Developmental Cell, Volume 37

Supplemental Information

Cdk1 Phosphorylates Drosophila Sas-4
to Recruit Polo to Daughter Centrioles

and Convert Them to Centrosomes

Zsofia A. Novak, Alan Wainman, Lisa Gartenmann, and Jordan W. Raff



Inventory of Supplemental Materials:

* Figure S1, related to Figure 1. Identifying mutations in Sas-4 that interfere with the loading of Asl
onto new centrioles.

* Figure S2, related to Figure 1. Sas-4-Thr200 is required to load Asl onto new centrioles.

* Figure S3, related to Figures 2 & 3. The Sas-4-Thr200-STP-motif is required to load Polo onto new
centrioles.

*  Figure S4, related to Figure 5. Analysis of Sas-4-Thr200-STP-motif mutant transgenic flies.

*  Supplemental Experimental Procedures

*  Supplemental References



Supplemental Figures

Drosophila melanogaster Sas-4:

1-  MQEAGESPVGMPLSQEAIAQRLAALSRWQDEQKRLLQERQSNHRVLLGLEQRNMYKMLGLLHQETESHENSVLEEWDEEHSIQMPRLAADPDEHEPEISMADPQPAKPKRPFLRRGEGLKQRFKI - 125
126 - NPDQLRLENLPRYKFANAHPQFRTPQMKKGILKKQVKSPPNPAPPPAPKPSAQLDDLNEQRFQQMLIGKNACSSTPDLKSSYASSTTASSTSPRVRFVEQKSRAGQTTHADDEASSEASPMTGVC - 250
251 - WAKVLDTQSIKPAQIQRRSAQIRVEDDSNVSIFELLEQKATEGNIDMNSSCIRTFMARKDQRRRVADDSDHIVVTQQVRQMRLQPQVDQMLVQELQEGDEEDTEPSSDQTLTMTPIQVGNTKVRV - 375
376 - RFSDSNDTHEYSDATSLNDGSNIQLFEQFKSALFQALEQKKKSSPSKESDEPITKDLQEKANLVRTRLEELETEIATFKEQNAQLLRLRQQHELEKAKCTQDHMEAMERVHDEKIQAEIYLHDER - 500
501 - MKIEEERRKFEQQMRLQKSNANSKEKKEIAALKQEVEGLQLQLKQKEQAHVSAQARLRAQLRASEKEQRNYRDEIELLRKENKRLEQELVKIGRENNSKMLQEINRNIARLAPKVLPSATMSDIL - 625
626 - DENGRRTQSLDGTAGKPAKQREAQNRRQSSGSAQVRSRSRSLSRNKKTPYALDESYASSSSVESEEVQPPVTAPKAATPPPAANSSSDFKREITNADGSKDIWYPNGNLKKISADGMNLRMLYFN - 750
751 - KDIKETNIREGTVKYYYAETNTWHTSYLDGLEILEFPNGQTEHRRKDGTVEIHFPNNSIKIVDPSDTEKLEEWRYADGTHLVQLRNGDKILNLPNGQKEIHTKLNKRREYPDGTVKLVYPDGSQE - 875

876 - TRYSNGRVRLKDKDGKLIMDTDYAKY - 901

Sas-4-GFP (WT) Sas-4 [Al] -GFP Sas-4 [All] -GFP Sas-4 [Alll-GFP | Sas4[AIV]-GFP |

Asl-mCherry

or7 5/5 0/8 0/6 0/7

embryos displaying defective Asl-mCherry recruitment

Figure S1, related to Figure 1.

Identifying mutations in Sas-4 that interfere with the loading of Asl onto new centrioles. A) Amino acid
sequence of Drosophila melanogaster Sas-4, indicating the Asl-interacting region (grey) (Dzhindzhev et al.,
2010) and the four regions of interest we identified that contain multiple Ser/Thr residues that are highly
conserved across fly species (I-IV, highlighted in different colours). B) Micrographs illustrate Asl-mCherry
(red) localization at newly separated centrioles in living embryos expressing full length Sas-4-GFP or the GFP-
fusion of one of the four deletion constructs (green), as indicated; arrows highlight new centrioles that have
separated from their mothers, but have not incorporated Asl-mCherry. The deletion of regions II, IIT or IV does
not detectably interfere with Sas-4 localisation or Asl incorporation; deletion I does not detectably interfere with
Sas-4 localisation, but dramatically perturbs Asl incorporation at new centrioles.
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Figure S2, related to Figure 1.

