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ABSTRACT: Mnb/Dyrk1A is a proline-directed serine/threonine kinase implicated in Down’s syndrome.
Mnb/Dyrk1A was shown to phosphorylate dynamin 1 and alter its interactions with several SH3 domain-
containing endocytic accessory proteins. To determine the mechanism of regulation, we mapped the Mnb/
Dyrk1A phosphorylation sites in dynamin 1. Using a combination of deletion mutants and synthetic peptides,
three potential Mnb/Dyrk1A phosphorylation sites (S778, S795, and S857) were first identified.
Phosphorylation at S795 and S857 was confirmed in full-length dynamin 1, and S857 was subsequently
determined to be the major Mnb/Dyrk1A phosphorylation sitein Vitro. Phosphorylation at S857 was
demonstrated to be the basis for altering the binding of dynamin 1 to amphiphysin 1 and Grb 2 by site-
directed mutants mimicking phosphorylation. Furthermore, S857 of dynamin 1 is phosphorylated by the
endogenous kinase in brain extracts and in PC12 cells. In PC12 cells, the state of S857 phosphorylation
is dependent on membrane potentials. These results suggest that S857 phosphorylation is a physiological
event, which regulates the binding of dynamin 1 to SH3 domain-containing proteins. Since S857 is unique
to dynamin 1xa isoforms, Mnb/Dyrk1A regulation of dynamin 1 is expected to be specific to these spliced
variants.

Dynamin 1 is known to participate in clathrin-mediated
endocytic synaptic vesicle recycling (for a review, see ref
1). This protein assembles around the neck of invaginated
clathrin-coated pits and appears to function as a chemome-
chanical enzyme that severs the emerging coated vesicles
from the cell membrane. Dynamin 1 binds and hydrolyzes
GTP through the highly conserved GTPase domain in its
N-terminus. Dynamin 1 also contains a pleckstrin domain
for binding lipids and a proline-rich domain (PRD)1 for
interacting with SH3 domain-containing proteins, such as
many endocytic accessory proteins (2, 3). The interactions
of dynamin 1 with endocytic accessory proteins are generally
considered to be required for recruiting dynamin 1 into
functional complexes.

Dynamin 1 is a phosphoprotein, and the state of its
phosphorylation depends on membrane potentials (4, 5). The
protein is phosphorylated in resting cells and can undergo
rapid dephosphorylation upon membrane depolarization (4,
5), an event coinciding with the onset of endocytosis.
Phosphorylation was subsequently shown to inhibit the
binding of dynamin 1 with amphiphysin, an endocytic
accessory protein (6). Several kinases are known to phos-
phorylate dynamin 1 (7-10), and recently, Cdk5 was
implicated as a potential dynamin 1 kinase, which regulates
the interactions of dynamin 1 with amphiphysin (10).

Dynamin 1 was also shown to be a minibrain kinase/dual-
specificity Yak 1-related kinase 1A (Mnb/Dyrk1A) substrate
(11, 12). The Mnb was originally identified inDrosophila
as a gene required for the proliferation of neuroblasts during
postembryonic neurogenesis (13). Mutation in the gene
causes a reduction in the brain size of adult flies and produces
distinct memory and behavioral defects (13). The human
ortholog of theDrosophila Mnbgene, Dyrk1A, is localized
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to the Down’s syndrome critical region of chromosome 21
(14-18). The level of expression of Mnb/Dyrk1A is elevated
in patients with Down’s syndrome (19, 20), and Mnb/
Dyrk1A overexpression appears to be the foundation for
motor, cognitive, and memory abnormalities in transgenic
mice (21, 22).

When dynamin 1 is phosphorylated with Mnb/Dyrk1A at
low kinase concentrations, the phosphorylation inhibits the
binding of dynamin 1 to amphiphysin 1 (12). This result
implicates Mnb/Dyrk1A as a potential dynamin 1 kinase
whose activity modulates the interaction of dynamin 1 with
amphiphysin (6). However, at higher kinase concentrations,
Mnb/Dyrk1A phosphorylation promotes rather than inhibits
the binding of dynamin 1 to amphiphysin 1 (12). This
biphasic phenomenon appears to be related to the stoichi-
ometry of dynamin 1 phosphorylation (12). Apparently, Mnb/
Dyrk1A phosphorylates multiple dynamin 1 sites, which
produces complex biochemical consequences. To elucidate
the molecular basis underlying the effects of Mnb/Dyrk1A
on the interaction of dynamin 1 with SH3 domains, the
phosphorylation sites were determined in this study. Dynamin
1 contains two alternatively spliced sites, one at the middle
of the protein (two splicing forms) and the other at the
C-terminus (four splicing forms), which when combined give
rise to eight splicing variants (23, 24). Whenever necessary,
the notation dynamin 1(a,b)(a,b,c,d) will be used to differ-
entiate spliced variants.

MATERIALS AND METHODS

Clone Construction.C-Terminally truncated mutants of
GST-dynamin 1aa clones (C3, C4, and C5) were constructed
by PCR from rat dynamin 1aa vector pCMV96-7 (23) using
oligonucleotides CCTCTCGAGTCAGGAGGGCACGGG-
GGGAGCCCCCCC, CCTCTCGAGTCAGGCTGGGGGC-
ACGGCGGGGGCTCG, and CCTCTCGAGTCATCCGG-
CCGGTACGCTCTGCACCTG, respectively, as the 3′ end
primer and TCTCATCGATGGGCAACCGCGGCATGGAA-
GACCTC as the 5′ end primer. The resulting amplicons were
digested withClaI andXhoI (introduced by 5′ and 3′ primers,
respectively) and then cloned into theClaI and XhoI sites
of the pGEX vector as described previously (25). To
construct GST fusion clones containing dynamin 1xa PRD
fragments, a set of oligonucleotide linkers, each specific for
the desired amino acid sequence, were synthesized (Table
1) and cloned into the pGEX vector as described above. The
high GC content in the 3′ end region of the dynamin 1xa
gene has hampered the construction of the S857 mutations

