodicity in the activity data and generate a correlogram
(with peaks representing harmonics in the data). In accordance
with the standard in the field, period was estimated from the
third peak of the correlogram. Differences in circadian period
were assessed for statistical significance using a nonparametric
ANOVA (Kruskal-Wallis Test) with Dunn’s Multiple post-hoc
comparisons (GraphPad InStat).
Western Analyses—Fly heads were collected and homoge-

nized in 3 volumes of Head Extraction Buffer (50 mM KCl, 10
mM HEPES, 5 mM Tris-HCL, 10% glycerol, 2 mM EDTA, 1%
Triton X-100) with 1 mM DTT, 0.4% Nonidet P-40, 0.5 mM

PMSF, 10 mM pNPP, and a 1:100 dilution of Halt protease
inhibitor mixture (Pierce). Extract buffer for pS6KII blots also
contained a 1:10 dilution of PhosSTOP phosphatase inhibitor
mixture (Roche). Standard immunoblotting techniques were
used to examine protein abundance for S6KII and phosphory-
lated S6KII (pS6KII). Protein lysates to be examined with anti-
bodies against phosphorylation sites were only heated to 55 °C
for 10 min while other proteins were heated to 95 °C for 5 min.
To generate gels for blotting, 50�g or 75�g of protein per time
point were loaded for the detection of S6KII or pS6KII, respec-
tively. The following antibodies were used: guinea pig anti-

S6KII Structure and Function in Circadian Behavior

MAY 11, 2012 • VOLUME 287 • NUMBER 20 JOURNAL OF BIOLOGICAL CHEMISTRY 16749



S6KII, 1:1000 (19); rabbit anti-pSer380-RSK, 1:1000 (Cell Sig-
naling); rabbit anti-pSer221-RSK, 1:1000 (Abcam); rabbit anti-
pThr573-RSK, 1:200 (Cell Signaling); rat anti-Drosophila (D)
N-Cadherin, 1:500 (Developmental Studies Hybridoma Bank).
Bands were visualized using the ECL or ECL PlusWestern blot-
ting detection systems (Amersham Biosciences). Band density
and background were measured using NIH ImageJ. After back-
ground subtraction, total S6KII was normalized to N-Cadherin
level to account for differences in loading. pS6KII signal was
expressed as a fraction of mean total S6KII amount for each
genotype. Quantitative differences in S6KII phosphorylation
status and total abundance were evaluated using an ANOVA
with Dunnett’s post test.

RESULTS

Transgenic Expression of Mutant Proteins for the Assay of
S6KII Functional Domains in Vivo—To discern the role S6KII
plays in circadian rhythms, we examined the behavioral and
molecular effects of mutations that either block the function
of a particular conserved domain (kinase or ERK-binding
domains) or alter phosphorylation status of specific residues of
the protein. Fig. 1A presents a current model for the sequential
activation of S6KII, based on studies of mammalian RSK. The
indicated phosphorylation sites are conserved in all mamma-
lian RSK isoforms, and in the Drosophila and Caenorhabditis
elegans homologs (22). ERK is thought to initiate the sequential
phosphorylation ofmultiple S6KII residues by binding to a spe-
cific docking domain at the terminus of the protein, resulting in
phosphorylation of residueT732 (and perhaps also S498) (T573
and S363 in RSK, respectively) and subsequent activation of the

C-terminal kinase (22–24). The C-terminal kinase autophos-
phorylates S515 (RSK S380), creating a binding site for PDK1,
which then docks and phosphorylates S6KII S357 (RSK S221),
activating the N-terminal kinase domain and enabling the
phosphorylation of S6KII target substrates (14, 25–27).
We utilizedmultiple site-directedmutants of S6KII, summa-

rized in Fig. 1B, to determine which conserved domains and
phosphorylation events are required for the protein modula-
tion of circadian oscillator function. All mutant S6KII trans-
genes carried single amino acid changes that were produced in
vitro (see “Experimental Procedures”).
AnN-terminal kinase-deadmutant called S6KIIK231R carries

a Lys-231 to Arg change while C-terminal kinase-dead
S6KIIK597M contains a Lys-597 toMet alteration (Fig. 1B). Arg-
902 was mutated to Ala to obtain an ERK binding-deficient
allele (S6KIIR902A). It was previously demonstrated that
S6KIIK231R and S6KIIK597M are kinase-dead alleles, based on
labeled phosphate incorporation into the S6 ribosomal protein,
a known substrate of S6KII, and that S6KIIR902A lacks ERK-
binding activity (15). The S6KIIK231R/R902A line contains a com-
bination of the K231R (N-terminal kinase-dead) and R902A
(ERK binding-deficient) mutations in the same S6KII trans-
gene. Pseudo-phosphorylated (S6KIIT732E) or unphosphorylat-
able (S6KIIT732A) mutants of S6KII were generated in our lab-
oratory by Thr to Glu and Thr to Ala changes, respectively.
Similarly, we generated pseudo-phosphorylated (S6KIIS515D)
or unphosphorylatable (S6KIIS515A) S515 mutants by Thr to
Asp and Thr to Ala changes, respectively (Fig. 1B). Mutant pro-
teins were expressed specifically in clock cells, for immuno-

