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Phosphorylation remain to be established.

The bifunctional hexokinase KIHxk1 is a key component of glucose-dependent signal transduction in
Kluyveromyces lactis. KIHxk1 is phosphorylated in vivo and undergoes ATP-dependent autophosphoryla-
tion-inactivation in vitro. This study identifies serine-15 as the site of in vivo phosphorylation and serine-
157 as the autophosphorylation-inactivation site. X-ray crystallography of the in vivo phosphorylated
enzyme indicates the existence of a ring-shaped symmetrical homodimer carrying two phosphoserine-
15 residues. In contrast, small-angle X-ray scattering and equilibrium sedimentation analyses reveal
the existence of monomeric phosphoserine-15 KIHxk1 in solution. While phosphorylation at serine-15
and concomitant homodimer dissociation are likely to be involved in glucose signalling, mechanism
and putative physiological significance of KIHxk1 inactivation by autophosphorylation at serine-157

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

The enzyme subclass of hexokinases encloses bifunctional en-
zymes which, in addition to their catalytic function in glycolysis,
are key components of glucose-dependent signal transduction
[1-3]. Hexokinase involvement in glucose signalling is best under-
stood in the Crabtree-positive yeast Saccharomyces cerevisiae
where glucose abundance causes hexokinase isoenzyme ScHxk2
to translocate to the nucleus by interaction with the ScKap60
importin to form a complex including ScMig1 and ScSnfl which
prevents invertase expression [3]. By contrast, glucose limitation
results in ScXpo1(ScCrm1)-dependent export of ScHxk2 into the
cytosol. The nucleocytoplasmic translocation is stimulated in vivo
by N-terminal phosphorylation of ScHxk2 at serine-15 decreasing
the enzyme’s affinity to ScKap60 and increasing its affinity to the
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ScXpo1 exportin [3]. In vitro, the same phosphorylation stimulates
dissociation of the ScHxk2 homodimer [4], however, cellular func-
tions of monomeric and dimeric phosphoserine-15 ScHxk2 are still
a matter of debate. The phosphoenzyme is dephosphorylated in the
cytosol by the ScGlc7-ScReg1 phosphoprotein phosphatase [5] to
allow its nuclear import again when glucose is abundantly avail-
able. ScHxk2 is phosphorylated in vitro by autocatalysis at serine-
158 in the presence of the glucose analogue D-xylose which is
not phosphorylated by hexokinases. The autophosphorylation
reaction is accompanied by a complete loss of glucose kinase activ-
ity which is fully reversed by enzymatic dephosphorylation of
ScHxk2 [6], however, a physiological role of serine-158 phosphor-
ylation remains to be established.

In contrast to the expression of two hexokinases (ScHxk1,
ScHxk2), one glucokinase (ScGlk1) and one glucokinase paralog
(ScEmi2) in S. cerevisiae, the genome of the Crabtree-negative yeast
Kluyveromyces lactis in which no genome duplication has occurred
[7] harbours a single hexokinase (KIHxk1). This enzyme is encoded
by the KIHXK1 (or RAG5) gene [8] and exhibits 73% identity with
ScHxk2 [8]. KIHXK1 mutants are affected in the expression of
glucose transporters [8,9] and show relief from glucose repression
of several enzymes [10,11]. The finding that glucose repression of
invertase in K. lactis does not depend on KIMigl [12] suggests
the existence of different molecular mechanisms of glucose


http://dx.doi.org/10.1016/j.bbrc.2013.03.121
mailto:karina.kettner@tu-dresden.de
http://dx.doi.org/10.1016/j.bbrc.2013.03.121
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