by oligonucleotide site-directed mutagenesis. Therefore, the
region from theApaI site (residues 797 and 798) to the 3′
end of the rat dynamin 1xa gene (214 nucleotides) was
synthesized. The synthesized DNA incorporates anXbaI (at
residues 853 and 854) and anXhoI (immediately followed
the stop codon) sites for mutant construction and cloning.
This fragment was ligated together with theKpnI-ApaI
dynamin 1aa fragment (from the start codon to residues 797
and 798) obtained from pCMV96-7 into a modified plasmid
vector pND1 (25). A hemagglutinin (HA) tag was then added
to the N-terminus of dynamin 1aa by PCR to produce the
pNDHA-dynamin 1aa clone. Mutants were subsequently
constructed on pNDHA-dynamin 1aa by fragment replace-
ment utilizing the uniqueSmaI-ApaI (for the S795E
mutation) andXbaI-XhoI sites (for the S857E mutation).
Subsequently, mammalian expression vectors, pcDY1aa,
were assembled by inserting HA-dynamin 1aa clones into
theEcoRI-XhoI sites of vector pcDNA3 (Invitrogen). The
following approach was used to construct mammalian vector
pcMnb for expressing full-length Mnb/Dyrk1A. First, vector
pMnb was constructed by inserting the Mnb/Dyrk1A frag-
ment from the GST fusion vector (12) into the T7 RNA
polymerase vector pND1 throughClaI and XhoI sites as
described previously (26). Vector pRHC-Mnb was created
by replacing theEcoRI (in vector pND 1)-SphI (codon 10
of the Mnb/Dyrk1A gene) fragment in vector pMnb with an
oligonucleotide linker (AATTCAAGCTTATCGATGCATA-
CAGGAGGAGAGACTTCAGCATG). This oligonucleotide
restored the N-terminal Mnb/Dyrk1A gene and added a
HindIII site at the 5′ untranslated region. Subsequently, the
Mnb/Dyrk1A gene was spliced into vector pcDNA3 (Invit-
rogen) through theHindIII-XhoI sites. The kinase-deficient
mutant harboring the Y319F and Y321F substitutions was
described previously (12).

Kinase Assays.The solution and solid-phase Mnb/Dyrk1A
phosphorylation was performed as described previously (12).
The activity of Mnb/Dyrk1A was determined in a 30µL
reaction mixture containing a kinase buffer [25 mM HEPES
(pH 7.5), 100 mM NaCl, 5 mM MgCl2, and 5 mM MnCl2],
1 µg of dynatide 3 (Table 2 and Figure 1B), 2µCi of [γ-32P]-
ATP (specific activity of 1.33 Ci/mmol), and 0.1µg of Mnb/
Dyrk1A. The reaction was allowed to proceed at 30°C for
10 min. A 5 µL aliquot of the reaction mixture was
withdrawn at the end of the incubation, and the extent of
32P incorporation was determined by P81 phosphocellulose
membrane binding as described previously (27). Parallel
experiments with dynatide 3 alone as well as Mnb/Dyrk1A
alone were similarly performed and used for background
subtraction. One unit of Mnb/Dyrk1A is defined as the
amount of kinase capable of catalyzing 1 pmol of phosphate

Table 1: Phosphorylation of GST Fusion Clones Containing
Different Regions of the Dynamin 1xa PRD Fragment

clone
GST

fusion clone sequence
Mnb/Dyrk1A

phosphorylation

P1 MRS774PTS777S778PTP yes
P2 MRPGS795RGP yes
P3 MPPAGS807ALGG no
P4 MPPVPS817RPGA no
P5 MRPGAS822PDPF no
P6 MPPQVPS834RPNR no
P7 MPGVPS845RS847GQA no
P8 MGQAS851PS853RPE no
P9 MRPES857PRPP yes
S777A MRSPTA777S778PTP yes
S778A MRSPTS777A778PTP no

Table 2: Sequence and Mnb/Dyrk1A Phosphorylation of Dynatidesa

peptide sequence Km (µM) kcat (min-1)

dynatide 1 RRSPTSS778PTPQRRC 230 1.27
dynatide 2 RPARPGS795RGPAPGC 175 4.20
dynatide 3 RASPSRPES857PRPPC 63 20.7

a Dynatide 1 contains the exact dynamin 1xa sequence except for
the C-terminal cysteine residue (Figure 1). For both dynatides 2 and 3,
an extra arginine was added to the N-terminus in addition to the
C-terminal cysteine residue to ensure tight phosphocellulose binding.
The added arginine and cysteine are beyond the core sequence (P-3
to P+1) required for phosphorylation (33).
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incorporation into dynatide 3 per minute. The activity of
purified Mnb/Dyrk1A is usually around 20-40 units/µg of
protein. Kinetic constants for dynatide phosphorylation were
determined from a series of reaction mixtures containing
5-60µM peptide substrate as described previously (12). The
data reported in the study were the average of three
independent experiments. Phosphorylation of dynamin 1 by
PKC-M (protein kinase C catalytic subunit) was performed
by incubating 1µg of dynamin 1 with 10 ng of PKC-M
(EMD Biosciences, Inc.) in a 30µL reaction mixture for 30
min as specified by the supplier.

Antibodies and Immunological Assays.Goat polyclonal
anti-dynamin 1 antibody (C-16) and anti-dynamin 1 PS795
antibody (p-Dynamin I) were purchased from Santa Cruz
Biotechnology. Mouse monoclonal anti-dynamin 1 antibody
(Hudy-1) was obtained from Upstate Biotechnology. Mouse
monoclonal antibody, 3D3, specific to PS857 dynamin 1 was
produced by following a standard production protocol (28).
Antigen, conjugated Mnb/Dyrk1A-phosphorylated dynatide
3, was prepared as described below. First, dynatide 3 (1 mg)
was exhaustively phosphorylated with three successions of
2000 units of Mnb/Dyrk1A, each for 90 min. Upon comple-
tion, the reaction mixture was adjusted to pH 4 with acetic
acid and incubated on ice for 20 min to precipitate Mnb/
Dyrk1A, which was subsequently removed by centrifugation
(12000g for 20 min). Phosphorylated dynatides were then
treated with tributylphosphine (29) and conjugated to 2 mg
of activated Supercarrier (Pierce). Antibody clones were
screened against control and Mnb/Dyrk1A-phosphorylated
dynatide 3 with an ELISA. Clone 3D3 was selected on the
basis of its selectivity for Mnb/Dyrk1A-phosphorylated over
control dynatide 3 (see Figure 6). Mouse monoclonal anti-
Mnb/Dyrk1A antibody 7F3 was also produced as described
previously (30). Immunoblotting was performed as previ-
ously described (12). The ELISA was carried out by
assessing the turnover ofp-nitrophenyl phosphate similarly
as described previously (28). Immobilized antibody (Hudy-1

or C-16) was prepared by incubating 50µL (bed volume)
of washed Ultralink protein A/G (Pierce) with 10µg of
antibody for 2 h at 4°C. Coated beads were then washed
twice with cold PBST (PBS and 0.25% Tween-20), resus-
pended, and stored in 250µL of PBSTA at 4°C until they
were used.