FIGURE 1. S6KII domains and phosphorylation sites that may play a role in its circadian function. A, composition of the fly S6KII protein. Two kinase
domains, the N-terminal kinase domain (NTKD) and the C-terminal kinase domain (CTKD), are joined by a linker region. S6KII also contains an ERK1/2-binding
domain at its C terminus. Schematic depicts the series of events thought to lead to S6KII kinase activation (right to left), beginning with ERK binding to the C
terminus and phosphorylation of T732. Arrows indicate phosphorylation events. Homology between S6KII and human RSK1 phosphorylation sites is shown. B,
point mutations generated to disrupt N-terminal kinase activity (lysine, K to arginine, R), C-terminal kinase activity (lysine, K to methionine, M) and ERK-binding
(arginine, R to alanine, A) are shown below the S6KII protein schematic. Serine and threonine phosphorylation sites mutated to be pseudophosphorylated
(aspartate, D or glutamate, E) or unphosphorylatable (alanine, A) are depicted above the schematic.
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chemical and behavioral studies, using the Gal4/UAS binary
expression system (28). A summary of all S6KII mutants
employed in this study with abbreviations is shown in supple-
mental Table S2.
Mutant Forms of S6KII Can Be Detected in Head Tissues and

Clock Neurons of the Fly Brain—Prior to behavioral testing, we
verified that mutant S6KII proteins could be detected in whole
head or brain tissues. Detection of proteins was accomplished
using an antibody specific for fly S6KII (19). To distinguish
transgene-encoded S6KII from the endogenous protein, we
performed immunoblotting experiments in an S6KII protein-
null background using Df(1)ign�58/1, a deletion of the S6KII
gene (hereafter referred to as S6KIIign) (19). As expected, S6KII
protein was detected in head lysates from S6KII� genetic back-
ground control flies (w1118), but not in lysates from S6KIIign
mutants (Fig. 2A). Importantly, control lysates from flies, which
carried only the Gal4 driver (S6KIIign;timUASGal4) or the UAS
responder transgene (S6KIIign;UAS-S6KII�) did not exhibit
detectable S6KII protein. However, transgene-encoded wild-
type and domain mutant (K231R, R902A, or K231R/R902A)
S6KII proteins, when expressed using timUASGal4, were easily
detected in an S6KIIign background, at higher than endogenous
levels in head lysates. S6KII S515 phosphorylation-mutant pro-
teins (S515A, S515D) were also detected at comparable, high
levels, and not significantly different from the transgene-en-
coded wild-type S6KII� (Fig. 2B). Using two different antibod-
ies, T732 phosphorylation-mutant proteins (T732A, T732E) were
detected at levels higher than endogenous S6KII (see w1118 con-
trol), but less than that observedwith timUASGal4-driven S6KII�
expression (Fig. 2B and data not shown). We note, however, that
only T732A is statistically different from the S6KII� control (Fig.
2B). Reduced abundance may be caused by genomic position
effects on transgene expression or reduced stability of themutant
proteins. Nonetheless, S6KIIT732A and S6KIIT732E proteins are
expressedat a levelhigher thanendogenousS6KII,whichweknow
is sufficient for normal circadian behavior (17).
The pdfGal4 driver expresses in 16 critical pacemaker neu-

rons (a subset of the TIM-containing clock cells) and was uti-
lized in certain behavioral experiments. Using immunoblotting
techniques, we failed to detect S6KII protein in head extracts of
pdfGal4�UAS-S6KII transgenic flies. Thus, immunostaining
procedures were employed to detect the S6KIIK597M,
S6KIIT732A and S6KIIT732Emutant proteins in these pacemaker
neurons. Using whole mounts of the brain (supplemental Fig.
S1), both wild-type and mutant S6KII proteins (K597M,
T732A,T732E)were detected in the PDFneurons, although the
level of expression varied slightly among strains. Nevertheless,
studies described below (Figs. 3 and 5) demonstrated that certain
mutant proteins can rescue behavior of S6KIIign flies even when
expressedat levels lower than thatof transgene-encodedwild-type
protein. In addition, a very high level of wild-type protein did not
cause behavioral alterations (Fig. 3; Ref. 17), indicating that S6KII
abundance is not limiting for circadian behavior.
S6KII N-terminal Kinase Activity Is Dispensable for Circa-