Sas-4-Thr200 is required to load Asl onto new centrioles. A) Amino acid sequence alignment of Sas-4 region
I from several Drosophila species (alignment was performed using the full protein sequence from each species);
Thr200 is highlighted by an asterisk. B) The amino acid sequence of Sas-4 region I from Drosophila
melanogaster highlighting three highly conserved putative Cdk phosphorylation sites—Thr200 (pink/maroon;
asterisk), Ser217 and Ser244 (blue)—and 9 other conserved Ser/Thr residues (yellow). C) Micrographs show
Asl-mCherry (red) localization at newly separated centrioles in living embryos expressing either full length Sas-
4-GFP or the indicated mutated forms of Sas-4-GFP (green) in which either Thr200 (pink label), Ser217 and
Ser244 (blue label), or all 9 of the other conserved Thr/Ser residues highlighted in (B) (yvellow label), have been
mutated to Ala. Note that, of these three constructs, only the T200A mutation appears to perturb the loading of
Asl onto new centrioles (arrows). Asl-mCherry localization appeared normal in embryos injected with Sas-4-
S217&244A-GFP or Sas-4-9A-GFP, but was disrupted in embryos injected with Sas-4-T200A-GFP.
Micrographs also show that each the Sas-4-GFP S199T (grey label) and the T200E mutation (maroon label)
disrupt the recruitment of Asl-mCherry to new centrioles similarly to the T200A mutation (arrows).




- SNRKSLSPSGLK1QT! KFENK! TOCTOUNKTQOKDRLPLS TGPASRLAA -KS? | RE THic £S5 LOVRL QKK LETWEREKEKENLE LOCH. FRIGA ROl SFoEEy L1 efinolf cxana STPVKAVP -QKTNPADP - 630
- SNRKSLSPSGLK | QTGKKCDGQFRDQ K FEKK LPLSTGPASRLAA-KSP | RE TMKESESS LDVSLGKKLE TWEREKEKENLE LDE[L FIEQA DR 15 FssNSSFV LK 1 LERDG) TPVKAVP -GKTNPADP - 631
-SDRKSLSPSGLK\NTGKKCDGOCRDOIKFDKRVACNNKEN pEsnkpcmecmmnpewevnsmusnus KSPNRE TKE SES51L DV L QK TLETVEREKEKENLELDEBL FBEGARDE | SFSSHBBIFY Lk | L =RDGB) OKGHAMSE THVKAAP - GKTNPADD - 620
- NSRKSLSPSGL TSTGL I SGMAS -GNPASGS LKGSESS LDDS L QKK L ENWEREKEKENLE LDE[FL FBEGARDE 1S FSSNSSIFV LK | LERDQBNGRGRRLS TATLGS -634
. NRRDSLSPPORKVGTOKKGDGGFRPGVKLERNYP TNNKENRIPAY | KPWOAGOKVWAK TGRDRLPL S TGPV GGVYS - RSLVPE TORGTESS LD | BL-aKKLENWEREKEKENLE LOERL - MBRABOR: SFoS I Lx | LERDG! vE GHRL B TFKAVOPGKAGGADP - 620
 Mures\ spea kvaTakkRocargugvkasmuAas ikelifac KPuDAacKimeK TaaReRLP Ls TeRvac lva - Rae e Tore TesaLorl kil werekekenusoe [ rifiasloli fesiliev 1 LE BBl coany ch e kavacReAGaroe - 619
- ONGKNSLPLETRMAP GKNLDGO! RVEFSSE INNK |ENKENIVEFTKPS - TGSK | RNKLPD

e LEEQK M TEGN | DMNSSC IR TFMARKDBRR - -
£ L LEQKTEGN | DMNSSC 1 RTFMARKDBRR
e L EEQK M TEGN | DMNSSC | R TFMARKDBRR - -