PAA Analysis.32P-labeled dynamin 1 was prepared by
phosphorylating 1µg of dynamin 1 with either 2 or 24 units
of Mnb/Dyrk1A in the presence of [γ-32P]ATP as described
above. Dynamin was immunoprecipitated (IP) in 200µL of
a mixture with 50µL of immobilized Hudy-1 for 2 h at 4
°C. After being washed, labeled dynamin was eluted from
resins with 0.1 N HCl. Eluted proteins were hydrolyzed under
vacuum at 110°C for 2 h in thepresence of 6 N HCl, mixed
with 3 µg each of phospho-amino acid standards, and then
subjected to high-voltage electrophoresis on silica gel 60
plates (Alltech) according to the method of Hunter and Sefton
(31). PAA standards and the labeled amino acid were
detected by ninhydrin spray and autoradiography, respec-
tively.

Identification of the Phosphorylation Site in Dynatides.
Dynatides 1 and 3 were phosphorylated with Mnb/Dyrk1A
in the presence of [γ-32P]ATP as described above. Phospho-
rylated dynatides were then purified with a Sep-Pak cartridge
(Waters), immobilized onto a Sequelon AA disk (Millipore),
and subjected to manual Edman degradation according to
the method of Sullivan and Wong (32). Radioactivity released
in each degradation cycle was measured in a liquid scintil-
lation counter.

Identification of the Phosphorylation Site in Dynamin by
Mass Spectrometry.The phosphorylated dynamin to be
analyzed was purified by SDS-PAGE. The dynamin band
was visualized by Coomassie Blue staining, excised, and
further destained with 100µL of acetonitrile (ACN) and 50
mM NH4HCO3 (45:55, v/v) at 4°C for 1.5 h. Subsequently,
proteins were reduced with 10 mM tris(2-carboxyethyl)-
phosphine hydrochloride (in 50 mM NH4HCO3) at pH 7.5-

FIGURE 1: PAA analysis of phosphorylated dynamin 1 (A) and the sequence of dynamin 1xa PRD (B). (A) Dynamin 1 (1µg) was
phosphorylated by Mnb/Dyrk1A (2 units) in the presence of [32P]ATP and then subjected to PAA analysis as described in Materials and
Methods. Pi is free phosphate and Ori the origin. (B) PRD sequence of dynamin 1xa and 1xb variants. Residues in PRD known to be
phosphorylated are S774 (Cdk5) (9), S778 (Cdk5) (9), T780 (Cdk5) (10), and S795 (PKC) (34). S857 was identified as the major Mnb/
Dyrk1A phosphorylation site in this study. Dynatide sequences (Table 2) are marked.
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8.0 and 37°C for 30 min, alkylated with 50 mM iodoace-
tamide (in 50 mM NH4HCO3) in the dark at room temperature
for 1 h, and digested with trypsin (Roche)in situ overnight.
The resulting tryptic peptides were extracted using POROS
20 R2 beads (10µL of a 1:20 dilution) in the presence of
5% formic acid and 0.2% trifluoroacetic acid (TFA) over-
night. The tryptic peptides were eluted sequentially with 20
µL of 30 and 75% ACN containing 0.1% TFA using C18
Zip-tips and lyophilized.

The dried tryptic peptides were resuspended in 4µL of a
mixing solvent composed of water and methanol (3:2, v/v)
containing 0.5% acetic acid and 0.01% TFA followed by a
2.5-fold dilution with the same solvent before analysis.
Phosphorylation modification of dynamin was initially
identified by MALDI-TOF mass spectrometry. To perform
the analysis, the tryptic peptide solution (0.5µL) was mixed
with 0.5µL of a saturatedR-cyano-4-hydroxycinnamic acid
matrix solution in water and ACN (2:1, v/v) containing 0.1%
TFA and spotted onto the MALDI target plate. All spectra
were acquired using a Voyager-DE STR MALDI time-of-
flight mass spectrometer (Applied Biosystems) operating in
delayed extraction linear mode and averaged from 256
individual laser shots. Spectra were calibrated using the
trypsin autodigest fragment and analyzed using M/Z and
Paws against the dynamin amino acid sequence for phos-
phorylation identification.

Phosphorylation identified by MALDI-TOF MS was
confirmed by LC-ESI tandem mass analysis. LC-MS/MS
of the derivatized peptides was performed by a capillary
HPLC system (Amersham Biosciences) coupled directly to
an LCQDeca ion trap mass spectrometer (Thermo Finnigan).
The diluted tryptic peptide solution (2µL) was separated
by a Magic reverse-phase C-18 capillary HPLC column (0.2
mm × 50 mm, 5µm, 100 Å) (Michrom Bioresources, Inc.)
with a 0 to 100% methanol (in water) gradient containing
0.01% TFA and 0.5% acetic acid. The ion trap mass
spectrometer was operated in data-dependent MS/MS mode
with parent masses setting atm/zvalues of doubly and triply
protonated phosphorylated dynamin peptides.

Dynamin 1 Mutant Production and Binding Assay. Cos7
cells (3 × 106 cells per 60 mm dish) were maintained in
DMEM supplemented with 10% fetal calf serum and
transfected with pcDY1aa clones by using Lipofectamine
2000 (Invitrogen) as suggested by the supplier. Two days
after the transfection, cells were lysed directly on the plate
with 0. 4 mL of lysis buffer [50 mM Tris (pH 8.0), 150 mM
NaCl, Roche protease inhibitor cocktail, and 1% NP-40] and
centrifuged at 12000g for 5 min to remove cell debris. The
relative levels of dynamin overexpression among different
clones were estimated by immunoblotting using antibody
Hudy-1. Binding assays were performed by mixing 300µg
of crude cell lysates (the expression level for all constructs
is similar) with 0.6 nmol of immobilized GST fusion
amphiphysin 1 SH3 domain or Grb 2 (full-length) as
previously described (12). The precipitated HA-dynamin 1aa
was detected by immunoblotting against Hudy-1.