dian Behavior—Cell-based assays suggest that mammalian
RSKs function primarily as kinases while in Drosophila S6KII
enzymatic activity is thought to be dispensable for the protein
function in eye and wing development (15). To establish

whether S6KII kinase activities are relevant for the modulation
of circadian period, we determined if expression of various
mutant S6KII proteins in clock cells was sufficient to rescue the
S6KIIign short-period locomotor-activity phenotype (Fig. 3, A
and B; supplemental Table S1). The short period phenotype of
S6KIIign was described in detail in a previous publication from
our laboratory (17). Briefly, the wild-type period for the loco-
motor activity rhythm is �24.0 h whereas S6KIIign mutants
have an average period of �22.8 h. As shown previously (17)
and in Fig. 3, expression of UAS-S6KII� in TIM-containing

FIGURE 2. Transgenes carrying site-directed mutations express in vivo. A,
S6KII proteins with mutations of specific domains can be detected when UAS
transgenes are expressed within clock cells by timUAS-Gal4 in an S6KIIign-null
background. S6KII is absent in S6KIIign and in the Gal4- or UAS- alone genetic
controls. Expression of transgenes does not occur without the presence of a
Gal4 driver (data not shown). Transgene abbreviations: K231R (KR), R902A
(RA), K231R/R902A (KR/RA), K597M (Km). B, S6KII phosphorylation site mutant
proteins can also be detected when expressed within clock cells using
timUAS-Gal4. N-cadherin was employed as a loading control. Transgene
abbreviations: S515A (SA), S515D (S.D.), T732A (TA), T732E (TE). All blots are
representative of at least two independent experiments which are quantified
in the histograms (mean � range) at the bottom of each panel. Numbers
below the histograms correspond to the numbered lanes on the blots. *, p �
0.005 compared with S6KII�.
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clock cells (timUASGal4) or PDF neurons (pdfGal4) is able to
completely rescue the S6KIIign short-period phenotype (Fig. 3,
A and B, supplemental Table S1). Similarly, timUASGal4-
driven expression of S6KIIK231R, an N-terminal kinase-dead
allele, restored normal circadian period to S6KIIign mutants,
demonstrating that this kinase domain is not required for cir-
cadian behavior (Fig. 3, A and B, supplemental Table S1).
S6KII C-terminal Kinase Activity Is Required for Normal Cir-

cadian Period—We next asked whether C-terminal kinase
activity is required for modulation of circadian behavior using
expression of the S6KIIK597M mutant transgene. As shown in
Fig. 3, A and B and supplemental Table S1, expression of the

S6KIIK597M mutant in PDF neurons of S6KIIign flies did not
significantly rescue circadian period, i.e. circadian periods were
similar in S6KIIign;pdf-Gal4�UAS-S6KIIK597M flies and control
mutants carrying only the UAS transgene. We note, however,
that activity bouts are longer in flies expressing the K597M
mutant, relative to S6KII� expression, although we do not
know the cause of this effect. Nonetheless, there is no difference
in percent rhythmicity (not shown) or circadian period (supple-
mental Table S1) between the genotypes. Lack of rescue was
also observed for amutant inwhich bothN-terminal andC-ter-
minal kinase activities are eliminated (29), presumably due to
lack of C-terminal kinase activity. These results demonstrate

FIGURE 3. N-terminal kinase-dead S6KII (K231R) rescues the S6KIIign short-period phenotype while C-terminal kinase-dead (K597M) and ERK binding-
deficient S6KII (R902A) do not. A, mutant S6KII transgene expression was driven in clock cells. Panels show representative actograms from single flies of the
indicated genotypes. Each genotype was examined in three independent experiments. The black and white rectangles above the actograms represent the
light/dark cycles. Flies were entrained to 12 h light: 12 h dark (LD) for 4 days and then maintained in constant darkness (DD) for a period of 8 –14 days (first 8 days
are shown). timUG4 indicates the timUAS-Gal4 driver; pdfG4 indicates the pdf-Gal4 driver. Transgene abbreviations: K231R (KR), R902A (RA), K231R/R902A
(KR/RA), K597M (Km). * signifies genotypes with significant rescue of the short-period phenotype. Results for other control genotypes are shown in supple-
mental Table S1. B, histograms show mean circadian period (h) � S.E. for three independent experiments. *, p � 0.001 compared with control.
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that C-terminal kinase activity is important for the circadian
function of S6KII, and they represent the first link between the
S6KII C-terminal kinase and behavior.
ERK Binding to S6KII Is Required for Normal Circadian