FV T e S 1K1 GRrgAG) RVE
T INEGRFaGHL I GKN AGSET R FVEG KSRAGGTTHADDEAS | || SEASPMTGVOWAKVLDTGN | KA1 GRREAGI RVE
FV T -

£ L EEQKTEGN | DMSSC 1 R TFMARKDBRG -
e LEEQKHTEGN | DMNSSC | RTFMARKDERR -
£ L BEQK S EGN FOMNSSC 1 RA FMARKE BRR -
e L EEQiH1L EonFOMESSC 1 RTFMARKE BRR -
€ L BEQK L BoN FOMNSSC 1 R TFMARKEBRR - - Y
£ LLEQKBREGN | DMNSSIL | RTFMARKE BRRQY -352

- LNEGRFQQVL I SSNNVFS[S Ti £ IRFTEN-RNKAGLA - - -DDEAS - - - SEASPLTGVGWAQVLDTGR | KPVPL | GRRSAQI RVE -
- PNEQRFQKLLISSKTACNSTS 2 B IRFAEQ-RSREHAA - - -DDEHS - - - SEASPLTGVCWAKVLNTQS | KPVPL I GRRTAQLRVD
- ANEQRFQKLL1SSKTAC IRFAEQ-RSREHAA - - -DDEHS - - - SEASPLTGVCWAKVLNTQS | KPVP L 1GRRTAQLRVD

. TNSSALVNVCWAKVLDTQQI KPP -VLHRRTAQI RVE

b bioin P Cdkl-cycB &
P otin Sy i STP SAP &
Human CPAP: b sTPt 4+ Cdki-cycB: - + - +
: SAP  +
1 [ Cep152 - interacting region | [ TCP | 1338 STG +

Drosophila Sas-4:

1 [ Al inferacing region] | TCP_] 901 biotin-GHRMS:STP:VKAV
R (human CPAP aa610-621)
D E antibody injection F RNA injection
Mitosis early S-phase Sas-4-GFP (WT) Sas-4-T200A -GFP
unbound bound unbound bound
! anti- ;

detection reagent:  StAv

detection reagent pT200

biotin-KNACSSTPDLKS

biotin-KNACSS[pTIPDLKS

— 5 M

Figure S3, related to Figures 2 & 3.

The Sas-4-Thr200-STP-motif is required to load Polo onto new centrioles. A) A schematic representation of
human CPAP and Drosophila Sas-4 highlighting the conserved TCP domain (green) that interacts with
STIL/Ana2 (Cottee et al., 2013; Hatzopoulos et al., 2013) and the region shown to interact directly with
Cepl152/Asl (purple) (Cizmecioglu et al., 2010; Dzhindzhev et al., 2010; Hatch et al., 2010). This latter region is
not generally well conserved, and the dotted lines delineate regions where an amino acid sequence alignment
between a number of vertebrate and Drosophila species is shown below. These regions contain a short stretch of
reasonable homology between the fly and vertebrate proteins (red box); the conserved Sas-4-Thr200-STP-motif
(asterisk) in flies is located just upstream of this region, while the vertebrate sequences contain a conserved STP
motif (asterisk) located slightly downstream from this region. B) In vitro assay of Cdk1/Cyclin B-dependent
phosphorylation of the human CPAP-Thr616-STP-motif. The dot blot shows the loading of the biotinylated
peptides (left panel); the autoradiogram shows the incorporation of **P (right panel). C) In vitro assay of the
human CPAP-Thr616-STP-motif binding to recombinant GST-Polo-Box protein. The peptides were pre-
phosphorylated with Cdk1/Cyclin B prior to incubation with GST-Polo-Box as indicated (see Experimental
Procedures). The dot blots show the loading of peptide (top panel), and the binding of GST-Polo-Box-domain
(bottom panel). D) Western blots confirm the specificity of the anti-Sas-4-pThr200 antibody: this antibody
recognizes a peptide containing the Sas-4-Thr200 region only if Thr200 is phosphorylated (right panel).
Streptavidin-HRP (StAv) was used to confirm the equal loading of the biotinylated peptides (left panel). E)
Anti-Sas-4-pThr200 antibodies do not block centriole disengagement at the end of mitosis. Images show the
timing of centrosome separation in a transgenic Sas-4-GFP (green) embryo that has been injected with anti-Sas-
4-pThr200 (red). Two regions from the same embryo are shown, in which there is either a low concentration
(unbound) or high concentration (bound) of antibody, and the embryo is shown during mitosis (left panels) and
the following S-phase (right panels). Note that binding of the antibody to centrosomes during mitosis does not
appear to alter the timing of centrosome separation, demonstrating that centriole disengagement has not been
detectably perturbed. F) Images show the timing of centrosome separation in embryos expressing Jupiter-
mCherry (red) and either wild type Sas-4-GFP or Sas-4-T200A-GFP (green), as indicated. Centrosome
separation occurs with normal timing during telophase/early S-phase in embryos expressing Sas-4-T200A-GFP,
confirming that the expression of this protein does not detectably perturb centriole disengagement, even though
the loading of Polo-GFP onto new centrioles is strongly perturbed.