BTE Preparation and Phosphorylation. The BTE was
prepared from adult rat brains as described previously (6).
For phosphorylation, the extract was incubated with 2 mM
ATP, 4 µM cyclosporine, 0.2µM okadaic acid, 1 mM
sodium orthovandate, and 5 mM MgCl2 at 30°C for 40 min.
A control was similarly prepared but without the addition

of ATP and phosphatase inhibitors. At the end of the
incubation, samples were boiled in SDS-PAGE loading
buffer and subjected to immunoblotting against Hudy-1, 3D3,
and p-Dynamin I. IP of dynamin 1 was performed by mixing
300 µL of brain extracts with Ultralink protein A/G-
immobilized antibody C-16 (2.5µg) for 16 h at 4°C. After
being washed with PBST, precipitated dynamin 1 was eluted
by boiling in SDS-PAGE loading buffer and subjected to
immunoblotting against antibodies Hudy-1 and 3D3.

Assessment of Dynamin 1 Phosphorylation in PC12 Cells.
PC12 cells were maintained in F-12K medium (ATCC)
supplemented with 5% fetal calf serum and 10% horse serum.
The experiments were performed with 3× 106 cells in a 60
mm dish by rinsing the cells once with KRH buffer [25 mM
HEPES (pH 7.4), 125 mM NaCl, 4.8 mM KCl, 2.6 mM
CaCl2, 1.2 mM MgSO4, and 5.6 mM glucose] and then
incubating the cells in the same buffer for 1 h at 37°C
(polarization conditions). Depolarization was induced by the
addition of 90 mM KCl to cell cultures for 5 min at 37°C.
Cell lysates were prepared directly on the plate by adding
0. 4 mL of lysis buffer supplemented with phosphatase
inhibitors (0.2µM okadaic acid, 4µM cyclosporine, and 5
µM cypermethrin), followed by centrifugation at 12000g for
5 min to remove cell debris. Dynamin 1 was IP from 0.5
mg of lysate (total proteins) with immobilized antibody C-16
(2.5µg) for 16 h at 4°C and analyzed using antibodies 3D3,
Hudy-1, and p-Dynamin I as described above. Antibody
stripping was performed by incubating the blot in 0.2 M
glycine (pH 2.5) for 1 h atroom temperature. The level of
S857 phosphorylation upon depolarization was determined
by first correcting for the level of dynamin 1 (from Hudy-1
staining) and then normalized to that of polarized cells (set
to 100%). Transfection of PC12 cells with the expression
vector was performed in a manner similar to that described
for dynamin 1 mutant expression. Twenty-four hours after
the transfection, cells lysates were prepared in the presence
of phosphatase inhibitors. S857 phosphorylation was assessed
in IP dynamin with antibody 3D3 as described above. Mnb/
Dyrk1A was detected in crude lysates using antibody 7F3
as described previously (30).

RESULTS

Mnb/Dyrk1A Phosphorylates Dynamin 1 Primarily on the
Serine Residues.To facilitate the identification of Mnb/
Dyrk1A target sites, the phospho-amino acid (PAA) profile
was first determined. Purified rat brain dynamin 1 was
phosphorylated by Mnb/Dyrk1A under native conditions,
immunoprecipitated (IP), and subjected to PAA analysis
(Figure 1A). Since Mnb/Dyrk1A undergoes autophospho-
rylation (11), IP was used to minimize the PAA contribution
from kinase. The assay revealed that phosphorylated dynamin
1 consisted primarily of phosphoserine (PS) with trace
amounts of phosphothreonine (PT) and no detectable phos-
photyrosine (PY) (Figure 1A). This result supports the
conclusion that Mnb/Dyrk1A functions as a serine/threonine
kinase, and not as a dual-specificity kinase on dynamin 1.
We have also performed PAA analysis on dynamin phos-
phorylated with a large dose of kinase, which is known to
promote multiple phosphorylations (12). The resulting PAA
profile was unchanged, indicating that the phosphorylation
specificity of Mnb/Dyrk1A was independent of kinase
concentration (data not shown). We started the search for
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the phosphorylation sites from the dynamin 1 PRD because
dynamin 1aa and 1ba (1xa in general) isoforms contain an
Mnb/Dyrk1A-preferred sequence854RPESP858 in PRD (Fig-
ure 1B) (33). Since PS dominates in the PAA profile, our
emphasis was placed on serine residues.

Identification of Three Mnb/Dryk1A Potential Sites at
S778, S795, and S857 of Dynamin 1.To begin, a group of
GST-dynamin 1aa truncated mutants were constructed by
progressively removing amino acid residues from the C-
terminus (Figure 2A). The proteins were expressed in
Escherichia coli(Figure 2B) and subjected to the solid-phase
Mnb/Dyrk1A assay (Figure 2C). A mutant lacking either 47
(clone C3) or 73 (clone C4) residues was phosphorylated
by Mnb/Dyrk1A. In contrast, Mnb/Dyrk1A failed to phos-
phorylate clone C5, a mutant with 93 amino acids deleted.
These results indicate that all Mnb/Dyrk1A phosphorylation
sites are located within the last 93 residues of dynamin 1aa
PRD.

The last 93 residues of rat dynamin 1xa include 13 serines
(Figure 1B). To determine which serine could be phospho-
rylated, a group of GST fusion proteins, each containing
8-11 residues of PRD and 1-3 serines, were constructed
and analyzed with the solid-phase Mnb/Dyrk1A assay.
Together, these clones cover all 13 serine residues in the 93
target residues (Table 1). Results show that only clones P1,
P2, and P9 could be phosphorylated by Mnb/Dyrk1A (Table
1). Phosphorylation of P2 and P9 implicates S795 and S857

as the potential phosphorylation sites, respectively. Clone
P1 contains three serine residues. To pinpoint the target serine
residue(s), two P1 variants, S777A and S778A, were further
constructed and analyzed (Table 1). Via placement of an
alanine at position S778 but not at S777, the extent of
phosphorylation was reduced. The result suggests that S778
is the third potential kinase site.

Mnb/Dyrk1A Phosphorylates Synthetic Peptides Contain-
ing S778, S795, or S857.We subsequently verified the sites
identified from GST clones in peptide substrates. Three
peptides, dynatides (dynamin peptide) 1, 2, and 3, each
encompassing one of the three potential phosphorylation sites
were synthesized and analyzed (Figure 1B and Table 2).
Mnb/Dyrk1A phosphorylates all three peptides. Dynatide 3,
which matches the consensus Mnb/Dyrk1A phosphorylation
sequence, was the best substrate among the three peptides
(Table 2). The kinetic parameters are comparable to those
of DYRKtide (33), a peptide substrate optimized for Mnb/
Dyrk1A by combinatorial chemistry. Dynatide 2 was a
weaker substrate than dynatide 3, and dynatide 1 was the
weakest of the three. The trend of reactivity roughly follows
the degree of similarity between the sequence of dynatides
and the consensus phosphorylation sequence RPX(S/T)P
(33).