Behavior—ERK binding to S6KII is essential forDrosophila eye
andwing development (15). Thus we askedwhether the same is
true for circadian behavior. As shown in Fig. 3, A and B, and
supplemental Table S1, expression of an ERK-binding
mutant (S6KIIR902A) in TIM-containing clock cells did not
rescue mutant behavior; i.e. circadian period of S6KIIign;
timUASGal4�S6KIIR902A flies is similar to that of mutants car-
rying only the UAS transgene (the genetic background control).
This implies that the ability of S6KII to bind to ERK is important
for its circadian function.Wehave also shown that a double S6KII
mutant (S6KIIK231R/R902A) does not rescue the short-period phe-
notype, attributable to its ERK-binding deficit, as N-terminal
kinase activity is not required for normal circadian function.
S515 Phosphorylation Correlates with S6KII Rescue of Short

Period—In mammals, RSK T732, S515, and S357 are sequen-
tially phosphorylated in a cascade of phosphorylation events
that involve ERK and the C-terminal kinase domain (see Fig.
1A) (9, 13, 14). To determine which domains might regulate
S6KII phosphorylation, we employed anti-phospho-RSK
(pRSK) antibodies tomonitor phosphorylation at several differ-
ent residues. As these commercially available pRSK antibodies
were generated against the mammalian protein, we validated
the specificity of the serine antibodies for fly phospho-S6KII
(pS6KII) (supplemental Fig. S2). Using these anti-phospho-
RSKantibodies, S6KII pT732, pS515, andpS357were examined
in S6KIIign flies that expressed wild-type or mutant isoforms of
the protein. pS6KII signal was normalized to total S6KII levels
for wild type and the mutants to account for possible differ-
ences in S6KII abundance. Although ERK is also known to
phosphorylate T359/S363 of RSK (22), there are no anti-phos-
pho antibodies that recognize the homologous residues of fly
S6KII (S494/S498).
As shown in Fig. 4A, there was robust phosphorylation of

residue S515 on the S6KII� and S6KIIK231R proteins. For
mutant proteins that did not rescue circadian period
(S6KIIR902A, S6KIIK231R/R902A, and S6KIIK597M) we observed
significantly decreased levels of pS515 immunoreactivity.
Decreased pS515 signal in the S6KIIK597M mutant strongly sug-
gests that theC-terminal kinase autophosphorylates at this site, as
inmammals. A similar result for S6KIIR902A and S6KIIK231R/R902A

FIGURE 4. S6KII kinase activity and ERK-binding are required for phos-
phorylation of the protein. A, blot containing S6KII K231R, R902A, and
K231R/R902A protein, probed with antibodies against mammalian pS380
RSK (fly pS515 S6KII), mammalian pS221 RSK (fly pS357 S6KII) and N-cadherin
as a loading control. A separate blot with S6KII K597M protein was similarly

probed. A third blot with proteins from all domain mutants was probed with
an antibody against mammalian pT732 RSK (fly pT573 S6KII). Variations in the
amount of total phosphorylation on the S6KII protein cause the mutants to
have different electrophoretic mobilities. Transgene abbreviations: K231R
(KR), R902A (RA), K231R/R902A (KR/RA), K597M (Km). B, blots containing the
phosphorylation-site mutant proteins were probed sequentially with all
three phospho-specific antibodies and anti-N-cadherin. The first three lanes
(�, TA, TE) are imaged from one blot while the last three lanes (�, SA, SD) are
all from a second blot. Transgene abbreviations: S515A (SA), S515D (SD),
T732A (TA), T732E (TE). timUG4 indicates the timUAS-Gal4 driver. Histograms
in A and B represent phospho signal normalized to protein abundance for the
S6KII isoform (mean � range). Numbers below the histograms in panels A and
B correspond to the numbered lanes on the blots above. A star (*) represents
a significant difference versus S6KII�. RA, KRRA (pS515), p � 0.02; KM (pS515),
p � 0.008; SA, S.D. (pS515), p � 0.001; KM (pS357), p � 0.03); SA, S.D. (pS357),
p � 0.01; RA, KRRA, KM, TA, TE (pT732), p � 0.001. All blots are representative
of at least two independent experiments that yielded similar results.
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mutants indicates that ERK binding to S6KII is an important
regulator of autophosphorylation. Interestingly, however, the
pS515 proteins in thesemutants exhibited an apparentmobility
shift (migrating faster), and thismight be due to reduced overall
phosphorylation of the S6KII protein. Analogous to the model
for RSK, ERKbindingmay initiate a series of events that leads to
autophosphorylation at S515.
T732 Phosphorylation Also Correlates with Ability to Rescue