314 K. Kettner et al./Biochemical and Biophysical Research Communications 435 (2013) 313-318

signalling in the two yeasts. Cross-complementation indicating the
incompetence of KIHxk1 to restore glucose repression in S. cerevi-
siae is in support of this idea [8]. Recently, X-ray crystallography
identified a symmetric ring-shaped dimer of N-terminally intact
KIHxk1 [13] while crystals of ScHxk1l [14] and ScHxk2 [15]
indicated monomers or non-symmetric dimers of inconclusive
N-terminal integrity. The N-terminal stretch of 19 amino acids
(V2-P20) of KIHxk1 that extends along the dimer interface [13] is
highly similar to the N-terminus of ScHxk2 containing the in vivo
phosphorylation site serine-15 [16]. This residue is progressively
phosphorylated upon glucose exhaustion and is involved in the
shuttle of ScHxk2 between cytosol and nucleus in S. cerevisiae
[3]. In comparison, the functional role of the N-terminus of KIHxk1
is unknown but the detection of two molecular species of KIHxk1
exhibiting different isoelectric points (this paper) suggests the
existence of a conserved phosphorylation site that is likely to
correspond to serine-15 of ScHxk2. The observation that in vitro
exposure of KIHxk1 to a condition causing complete autophospho-
rylation-inactivation of ScHxk2 [6] results in a partial inactivation
of the K. lactis enzyme [11] might indicate another covalent mod-
ification, however, neither the site nor the mechanism and physio-
logical significance are known.

The aim of the present work was to identify the presumed sites
of in vivo phosphorylation and in vitro autophosphorylation-inacti-
vation of KIHxk1 and to explore the structural consequences of
in vivo phosphorylation as a basis of prospective functional studies.
For this purpose, the in vivo phosphorylated KIHxk1 enzyme was
isolated and crystallized and its structure analysed in the crystal
and in solution. The experimental data support the view of KIHxk1
to play a key regulatory role in glucose-dependent signal transduc-
tion beyond its function as a glucose kinase.

2. Materials and methods
2.1. Strains and media

K. lactis strain JA6Arag5R/pTSRAG5 (MATa, ade1-600 adeT-600
trp1-11 ura3-12, rag5::Scura3) [11] was generated by transforma-
tion of JAGArag5R (rag5::Scura3) with multicopy plasmid pTSRAGS.
The latter strain was obtained from JA6Arag5 (rag5::ScURA3;
Wesolowski-Louvel, University of Lyon, France) by 5-fluoroorotic
acid selection. JA6Arag5 was constructed by ScURA3 insertion into
RAG5 of wild type strain JA6 (MATo, ade1-600 adeT-600 trp1-11
ura3-12 [17]). Cells were grown in YNB medium supplemented
with amino acids [18] and 2% glucose at pH 5.5 and 30 °C.

2.2. Purification of unphosphorylated and in vivo phosphorylated
KIHxk1

JA6Arag5R/pTSRAG5 was grown overnight, re-cultivated in
fresh medium for 90 min until an OD (600 nm/1 cm) of ~2, washed
with yeast extract buffer (YEB, 50 mM potassium phosphate, pH
7.4,1 mM EDTA) and stored at —80 °C. The frozen yeast was re-sus-
pended in 3 ml YEB per gram wet cell pellet and subjected twice to
French Pressure Cell Press (SLM Instruments) treatment at
138 MPa using the 40,000 psi standard cell. The supernatant ob-
tained by protamine sulphate precipitation (0.2 mg/ml) and subse-
quent pH readjustment was chromatographed on a HiPrep 16/10
DEAE FF column (GE Healthcare) equilibrated with buffer A
(20 mM Tris-HCI, pH 7.4). Proteins were eluted using a linear gra-
dient from 0 to 1 M NaCl in buffer A. Fractions containing glucose-
phosphorylating activity determined according to [19] were pooled
and subjected to ammonium sulphate precipitation at 85% satura-
tion. The precipitate was desalted, equilibrated with buffer A on
PD-10 columns (GE Healthcare), applied onto a 6 ml Resource Q

column (GE Healthcare) and fractionated using a linear gradient
from 0 to 250 mM NaCl. Two protein species referred to as
KIHxk1A and KIHxk1B subsequently eluting at increasing ionic
strength and exhibiting glucose-phosphorylating activity were
separated and precipitated with ammonium sulphate at 85%
saturation. The precipitates were dissolved in buffer B (50 mM
potassium phosphate containing ammonium sulphate at 50%
saturation, pH 7.4) and subjected to hydrophobic interaction
chromatography on a 1 ml Resource ETH column (GE Healthcare).
Proteins were eluted by linearly decreasing the concentration of
ammonium sulphate from 50 to 12.5% saturation, precipitated
with ammonium sulphate at 85% saturation and stored at 4 °C.
1 mM DTT and 0.5 mM PMSF were present in all buffers.