Since dynatides 1 and 3 contain multiple serine residues,
the position of the phosphorylated serine was subsequently
determined by manual Edman degradation. It is clear that
S778 is the phosphorylated site in dynatide 1 (Figure 3A).
Neither S774, T776, S777, nor T780 was phosphorylated to
a significant level. The same approach showed that S857 is
the only phosphorylated residue in dynatide 3 (Figure 3B).
These findings confirm that Mnb/Dyrk1A phosphorylates
peptides and GST fusion proteins at the same site.

Verification of the Mnb/Dyrk1A Phosphorylation Sites in
Intact Dynamin 1 by Mass Spectrometry (MS). To determine
whether any of these potential sites were phosphorylated in
intact protein, purified rat brain dynamin 1 was phosphory-
lated under native conditions, digested with trypsin, and then
subjected to MS analysis. Tryptic peptides containing all
three potential phosphorylation sites were identified in control
dynamin 1 (Figure 4A, bottom panel). These peptides are
S[774-784]R (or R[773-783]R) (m/z 1214.2) and R[773-
784]R (m/z 1370.3) for S778, A[785-796]R (m/z 1175.2)
and R[784-796]R (m/z1332.2) for S795, and S[847-864]L
(m/z 1926.0) for S857. The detection of the S[847-864]L
peptide shows that our rat brain dynamin 1 preparation
contains 1xa isoforms, which include 1aa and 1ba variants.
Upon phosphorylation with a low concentration of kinase
(2 units of kinase/µg of dynamin), a new peak corresponding
to the phosphorylated S[847-864]L peptide (m/z 1926 +
80) appeared with a concomitant reduction in the level of
the unphosphorylated peptide (Figure 4A, top panel). On the
other hand, signals representing phosphorylated peptides of
S778 or S795 were not detected (Figure 4A, top panel). The
identity of them/z 2006.1 peptide was subsequently deter-
mined by MS/MS. As shown in Figure 4B, the product ion
spectrum of the precursor ion matched that of the phospho-
rylated peptide S[847-864]L. Specifically, the peak observed
atm/z954.1 corresponded to the doubly charged ion resulting
from the loss of inorganic phosphate from the intact
phosphorylated peptide. Several peaks corresponding to
cleavages of peptide bonds were also detected, and their

FIGURE 2: Expression and Mnb/Dyrk1A phosphorylation of GST-
dynamin 1aa deletion mutants. (A) Structures of GST-dynamin
1aa deletion mutants. The structural domains are labeled as
described previously (1). GTPase is the GTP hydrolysis domain,
PH pleckstrin homology, GED the GTPase effector domain, and
PRD the proline-rich domain. The numbers in parentheses indicate
the last residue of each C-terminal end deletion clone. PRD deletion
mutants were produced inE. coli by IPTG induction and subjected
to Coomassie blue staining (B) and a solid-phase Mnb/Dyrk1A
assay (C): (-) control and (+) IPTG-induced sample. The band
corresponding to each deletion mutant is marked with an asterisk.
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masses indicated that S857 is phosphorylated as depicted in
Figure 4B. These results indicate that S857 is phosphorylated
at low kinase concentrations.

Dynamin 1 phosphorylated with a large dose of kinase
(24 units of kinase/µg dynamin) was also analyzed. Again,
S857 was phosphorylated, and S778 phosphorylation was
not observed (Figure 5). Although phosphorylated A[785-
796]R and R[784-796]R peptides were also absent in the
MS spectrum, a new peptide atm/z 5195.7 corresponding
to phosphorylated A[785-838]R was detected (Figure 5).
This peptide is expected when trypsin skips R796, an
indication that the neighboring S795 may be phosphorylated.
Since peptide A[785-838]R was observed only when
dynamin 1 was phosphorylated at a high Mnb/Dyrk1A
concentration, it suggests that S795 phosphorylation requires
high kinase concentrations.

Probing Mnb/Dyrk1A Phosphorylation at S795 and S857
with Phosphorylation Site-Specific Antibodies.Using Mnb/

Dyrk1A-phosphorylated dynatide 3 as the antigen, a mono-
clonal antibody (3D3) specific for phosphorylated S857 was
produced. 3D3 together with phosphorylated S795-specific
antibody p-Dynamin I was used to investigate phosphory-
lation at S795 and S857 in full-length dynamin 1. Antibody
3D3 is highly selective for Mnb/Dyrk1A-phosphorylated
dynatide 3 and dynamin 1, while it has no reactivity against
their unphosphorylated counterparts (Figure 6A). It also
exhibited no reactivity toward dynatide 1 or 2 regardless of
the state of phosphorylation (data not shown). On the other
hand, antibody p-Dynamin I recognized Mnb/Dyrk1A-
phosphorylated dynatide 2 and dynamin 1 (Figure 6B) but
not dynatide 1 or 3 (data not shown).

Using these antibodies, we first analyzed S795 and S857
phosphorylation with different kinase concentrations. Anti-
body 3D3 did not recognize purified rat dynamin 1 under
the assay conditions; however, p-Dynamin I consistently
produced a faint staining with the same sample (Figure
7B,D). The faint staining was attributed to the antibodies
rather than to residual S795 phosphorylation because it could
not be reduced by alkaline phosphatase treatment (data not
shown). Therefore, both S795 and S857 were concluded to
be unphosphorylated in our dynamin sample. This is not
surprising because no measure was taken to inhibit phos-
phatases during dynamin 1 preparation. Upon incubation with
low concentrations of Mnb/Dyrk1A, 3D3 reactivity quickly
appeared and reached a plateau (Figure 7A). In contrast,
p-Dynamin I reactivity was evident only when high con-
centrations of Mnb/Dyrk1A were used for phosphorylation
(Figure 7B). These results are consistent with MS data
showing that Mnb/Dyrk1A prefers S857 over S795. PKC
was known to phosphorylate dynamin 1 at S795 (34); thus,
PKC-phosphorylated dynamin 1 was also included in the
assay. While p-Dynamin I reacted with the PKC-phospho-
rylated dynamin 1, 3D3 was unable to recognize the protein
(Figure 7A,B). This result indicates that PKC phosphorylates
dynamin 1 at S795 but not at S857.