Circadian Period—S6KII T732 is homologous to the site within
the C-terminal region of mammalian RSK that is phosphory-
lated by ERK (23, 24). Both S6KII� and S6KIIK231R rescued
circadian period and also displayed high levels of pT732 immu-
noreactivity (Fig. 4A). On the contrary, very low levels of pT732
immunoreactivity were observed for mutant proteins that did
not rescue behavior (S6KIIR902A, S6KIIK231R/R902A, and
S6KIIK597M). Lower pT732 signal in the S6KIIR902A and
S6KIIK231R/R902A mutant lines suggests that ERK binding is
required for wild-type levels of phosphorylation at this site.While
T732 phosphorylation is thought to be “upstream” of C-terminal
kinase activation (see model in Fig. 1A), low levels of pT732 on
S6KIIK597M suggests that phosphorylation of this residue is
dependent, at least in part, on C-terminal kinase activation.
Phosphorylation of S357 Is Not Altered by S6KII Mutations

Affecting ERK Binding or N-terminal Kinase Activity, but Is
Dependent upon C-terminal Kinase Activity—Based on the
RSK activation model, phosphorylation of S6KII S515 modu-
lates “downstream” phosphorylation events including pS357, a
postulated target of the PDK1 kinase (26, 27). PDK1 phosphor-
ylation is thought to be the last step in the activation of the
N-terminal kinase. To determine if phosphorylation of S357 is
altered by the S6KIIR902A, S6KIIK231R/R902A, and S6KIIK597M
mutations, we stripped and reprobed the pS515 blots shown in
Fig. 4,A andBwith anti-pS357 antibody.Wild-type andmutant
S6KII proteins all had substantial (and not significantly differ-
ent) immunoreactive signals, relative to total S6KII, indicative
of phosphorylation at S357, with the exception of S6KIIK597M
(Fig. 4A). Thus, a deficiency in ERK binding does not affect
phosphorylation of S357. However, S357 phosphorylation is
dependent upon upstream C-terminal kinase activity, as evi-
denced by the low pS357 immunoreactivity in S6KIIK597M.
Given that pS357 levels do not correlate with ability to rescue,
we suggest that S357 phosphorylation and the subsequent acti-
vation of S6KII N-terminal kinase is not critical for the modu-
lation of circadian period.
Phosphorylation of S6KII T732 Is Essential for Rescue of Cir-

cadian Behavior—Given that ERK binding is important for
S6KII circadian function, and pT732 levels in the domain
mutants correlate with circadian period rescue, we wondered
whether S6KII phosphorylation by ERK directly affects circa-
dian behavior. We mutated the ERK phosphorylation site
(T732) on S6KII to create a pseudo-phosphorylated mutant
(S6KIIT732E) and an unphosphorylatable mutant (S6KIIT732A).
UAS transgenes encoding these proteins were expressed in the
PDF clock cells of the S6KIIign mutant.

We observed that S6KIIT732E fully rescued the S6KIIign short
period phenotype while S6KIIT732A did not (Fig. 5, A and B,
supplemental Table S1; compare both to their respective UAS
transgene controls). Thus, phosphorylation at T732 appears to

be required for rescue of the S6KIIign circadian phenotype. We
examined pT732 immunoreactivity on the S6KIIT732A and
S6KIIT732E proteins with the intent of verifying the presence or
absence of phospho-signal in flies expressing the mutant pro-
teins. However, pT732 signal could not be detected on either
mutant protein (Fig. 4B), suggesting that the amino acid change
rendered the epitope unrecognizable to the phosphospecific
antibody. Nevertheless, opposite effects of the two mutations
on circadian behavior suggest that S6KIIT732E likely functions
as a pseudo-phosphorylated protein. We had previously won-
dered whether ERK binding and phosphorylation of S6KII was
under circadian control, yet rescue by the constitutively pseu-
do-phosphorylated S6KIIT732E suggests that phosphorylation
at this site need not be rhythmic for themodulation of circadian
behavior. These experiments further implicate ERK binding
and phosphorylation at S6KII residue T732 in clock function.
Rescue of Circadian Behavior Requires Phosphorylation of