2.3. In vitro autophosphorylation-inactivation of KIHxk1

The experimental conditions of autophosphorylation are de-
scribed in [11]. Inactivation of purified KIHxk1A and KIHxk1B
was monitored by measuring glucose kinase activity at different
times using KIHxk1B incubated in the absence of ATP as a refer-
ence. Samples for mass spectrometry were taken after 24 h and
precipitated with ammonium sulphate at 95% saturation.

2.4. Mass spectrometric identification of phosphorylation sites of
KIHxk1

Mass determinations of unphosphorylated, in vivo phosphory-
lated and in vitro autophosphorylated KIHxk1 and analyses of their
tryptic peptides were performed by ESI-MS and ESI-MS/MS on a Q-
Tof Premier mass spectrometer (Waters Corporation) using the
Mass Lynx 4.1 software (Waters Corporation). Experimental details
and mass spectra are given in Supplementary data.

2.5. hrCNE analysis of KIHxk1 oligomerization

The hrCNE method was performed using cathode buffer variant
3 [20] and the HMW Native Marker Kit (GE Healthcare). The influ-
ence of phosphatase treatment was analysed by incubating
KIHxk1A and KIHxk1B (2 pg each) with 200U /-phosphatase
(New England Biolabs) for 1 h at 30 °C in the absence or presence
of a mixture of phosphatase inhibitors (5 mM EDTA + Sigma-Al-
drich phosphatase inhibitor cocktails 2 and 3) in a final volume
of 20 pl.

2.6. Sedimentation equilibrium analysis of KIHxk1 oligomerization

KIHxk1A and KIHxk1B were analysed in an Optima™ XL-A ana-
lytical ultracentrifuge equipped with an An-50Ti rotor and 2-chan-
nel cells (Beckman Coulter) at loading protein concentrations of
0.70 mg/ml, respectively, in 50 mM potassium phosphate buffer,
pH 7.4, containing 0.5 mM EDTA and 0.2 mM DTT. The enzymes
were centrifuged at 10,000 rpm and 20 °C for 48 h with data collec-
tion at 280 nm. Weight average molecular weights were calculated
by using the Optima™ XL-A/XL-I data analysis software (Beckman
Coulter) applying a partial specific volume of 0.73 ml/g for both
KIHxk1 species.

2.7. X-ray crystallography of in vivo phosphorylated KIHxk1

KIHxk1A (phosphorylated in vivo at serine-15 as demonstrated
below) was equilibrated with crystallization buffer (10 mM Tris,
1 mM EDTA, 1 mM DTT, 0.5 mM PMSF, pH 7.4) on a Superdex
200 16/60 column (GE Healthcare). Peak fractions were pooled
and concentrated using Vivascience 30 kDa molecular weight
cut-off concentrating spin columns (VWR International) to adjust
protein concentrations of 5-10mg/ml. Crystallization was
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accomplished at 291 K using hanging-drop 24-well plates filled
with 0.5 ml crystallization solution and crystallization droplets
composed of 1 pul KIHxk1 and 1 pl crystallization solution. Streak
seeding was employed to improve reproducible crystal growth. Cu-
boid-shaped crystals of up to 250 um length were obtained with
crystallization solutions composed of 2.2 M ammonium phosphate
and 0.1 M Tris-HCI at pH values of 8.0-8.5. Crystals were trans-
ferred in 1-min intervals to crystallization solutions supplemented
with increasing amounts (2-5% per step) of glycerol to reach 20%
(v/v) final concentration. X-ray data were collected at 100K at
beamline 14.2 of the BESSY synchrotron (Helmholtz Center Berlin)
using a wavelength of 0.9141 A. KIHxk1A crystallized in a crystal
form of space group P2;2:2; (a=105.8A, b=1783A,
c=216.2 A). The analysed crystal diffracted to about 2.2 A resolu-
tion. X-ray structure determination was performed as described
in [13]. The asymmetric unit contained six chains (A-F) corre-
sponding to three dimers (AD, BC, EF). For refinement, four TLS
groups were defined per chain on the basis of an analysis by the
TLS-MD server [21]. Structure quality indicators are listed in Sup-
plementary data, Table S1.