A B zygotic genotype:
crossed to N crossed to Sas-4-mCherry: = wt TA
Sas-4*/ Sas-4°"" \ \&/( Sas-4'/ Sas-4*
==X ma's > 0 mals endog. Sas-4: wt - -
| — P =
\ e | (T e o)
5 %{Q ! Sas-4"! flies | 82 = ses e
N S Ecar\‘r:;ten;:lse ori ~ 7 % _E
""""" 1S % oo
Sas-4'/ Sas-4°™" Sas-4'/ Sas-4°™ Sas-45""| Sas-45T" Sas-4°"( Sas-4°" Sas-4°""| Sas-45" O, 6 .‘..
adult female maternal effect phenotype larva adult female maternal effect phenotype o O 5
in Sas-4"""/ Sas-4°"" in Sas-4*/ Sas-4"" 2E °
genotype early embryo genotype early embryo S ; 4
S € p=0.2091
Y S5 3
Figure 5A,B = 2 (P.0.0001
" © 1
Figure S4C = og®
0
c Pre-MBT
embryos: E zygotic genotype:
maternal genotype:
E— WT Sas-4 Sas-4-mCherry, Sas-4-P201G -mCherry,
Sas-4-mCherry: - wt T200A Sas-4 Sas-4

endog. Sas-4: wt - -

— 1800a
Sas-4-mCherry C Asl
Sas-4 <_ — t16k0a 'FJ’HQS

normal Asl weak Asl

As| — —— g G-
— ti6kDa
- g
Actin — | Se———— a

D 3" instar
larval brains: F

zygotic genotype:
Sas-4-mCherry: - - wt TA PG SG ‘ 0 centrosomes H 1 centrosome H 2 centrosomes ” >2 centrosomes
. oo 100 : .
endog. Sas-4:  wt - - - - - . # o008 p = 0.0039 |
_r - [ T e e
: — 180kDa c 80 . oleza H p=09217
Sas-4-mCherry <_ © p=0 i
o 60 Ea  p=08016 o p=05792
Sas-4 C — 116a o : . I B b
= H
£ 40qp-oes2s * | p=o.9444'!'${; | f;;% p>09999
o % p=
IS & 0.4958
Asl — 5 20 -}3% Ca o i
~ ti6ka ~© . o . e i 5 p04361 L L o
G oles ¢ o ?,;'Fg.g? P=00060 o &% st
— 48k0a
Actin — endog. Sas-4: wr = - = = = Wr = = = = = WIF = = = = = WTF = = = = =
Sas-4-mCherry: = = WT TAPGSG = = WITAPGSG = = WITAPGSG = = WTTAPGSG

Figure S4, related to Figure 5.