We then selected a concentration of Mnb/Dyrk1A at which
Mnb/Dyrk1A is capable of phosphorylating both residues
and followed the time course of phosphorylation. Results in
panels C and D of Figure 7 show that the reactivity for 3D3
reached its maximum level much earlier than that for
p-Dynamin I. Again, the result indicates that S857 is the
preferred phosphorylation site.

Effects of Site-Specific Mutations on Binding of Dynamin
1 to Endocytic Accessory Proteins.To determine whether
phosphorylation directly alters the binding to endocytic
accessory proteins, we examined dynamin 1aa variants
harboring phosphorylation-mimicking mutation(s). Three
mutants [S795E, S857E, and S795E/S857E double mutant
(DE)] were constructed and analyzed. N-Terminally HA-
tagged proteins were transiently expressed in Cos7 cells and
verified by staining with two different anti-dynamin antibod-
ies. Figure 8A showed that all dynamin constructs were
expressed at similar levels in Cos7 cells. Unexpectedly, none
of the expressed proteins reacted with the anti-HA tag
antibody from two suppliers (data not shown). Therefore,
Hudy-1 was used in all subsequent experiments for dynamin
detection. The use of Hudy-1 will not impede the analysis
because the level of endogenous dynamin 1 is diminishingly
low compared to that of the overexpressed proteins (Figure
8A). To avoid potential complications associated with

FIGURE 3: Determining the Mnb/Dyrk1A phosphorylation site in
dynatides. Dynatides were phosphorylated with Mnb/Dyrk1A in
the presence of [32P]ATP and then subjected to manual Edman
degradation as described in Materials and Methods. The radioactiv-
ity released in each cycle of degradation was plotted against the
cycle. The amino acid residue corresponding to each cycle is
indicated: (A) dynatide 1 and (B) dynatide 3.
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FIGURE 4: MALDI-TOF MS analysis of dynamin 1 phosphorylated by a low level of Mnb/Dyrk1A (A) and MS/MS analysis of the peptide
at m/z 1003.1 (B). (A) Dynamin 1 was phosphorylated by Mnb/Dyrk1A (2 units/µg of dynamin) and then processed for MALDI-TOF MS
analysis as described in Materials and Methods. Peptides containing S778, S795, S857, and many other dynamin fragments were labeled.
(A) The m/z 1003.1 ion corresponding to the doubly charged ion of them/z 2006.1 peptide identified in panel A was selected and subjected
to MS/MS analysis as described in Materials and Methods. S857 phosphorylation was confirmed by the presence of various fragment ions
generated from the phosphorylated S[847-864]L peptide.
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dynamin 1 phosphorylation at other sites, lysates were
prepared without phosphatase inhibitors. The pull-down assay
shows that wild-type (WT) dynamin 1aa is bound to
amphiphysin 1 and Grb 2 under the assay conditions (Figure
8B,C). The binding to amphiphysin was nearly eliminated
by the S857E mutation, while the same mutation enhanced
the binding to Grb 2. These results support the conclusion
that S857 phosphorylation causes both reduction of the level
of binding to amphiphysin and enhancement of binding to
Grb 2.

In contrast, the mutation simulating S795 phosphorylation
(S795E) had little effect on binding of dynamin 1aa to
amphiphysin and Grb 2 (Figure 8B,C). Interestingly, when
the S795E mutation was combined with the S857E mutation
(the DE mutant), it completely reversed the inhibitory effect
of S857E on binding of dynamin 1aa to amphiphysin. This
observation is in accord with the concentration-dependent
biphasic effect of Mnb/Dyrk1A phosphorylation on dynamin
1-amphiphysin 1 binding (12). On the other hand, an
additional S795E mutation was found to further enhance the

binding of the S857E mutant to Grb 2. No biphasic effect
was observed (Figure 8C).

Phosphorylation of S857 in Rat Brain Triton Extract (BTE)
by the Endogenous Kinase. Incubating BTE with ATP and
phosphatase inhibitors alters the binding of dynamin to
amphiphysin 1 (6). To determine whether the same treatment
produces S795 or S857 phosphorylation, extracts were treated
(with ATP and phosphatase inhibitors) and analyzed with
antibodies 3D3 and p-Dynamin I. The treatment promotes
3D3 staining of a 100 kDa protein (Figure 9A). To verify
the identity of this 100 kDa protein, dynamin 1 was IP (with
antibody C-16) from control and treated BTE and then
reprobed with antibodies Hudy-1 and 3D3. Anti-dynamin 1
monoclonal antibody Hudy-1 (35) does not differentiate
between unphosphorylated and Mnb/Dyrk1A-phosphorylated
dynamin 1 (12). The staining showed that dynamin IP was
equally efficient in control and treated samples (Figure 9B).
In contrast, 3D3 stained dynamin 1 only from the treated
extracts (Figure 9C). This confirmed that dynamin 1 is
phosphorylated at S857 in treated crude brain extracts by

FIGURE 5: MALDI-TOF MS analysis of dynamin 1 phosphorylated by a high level of Mnb/Dyrk1A. Dynamin 1 was phosphorylated with
Mnb/Dyrk1A at 24 units of kinase/µg of dynamin and analyzed by MALDI-TOF MS as described in the legend of Figure 4.
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the endogenous kinase. On the other hand, the same treatment
did not produce a signal with the antibody p-Dynamin I
(Figure 9D). Since the assay was performed under the
conditions in which antibodies 3D3 and p-Dynamin I were
shown to generate similar signal strengths (Figure 7), the
result indicates that S795 is not phosphorylated in BTE.

Phosphorylation and Dephosphorylation of Dynamin 1 at
S857 in PC12 Cells.We subsequently examined dynamin
1xa phosphorylation at S795 and S857 in PC12 cells, which
is known to express the dynamin 1xa isoform (24). The level
of dynamin 1xa is low. To improve the detection, endogenous
dynamin 1 was concentrated by IP (with immobilized
antibody C-16) and then analyzed. The precipitated dynamin