S6KII S515—The requirement of a functional S6KII C-terminal
kinase for rescue of circadian period motivated us to manipu-
late phosphorylation at the C-terminal autophosphorylation
site. Thus, we created pseudo-phosphorylated (S6KIIS515D) and
unphosphorylatable (S6KIIS515A) mutants of this residue.
When expressed under control of timUASGal4, a UAS trans-
gene encoding S6KIIS515A (S6KIIign; timUASGal4�S6KIIS515A)
and control (S6KIIign; S6KIIS515A) flies had similar average peri-
ods (Fig. 5, A and B, supplemental Table S1), although period
was slightly longer than flies carrying only S6KIIign (we attribute
this period lengthening to an insertional effect of the UAS
transgene). Thus, we conclude that clock cell expression of
S6KIIS515A does not rescue mutant behavior. Indeed, neither
did expression of S6KIIS515D, which we thought might behave
as a pseudo-phosphorylated protein. Most likely, the mutant
aspartate on S6KIIS515D does not mimic a phosphorylated res-
idue as intended (Unlike replacement of T732 with glutamate
which seemed to better mimic a pseudo-phosphorylated state).
An antibody against pS515 did not recognize either S6KIIS515A
or S6KIIS515D, similar to our attempt to detect pT732 inmutant
T732 flies (Fig. 4B). Nonetheless, the inability of S6KIIS515A to
rescue circadian period, suggests that phosphorylation of S6KII
S515 is required for normal circadian behavior, and this result
supports a role for autophosphorylation of this site by the
C-terminal kinase.
Neither S515 nor S357 Phosphorylation Is Greatly Altered by

Upstream Phosphorylation Events while pT732 Is Unaffected by
Downstream S515 Phosphorylation—To ask about the interde-
pendence of S6KII phosphorylation events, we examined the
phosphorylation status of T732A, T732E, S515A, and S515D
mutant proteins in vivo. T732 mutant (T732A or T732E) and
S515 mutant (S515A or S515D) proteins all exhibited high lev-
els of pS357 when signals were normalized to S6KII abundance
(Figs. 4B and 2B). However, the S515A and S515Dmutants had
slightly but significantly decreased signal at this residue relative
to S6KII� (Fig. 4B). The presence of high levels of pS357 in the
T732 and S515 mutants argues that phosphorylation of the lat-
ter residues does not contribute significantly tomodification of
S357. pT732 levels are similar to S6KII� in both the unphos-
phorylatable S515A and pseudo-phosphorylated S515D
mutants, indicating that T732 phosphorylation is independent
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of or upstream in the cascade leading to S515 phosphorylation
(Fig. 4B). The unphosphorylatable T732A and pseudo-phos-
phorylated T732E proteins both exhibit levels of pS515 that are
comparable to S6KII� (Figs. 4B). Thus, while phosphorylation
of T732 and S515 are both required for normal circadian behav-
ior (Fig. 5,A and B), modification of S515 alone is not sufficient
for rescue (i.e. in the absence of T732 phosphorylation).

Altogether, these immunoblotting experiments indicate that
ERK binding is required for normal phosphorylation of S515,
although phosphorylation of T732 (presumably by ERK) is not
essential for downstream events of the cascade. Similarly, C-ter-
minal kinase activity is necessary for robust phosphorylation of
S357 while phosphorylation at S515 (regulated by the C-terminal

kinase as demonstrated in Fig. 4A) is not required. Hence, the
C-terminal catalytic and ERK-binding domains play a major role
in regulating S6KII protein phosphorylationwhile the influence of
the individual phosphorylation sites on each other’s status is neg-
ligible (see summary in supplemental Table S2).

DISCUSSION

This study utilized wild-type and mutant forms of S6KII in
genetic rescue experiments to identify domains that are critical
for the protein’s function in circadian behavior. To our knowl-
edge, it represents the first study to identify domains of S6KII
(RSK) that are required, in vivo, for a behavioral function.
Although in many cases S6KII isoforms were expressed at