Analysis of Sas-4-Thr200-STP-motif mutant transgenic flies. A) Schematics indicate the life cycle stages
and the specific genotype-phenotype relationships in Drosophila that correspond to the different Sas-4-STP
transgenic rescue experiments presented in this study. Green, orange and red boxes indicate increasingly severe
phenotypical defects (green: minimal defects — red: lethality). B) Climbing assay of adult Drosophila measuring
the proprioception of flies expressing transgenic Sas-4-mCherry or Sas-4-T200A-mCherry in a Sas-4 null
genetic background. Sas-4 null flies are severely uncoordinated and completely unable to stand up therefore
they were not subjected to the climbing assay. The graph shows that Sas-4-mCherry expression fully rescues
this proprioception defect of Sas-4 null flies (as measurable with this type of assay) while Sas-4-T200A-
mCherry expression can only marginally rescue the Sas-4 null phenotype. Error bars show SEM. Statistical
analysis was performed using the Mann-Whitney test. C) Western blot shows that Sas-4-mCherry and Sas-4-
T200A-mCherry are expressed at near-endogenous levels in pre-cellularised embryos and that levels of Asl are
not detectably perturbed. Actin is shown as a loading control. Note that the multiple bands of Sas-4 visible on
the blot are not phosphorylation-dependent (bands appear resistant to phosphatase treatment; data not shown).
D) Western blot shows that in 3" instar larval brains Sas-4-mCherry and the Sas-4-mCherry T200A, P210G and
S199G mutant proteins are expressed at similar levels. The levels of Asl are also not detectably perturbed,
although Asl levels are reproducibly slightly downregulated in Sas-4 mutant brains that are not rescued by any
of these transgenes. Actin is shown as a loading control. E) Images show examples of 3 instar larval brain cells
that were used for quantifying Asl foci in mitotic cells; genotypes are indicated. The centrosomal levels of Asl
were often variable in flies expressing Sas-4-T200A-mCherry, Sas-4-P201G-mCherry or Sas-4-S199G-mCherry
in the absence of wild type Sas-4 (an example of 2 cells from the same Sas-4-P201G-mCherry,Sas-4 brain is
shown—both cells have two centrosomes, but one has normal Asl levels, the other has low Asl levels, although
both cells were scored as having two centrosomes). F) Scatter plot representation of graph shown in Figure 5D.
Each data point represents an average value obtained from one brain (30-50 cells counted in each brain). Error




bars show SEM. Statistical analysis was performed using the Mann-Whitney test (pairwise comparisons;
indicated with solid lines) or the Kruskal-Wallis test (comparison of 3 or 4 categories; indicated with dashed
lines). Bold lines highlight significant differences between categories. Note that the variability in centrosome
frequencies is far greater in flies expressing Sas-4-T200A-mCherry, Sas-4-P201G-mCherry or Sas-4-S199G-
mCherry when compared to WT Sas-4-mCherry, suggesting that each of these mutations induces a stochastic
failure in centriole conversion.

Supplemental Experimental Procedures

Generation of Sas-4 constructs for RNA microinjection

To generate the various Sas-4-GFP constructs used for RNA injection experiments the Sas-4 coding region was
PCR amplified from w” DNA and subcloned into the pRNA-EGFP-CT (Cottee et al., 2015) vector using
Gateway technology. The single intron of Sas-4 was removed using QuickChange II XL Site-Directed
Mutagenesis Kit and all described deletions or point mutations were subsequently introduced with QuickChange
IT XL or QuickChange Multi Site-Directed Mutagenesis Kits. To generate the Sas-4-mKate2 constructs the
mKate2 coding sequence was PCR amplified from the pDONR P2R-P3-mKate2 vector (Buj et al., 2013) with
flanking homology arms to the sequence surrounding the eGFP coding region within the pRNA-Sas-4-EGFP
vector. An Nhel restriction site was introduced into the pRNA-Sas-4-EGFP vector immediately upstream of the
GFP start codon and In-Fusion cloning (Clontech) was used to swap the eGFP coding sequence for the mKate2
sequence using the Nhel and Spel restriction sites within pPRNA-Sas-4-EGFP (the Nhel site was not included in
the homology arms when amplifying mKate2 and therefore was removed during the In-Fusion reaction to
restore the original linker sequence). The T200A, P201G and S199G point mutations were introduced into
pRNA-Sas-4-mKate2 as described in Experimental Procedures.