1 from undifferentiated PC12 cells cultured under the
polarizing conditions (Figure 10A) was stained with antibody
3D3 (Figure 10B) but not with p-Dynamin 1 (Figure 10C).
Again, we have performed the immunoblotting under the
conditions as described in the legend of Figure 7. Our results
suggest that S857 of dynamin 1xa, but not S795, is
phosphorylated in PC12 cells under polarizing conditions.
We then examined whether dynamin 1 S857 phosphorylation
in PC12 cells could be stimulated to dephosphorylate by
depolarizing the membranes. After incubation with 90 mM
KCl, the level of S857 phosphorylation in PC12 cells was
reduced by∼46% without any effect on the protein levels
of dynamin 1 (Figure 10D). This observation indicates that
the state of S857 phosphorylation depends on membrane
potentials. Similar results were obtained from NGF-differ-
entiated PC12 cells (data not shown). We subsequently
determined the effects of Mnb/Dyrk1A overexpression on
dynamin 1xa S857 phosphorylationin ViVo. PC12 cells were
transfected with WT Mnb/Dyrk1A, and the endogenous
dynamin 1xa was then analyzed with antibody 3D3. Results
in Figure 11 show that expression vector pcMnb transfection
leads to Mnb/Dyrk1A overproduction (Figure 11B), which
in turn produces a moderate increase in the level of S857
phosphorylation (Figure 11A). The elevated level of S857
phosphorylation apparently requires Mnb/Dyrk1A activity
because the kinase-deficient mutant (11, 12) harboring both
the Y319F and Y321F substitutions (DF) has no stimulating
effect. However, the S857 phosphorylation enhancement
(about 50%) is not directly proportional to overproduction
of Mnb/Dyrk1A (>3-fold), suggesting that the endogenous
dynamin 1xa is likely to be highly phosphorylated at S857
under our assay conditions.

DISCUSSION

On the basis of the stoichiometry of phosphate incor-
poration and its biphasic effect on binding of dynamin 1
to amphiphysin, we speculated earlier that Mnb/Dyrk1A
differentially phosphorylated dynamin 1 at two sites with
opposing outcomes (12); phosphorylation at the fast site is
achieved with low kinase concentrations and leads to the
reduction in the level of binding of amphiphysin, while

FIGURE 6: Specificity of antibodies 3D3 and p-Dynamin I. Antibody
specificity was determined with an ELISA. Antigens were prepared
by phosphorylating 1µg of substrate with or without Mnb/Dyrk1A
(24 units). ELISA plates were coated with 0-128 ng of antigen
per well. The data used for plotting were the average of corrected
(for p-nitrophenyl phosphate alone background) absorbance readings
from three independent assays. Panel A shows data for antibody
3D3 and panel B for antibody p-Dynamin I: (2) phosphorylated
dynatide 2, (4) control dynatide 2, (b) phosphorylated dynatide 3,
(O) control dynatide 3, (9) phosphorylated dynamin 1, and (0)
control dynamin 1.

FIGURE 7: Mnb/Dyrk1A concentration-dependent (A and B) and
time course (C and D) phosphorylation of S795 and S857. For the
kinase concentration-dependent assay, dynamin 1 (1µg) was
phosphorylated with the indicated amounts of Mnb/Dyrk1A in
solution for 30 min at 30°C. For the time course assay, the ratio
of 24 units of kinase/µg of dynamin 1 was used. The reaction was
initiated by the addition of dynamin 1 and allowed to proceed at
30 °C. At the indicated times, an aliquot of the reaction mixture
was withdrawn and the reaction terminated by boiling in SDS-
PAGE loading buffer. All samples were loaded at 50 ng per lane:
(A and C) 3D3 staining and (B and D) p-Dynamin I staining.

Mnb/Dyrk1A Phosphorylation of Dynamin 1 Biochemistry, Vol. 43, No. 31, 200410181



phosphorylation at the slow site, which is accomplished only
with high kinase concentrations, counters the effects of the
fast site phosphorylation. We have mapped the Mnb/Dyrk1A

phosphorylation sites in dynamin 1 and provided several lines
of evidence that support the hypothesis.

With denatured proteins and peptides, Mnb/Dyrk1A could
phosphorylate S778, S795, and S857. However, only S795
phosphorylation and S857 phosphorylation were observed
in the native protein analyzed by MS. Although phospho-
rylation at S778 cannot be completely ruled out by the
negative MS results, the relative kinetic rates of phospho-
rylation at each site (Table 2 and Figure 7) suggest that S778
phosphorylation is miniscule. Since phosphorylation at S857
always precedes that at S795 under the various conditions
that have been examined (Figures 4, 5, and 7), the data are
consistent with S857 being the fast Mnb/Dyrk1A sitein Vitro.
Phosphorylation at the slower S795 site is possible only when
the reaction is performed with more kinase and/or for a
longer duration (Figures 5 and 7). The reason that S857 is
phosphorylated more readily than S795 may be because the
sequence around S857 more closely resembles the consensus
phosphorylation sequence. In addition, S857, which is near
dynamin 1’s C-terminus, may be more accessible to kinase
than S795. S857 of dynamin 1 is phosphorylated in BTE as
well as in PC 12 cells by the endogenous kinase (Figures 9
and 10). Significantly, the state of S857 phosphorylation is
apparently dependent on membrane potentials (Figure 10)
and the level of Mnb/Dyrk1A (Figure 11). These observa-
tions indicate that S857 phosphorylation is likely to be a
physiological event and Mnb/Dyrk1A may be involved in
phosphorylating S857in ViVo. On the other hand, the failure

FIGURE 8: Expression and binding assay of dynamin 1aa mutants.
(A) Expression of dynamins in Cos7 cells. Dynamin expression in
transfected Cos7 cells (30µg of total protein per lane) was analyzed
by antibody Hudy-1 staining. Dynamin and mutants are labeled
accordingly. PC3, transfected with pcDNA3, the cloning vector.
(B) Amphiphysin 1 binding and (C) Grb 2 binding. The binding
assay was performed by the pull-down assay as described in
Materials and Methods. Plots showing the average of three
independent trials (normalized to that for the wild type) with a
typical binding result (insert) are presented. Amphiphysin 1 binding
was deliberately overexposed to show the level of binding reduction
for the S857E mutant.

FIGURE 9: Phosphorylation of dynamin 1 at S857 in rat BTE.
Extracts were prepared and treated as described in Materials and
Methods. The control and treated samples (20µg of total protein)
were then probed with antibody 3D3 (A) or p-Dynamin I (D). To
verify the identity of the stained 100 kDa protein, dynamin 1 in
extracts was IP with the anti-dynamin antibody C-16 and then
probed with antibodies Hudy-1 (B) and 3D3 (C): C, control; and
+, treated with ATP and phosphatase inhibitors.
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to detect S795 phosphorylation in both BTE and PC12 cells
suggests that S795 phosphorylation as assessedin Vitro may
not occurin ViVo.