FIGURE 5. Pseudo-phosphorylated S6KII (TE) rescues the S6KIIign short period phenotype while unphosphorylatable S6KII (TA), unphosphorylated
S6KII (SA), and pseudophosphorylated S6KII (SD) do not. A, mutant S6KII transgene expression was driven in the clock (PDF or TIM-containing) cells. Panels
show representative actograms from single flies of the indicated genotypes. Each genotype was examined in three independent experiments. Flies were
entrained to 12 h light: 12 h dark (LD) for 4 days and then maintained in constant darkness (DD) for a period of 8 –12 days (first 8 days are shown). timUG4
indicates the timUAS-Gal4 driver; pdfG4 indicates the pdf-Gal4 driver. Transgene abbreviations: S515A (SA), S515D (SD), T732A (TA), T732E (TE). A * signifies
genotypes with significant rescue of the short-period phenotype. Results for other control genotypes are shown in supplemental Table S1. B, histogram shows
mean circadian period (h) � S.E. for three independent experiments. *, p � 0.001.
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higher than normal levels in transgenic flies, we do not think
our results can be attributed to overexpression of the protein.
Expression of wild-type S6KII at high levels has no discernable
effects on circadian behavior or the phosphorylation pattern of
S6KII. For example, as discussed below, high level expression of
a C-terminal kinase-dead mutant (S6KIIKm) does not rescue
behavior nor phosphorylation defects observed at several sites
including S357, a postulated PDK1 docking site within the N
kinase domain. We recognize, however, that there may be
effects of S6KII overexpression that are not discernable in our
molecular and behavioral assays.
The C-terminal Kinase of S6KII Is Required for Normal

Circadian Behavior while N-terminal Kinase Activity Is
Dispensable—In agreement with a previous study of fly devel-
opment (15), we show that the S6KII N-terminal kinase is dis-
pensable for its circadian function. This result contrasts with
previous studies showing that RSK functions in the Ras/MAPK
pathway as a kinase (1); it suggests that phosphorylation of
downstream targets by the N-terminal kinase is not essential
for modulation of the circadian clock. In support of a non-
critical role for the N-terminal kinase, certain mutants that fail
to rescue behavior nonetheless exhibit phosphorylation of
S357, an event thought to activate RSK kinase activity. In addi-
tion, an S6KIImutant (S6KIIign�24	3) missing a large portion of
the N-terminal region, including the N-terminal kinase, was
shown to partially rescue an S6KII-null mutant in a previous
study (30).
In contrast, our studies emphasize the importance of S6KII

C-terminal kinase activity for modulation of the Drosophila
circadian clock. This is the first evidence, in either vertebrate
or invertebrate systems, of a function for the S6KII C-
terminal kinase that is independent of activation of the N-ter-
minal kinase. It is also the first direct link between the C-termi-
nal kinase andbehavior.Heretofore, the only known function of
the RSK C-terminal kinase was autophosphorylation, which
leads to activation of the N-terminal kinase (9, 13, 14). Our
results suggest that either autophosphorylation serves an inde-
pendent purpose (such as altering protein-protein interactions)
or that the C-terminal kinase phosphorylates other proteins.
We show that the C-terminal kinase promotes phosphoryla-

tion of S515, a presumed autophosphorylation site and a resi-
due within the hydrophobic motif site of AGC-type kinases.
This region is important for stabilization of the catalytic
domain of such kinases, including RSK, cAMP-dependent
kinase and protein kinase C. We note that there is residual
pS515 signal in a S6KII C-terminal kinase-dead mutant
(S6KIIK597M) which may indicate that other kinases phosphor-
ylate the site or that themutant retains an undetectable amount
of activity.
Our work also suggests that S6KII S357 and T732 phosphor-

ylation events are modulated by the C-terminal kinase. The
N-terminal kinase is dispensable for circadian regulation, but
nevertheless our data suggests that it is activated by the C-ter-
minal kinase via phosphorylation of S357; in agreement with
cell-based studies of RSK. The C-terminal kinase may promote
S357 phosphorylation through recruitment of PDK1or another
factor.While themechanism for C-terminal kinasemodulation
of T732 phosphorylation is unknown, it is possible that kinase

activity that is stimulated by ERK binding feeds back to activate
ERK phosphorylation of T732. This and other alterations may
also involve the actions of phosphatases as there is undoubtedly
a dynamic interplay between the two types of modifying
enzymes. Of interest, pS515 levels are not altered in the T732A/
T732E mutants, indicating that T732 phosphorylation is not a
prerequisite for S515 phosphorylation.
There is a positive correlation between S6KII variants that

rescue S6KIIignmutant behavior and robust phosphorylation of
S515; this suggests that phosphorylation of this residue is essen-
tial for normal circadian behavior. We note, however, that
while S515 phosphorylation is correlated with rhythmicity, it is
not sufficient for normal circadian behavior. Therefore, pS515
may simply be indicative of a functional C-terminal kinase
whose kinase activity is necessary for modulating circadian
behavior via phosphorylation of other unknown targets. In
addition, phosphorylation of this residue does not affect the
phosphorylation of other S6KII domains; instead C-terminal
kinase activity and modification of S515 may serve to alter
S6KII protein conformation and relevant protein-protein inter-
actions. While we show that C-terminal kinase activity is
important for rhythmicity, our experiments do not exclude the
idea that S6KII functions as a scaffold in the circadian system,
analogous to its role in Drosophila eye and wing development
(15).
ERK Binding to and Phosphorylation of S6KIIModulates Cir-