Phospho-antibody generation

The anti-Sas-4-pThr200 antibody was generated by Pocono Rabbit Farm & Laboratory Inc. A polyclonal
antibody was raised in rabbit against a synthetic peptide with the sequence of SS{pThr}PDLKSSYASSC.
Following affinity purification using the phospho-peptide, the antibody was purified against the non-
phsophorylated peptide sequence SSTPDLKSSYASSC to eliminate any antibodies that are not specific to the
phospho-epitope.

Antibody labelling and microinjection

The anti-Sas-4-pThr200 antibody was covalently coupled to Alexa488 or Alexa568 (succinimidyl ester forms,
Life Technologies) by 1-hour incubation of the antibody and dye in 50mM HEPES pH 8.6, 50mMKCI, 1mM
MgCl, ImM EGTA. The labelled antibody was separated from unbound dye and eluted in 50mM HEPES pH
7.5, 50mMKCIL, ImM MgCl, ImM EGTA using size exclusion chromatography and concentrated to
approximately 5-10mg/ml using Amicon Ultra filters (50kDa MWCO). The antibodies were injected into
syncytial blastoderm stage embryos and imaged immediately following injection using the spinning disc
confocal system described in Experimental Procedures.

Image processing and presentation

All fluorescent images presented that were collected on the Perkin Elmer Spinning Disc confocal system (living
embryos and brains) were obtained by 3D rendering of image data using Volocity software. The Volocity
‘smooth zoom’ filter was applied to all images. All immunofluorescence images of fixed embryos and brains
were processed using Fiji software (Schindelin et al., 2012).

Peptides

For the kinase assays and Polo-Box binding assays, peptides (and, where appropriate, their phosphorylated
equivalents) were synthesised by GenScript. The full peptide sequences were the following: biotin-Ahx-G-Ahx-
GGAKNACS-{S/G}-{T/pT/A}-{P/G}-DLKSAKK (representing the Drosophila Sas-4-Thr200-STP-motif) and
biotin-Ahx-G-Ahx-GGAGHRMSS-{T/A}-{P/G}-VKAVAKK (representing the human CPAP-Thr616-STP-
motif). Ahx indicates aminohexanoic acid. Peptides were resuspended and stored in 0.1M phosphate buffer
pH7.4, 150mM NaCl, 2mM DTT.



Antibodies used for Western blotting

Rabbit anti-Sas-4 (Basto et al., 2006), rabbit anti-Asl (Conduit et al., 2010), mouse anti-actin (Sigma) and rabbit
anti-Sas-4-pThr200 (this study) primary antibodies were diluted 1:500 in milk solution for Western blot/dot blot
experiments. HRP-conjugated anti-rabbit or anti-mouse (GE Healthcare; diluted 1:3,000 in milk solution) were
used as secondary antibodies. Streptavidin-HRP (Thermo Scientific; diluted 1:3,000 in milk solution) was used
for detecting biotin, as a loading control, for all in vitro experiments.

Adult Drosophila climbing assay

The climbing ability of wild type, Sas-4-mCherry,Sas4°*"/Df(3R)BSC221 and  Sas-4-T2004-
mCherry,Sas4°**"/Df(3R)BSC221 was analysed blind. Groups of five 1-day-old flies were place in a 15ml
measuring cylinder and knocked to the bottom. After 6 seconds the distance climbed by each of the five flies
was measured and averaged. Each group of flies was measured 3 times and a single data point was calculated as
the average value of the three repeats. 8-11 groups of flies were scored for each genotype (total of 40-55 flies, 3
runs each), and groups were unblinded after quantification was completed. Statistical comparisons between the
different genotypes were performed using the Mann-Whitney test.
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