The results of site-specific S857E mutants offer direct
evidence that supports the conclusion that the fast site S857
phosphorylation causes the reduction in the level of binding
of dynamin 1 to amphiphysin 1 (Figure 8B). S857 phos-
phorylation also directly contributes to the enhanced Grb 2
binding (Figure 8C). In contrast, the mutation that simulated
the slow site phosphorylation, S795E, caused no significant
changes in binding to amphiphysin or Grb 2 (Figure 8).
However, it could fully reverse the weak amphiphysin 1
binding associated with the S857E mutation. Clearly, the
biphasic switchover is caused by the progression from the
singly phosphorylated state to the doubly phosphorylated
state. Although a highly phosphorylated dynamin 1 was
found to have an enhanced amphiphysin binding activity,
this activity was not observed on the DE mutant. This may
be due to the limitation of serine-to-glutamate substitution

in fully simulating phosphorylation. Apparently, the binding
of dynamin 1 to amphiphysin can be regulated via multiple
ways, as Cdk5 phosphorylation was recently shown to inhibit
the binding by phosphorylating dynamin at T780 (10).
Paradoxically, the same kinase was also found to phospho-
rylate S774 along with S778 but to exert no inhibitory effect
on dynamin 1-ampiphysin 1 binding in another study (9).

Studies have localized the amphiphysin 1 binding domain
to a single region of dynamin 1 (residues 831-838) (36,
37). In addition to residues 831-838, Grb 2 may also need
residues 778-795 and 813-818 of dynamin 1 for binding
(38-40). All these regions contain a polyproline-2 helix, the
SH3 domain binding ligand (41). The involvement of
different regions may explain why the same phosphorylation
causes an opposite effect on binding to amphiphysin and Grb

FIGURE 10: Phosphorylation and dephosphorylation of dynamin 1
at S857 in PC12 cells. Dynamin 1 in PC12 cells was IP from cell
lysates with anti-dynamin 1 antibody C-16 and then analyzed for
S857 and S795 phosphorylation by immunoblotting as described
in Materials and Methods. A positive control (+) (dynamin 1
phosphorylated with a high Mnb/Dyrk1A concentration) was used
together with precipitated proteins (IP) for staining with Hudy-1
(A), 3D3 (B), and p-Dynamin I (C). (D) S857 phosphorylation in
polarized and depolarized PC12 cells. Polarized and depolarized
PC12 cells were prepared in parallel except that depolarized cells
were exposed to 90 mM K+ ions. Dynamin 1 was similarly IP from
cell lysates and first probed with 3D3, stripped, followed by Hudy-1
staining. The level of S857 phosphorylation under the depolarized
conditions was calculated as described in Materials and Methods.
Depolarization reduces the average level of phosphorylation to 53.5
( 12.0% of the polarized cells based on four independent trials:
Pol, polarized samples; and Dep, depolarized samples.

FIGURE 11: Effects of Mnb/Dyrk1A overexpression on the phos-
phorylation of dynamin 1xa at S857. (A) Level of S857 phospho-
rylation. PC12 cells were transfected with either pcDNA3 (pC),
pcMnb (WT), or pcMnb harboring Y319F and Y321F mutations
(DF) and maintained under polarizing conditions. Dynamin 1 was
extracted from transfected cells, IP, and analyzed for S857
phosphorylation in a manner similar to that described in the legend
of Figure 10. The data were corrected for the level of dynamin 1
(Hudy-1 staining) before plotting. The plot represents the average
of three independent trials for each transfection (normalized to pC).
(B) Mnb/Dyk1A overproduction in transfected PC12 cells. Mnb/
Dyrk1A was detected directly in crude cell lysates (20µg of total
protein) by immunoblotting using antibody 7F3. The average of
three independent trials is shown in the plot (normalized to pC).
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2. Showing how phosphorylation at S857 and S795 affects
the access of SH3 domain-containing proteins to the PRD
requires an understanding of PRD structures, which are yet
to be defined. Regardless, the fact that Mnb/Dyrk1A phos-
phorylation can enhance the binding to one protein while
inhibiting the binding of another suggests that Mnb/Dyrk1A
may play a role in controlling the participation of dynamin
1 in different cellular pathways.

The sequence around S857 is unique to the dynamin 1xa
variants (23, 24). The identification of S857 as the major
Mnb/Dyrk1A phosphorylation site suggests that Mnb/
Dyrk1A is limited in its activity to dynamin 1xa isoforms.
Both dynamin 1xa (36, 42) and Mnb/Dyrk1A (14-16, 43-
45) are strongly expressed in various brain regions. Although
the direct evidence is lacking, it will not be surprising if
their distributions overlap. In fact, dynamin 1 and Mnb/
Dyrk1A have been colocalized in growing dendrites of
developing chicken Purkinje cells (46); this finding supports
the notion that they are potential functional partners. Mnb/
Dyrk1A contains a bipartite nuclear targeting sequence (11),
which has been shown to deliver the protein to nucleus when
overexpressed (47, 48). However, a substantial portion of
the endogenous Mnb/Dyrk1A is found in cytosolic compart-
ments, such as neuronal processes and synapes, of mouse
(45), chicken (46), and human (30) central nervous systems.
This pattern of subcellular distribution may explain why
Mnb/Dyrk1A phosphorylates nuclear proteins such as FKHR
(49) as well as cytosolic proteins like dynamin 1. It should
be pointed out that Mnb/Dyrk1A was previously shown to
phosphorylate dynamin 1ab and dynamin 2 isoforms in a
solid-phase assay (12). These two isoforms do not contain
S857 and are unlikely to be Mnb/Dyrk1A substrates. This
apparent discrepancy may be due to the use of denatured
proteins in the solid-phase assay, which may expose the
nonphysiological site(s) for phosphorylation.

Phosphorylation was proposed to regulate the recruitment
of dynamin 1 to functional complexes through the interaction
of PRD and endocytic accessory proteins (2, 6). Our findings
that the endogenous kinase phosphorylates S857 and modifies
the binding of dynamin to endocytic accessory proteins
strongly support a role for phosphorylation in controlling
dynamin complex assembly. The findings also suggest that
Mnb/Dyrk1A is a candidate kinase that is likely to be
involved in this process. Clearly, dynamin 1 is also phos-
phorylated and regulated by other kinases (7-10). These
phosphorylations may happen in concert to promote the
complex behavior of dynamin 1. S795 is not normally
phosphorylated, but the situation may change if the level of
Mnb/Dyrk1A is increased (Figure 7). Mnb/Dyrk1A expres-
sion is enhanced in Down’s syndrome (19, 20). Whether
enhanced Mnb/Dyrk1A expression could lead to aberrant
dynamin 1 phosphorylation and a change in its activity will
be interesting to explore.
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