cadian Function—Wehave shown that ERK binding to S6KII is
required for transgenic rescue of circadian behavior, as it is for
rescue of Drosophila eye development phenotypes (15). Con-
sistent with a role for ERK in this pathway, we show that phos-
phorylation of S6KII at T732 (a known ERK phosphorylation
site on RSK) is required for rescue of behavioral rhythms. ERK
phosphorylation of T732, previously demonstrated for RSK in
mammalian cell-based assays, was verified in the fly by the
observation that pT732 is reduced in ERK binding-deficient
mutants. ERK bindingmay promote S6KII function by facilitat-
ing activation of the C-terminal kinase, as evidenced by the
decreased autophosphorylation of ERK-binding mutants.
Alternatively, ERK binding may alter S6KII localization and/or
binding to clock-related proteins such as CK2, similar to
S6KII’s regulation of ERK in fly eye development.Whatever the
precise mechanism, phosphorylation of T732 and S515 are
likely to be important for ERK’s interaction with S6KII and the
regulation of circadian period.
It was demonstrated in fly photoreceptor cells that S6KII

negatively regulates ERK by retaining it in the cytoplasm. Using
immunostaining procedures, however, we have shown that the
localization pattern of ERK and diphosphorylated (activated)
ERK are the same within PDF clock neurons (primarily cyto-
plasmic) in wild-type flies (w1118), S6KIIign-null mutants, and
ERK-binding mutants (S6KIIign;timUG4�S6KIIR902A) (29).
Hence, ERK may bind to and activate S6KII in clock cells, but
there is no evidence that S6KII regulates ERK localization in
this cell type.
Elements of Sequential Phosphorylation/Activation Occur in

Vivo, but May Not Be Essential—RSK protein is thought to be
activated by a sequence of protein binding and phosphorylation
events, based on cell-based investigations of the protein. More
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recent cell-based assays question the validity of this model (12,
31, 32) and give added relevance to our studies as the first to
examine this model in vivo.
We provide the first evidence that phosphorylation/activa-

tion of Drosophila S6KII can occur in the absence of a strict
sequence of binding and phosphorylation events, but we note
that there is some dependence of certain events on others.
Although there is extremely low pS515 immunoreactivity in
C-terminal kinase and ERK-binding mutants, indicating that
S515 phosphorylation is a downstream event, there is residual
phospho-signal on this residue in such flies. Thus, ERK binding
and C-terminal kinase activation may not be the only events
contributing to S515 phosphorylation. Consistent with this
idea, in vitro analysis ofmammalianRSKhas demonstrated that
S380 phosphorylation (S515 in S6KII) and C-terminal kinase
activation can occur in the absence of RSK-ERK interactions
(12). Similarly, ERK binding and C-terminal kinase activity are
not the only contributors to S6KII T732 phosphorylation
because residual pT732 signal exists in mutants lacking these
functions. Our results also indicate that neither ERK binding
nor phosphorylation at S515 or T732 is essential for phosphor-
ylation S357 although C-terminal kinase activity influences this
event. This result is in agreement with mammalian cell-based
studies demonstrating that N-terminal kinase activation is not
fully dependent upon C-terminal kinase activity (31, 32). Alto-
gether, ERK-binding and C-terminal catalytic activity appear to
play an important role in regulating phosphorylation of the S6KII
protein, but the phosphorylation of individual sites is not abso-
lutely required for the downstream phosphorylation of others.
Model for Circadian Clock Modulation—Our previous work

indicated that S6KIImodulates circadian function bynegatively
regulating the activity of the clock kinase CK2, via physical
interaction with the CK2� subunit (17). Thus, it is possible that
a prerequisite for the S6KII-CK2 interaction is activation of the
S6KII C-terminal kinase or a conformational change in the pro-
tein resulting from ERK binding. CK2� may be a phosphoryla-
tion target of the S6KII C-terminal kinase (although there is no
evidence of this), and this would provide amechanismbywhich
S6KII could regulate CK2 activity. Alternatively, a change in
S6KII conformation might regulate interaction with CK2, thus
modulating the previously documented effects of the kinases on
the PER-based clock (17, 33). Finally, we cannot discount the
possibility that S6KII regulates circadian clock function
through a CK2-independent pathway. Further analysis of the
S6KII binding partners and substrates may yield insights about
the precise role of the C-terminal kinase and ERK-binding
domains in circadian regulation.
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