2.8. SAXS analysis of in vivo phosphorylated KIHxk1

Measurements were conducted at the EMBL X33 beamline of the
Deutsches Elektronen-Synchrotron (DESY Hamburg). KIHxk1A was
equilibrated with crystallization buffer as described and diluted to
obtain protein concentrations of 1, 3 and 6 mg/ml. Scattering pat-
terns were recorded at 4 °C on a Pilatus 1 M-W pixel detector (Dec-
tris, Baden, Switzerland) placed 2.7 m behind a 30 pl sample cell.
This assembly covered a momentum transfer s=4mn(sinf)//. of
about 0.1-5 nm~! at 4 =0.15 nm with 20 representing the scatter-
ing angle. The processed and normalized scattering data collected
during an exposure time of 300 s were corrected for buffer scatter-
ing and extrapolated to infinite dilution using PRIMUS [22]. The
theoretical scattering intensities of the monomeric and dimeric
models were calculated and fitted to the experimental data with
CRYSOL [22] applying default settings. CRYSOL was also used for
calculating the radii of gyration from the crystallographic models
and from measured scattering data using automated constant sub-
traction. For ab initio envelope determination, the scattering data
were processed by AutoGNOM [22]. DAMMIN [22] was subse-
quently used to calculate 10 independent modelling runs with no
symmetry imposed. DAMSEL [22] was employed to generate the
most probable model exhibiting the smallest discrepancy between
all aligned model pairs. The models were averaged and further pro-
cessed by DAMSUP, DAMAVER, and DAMFILT [22], respectively.
Manual superimposing of shape envelope and protein coordinates
was accomplished in PyMOL (www.pymol.org).

3. Results and discussion
3.1. Identity of the in vivo phosphorylation site of KIHxk1

Ion exchange chromatography of KIHxk1 extracted from glu-
cose grown cells separated two molecular species tentatively re-
ferred to as KIHxk1A and KIHxkB (Fig. 1A). Hydrophobic
interaction chromatography (Resource ETH, GE Healthcare) of both
proteins and subsequent SDS-PAGE identified single protein bands
of indistinguishable electrophoretic mobility corresponding to the
molecular mass of the KIHxk1 subunit [11] (data not shown). ESI-
MS measurements indicated a molecular mass of 53,558 + 5 Da for
KIHxk1A (Supplementary data, Fig. S1) which deviates by 79 Da
from the value of 53,479 Da calculated for KIHxk1 lacking N-termi-
nal methionine (http://www.uniprot.org/uniprot/P33284). By
contrast, the analysis of KIHxk1B indicated a molecular mass of
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Fig. 1. Separation of unphosphorylated and serine-15 phosphorylated KIHxk1 and
fractionation of corresponding tryptic peptides. (A) Resource Q chromatography of
KIHxk1 pre-purified on HiPrep DEAE FF Sepharose 16/10. Solid line: absorbance at
280 nm; dotted line: glucose kinase activity. (B) pRPC C2/C18 SC 2.1/10 reverse
phase separation of tryptic peptides generated from KIHxk1A and KIHxk1B finally
purified by Resource ETH chromatography. Molecular masses determined by mass
spectrometry are indicated in parentheses. KIHxk1A and PepA carry phosphoserine-
15 while KIHxk1B and PepB are unphosphorylated.

53,478 + 5 Da (Fig. S2) which is identical within the limits of exper-
imental error with the value deposited in the UniProtKB database.
In order to characterize the observed mass difference, tryptic di-
gests of both KIHxk1 species were separated on a reverse-phase
URPC C2/C18 SC2.1/10 column (GE Healthcare) (Fig. 1B). ESI-MS
analyses of peptides PepA and PepB each of which exclusively
appearing in one of the two chromatograms revealed PepA to com-
prise amino acids K13-K40 and PepB to consist of amino acids G14-
K40 (Figs. S3 and S4). Fragmentation of the PepA-derived most in-
tense triple charged ion M>" of m/z 1038.05 (Fig. S5) indicated
phosphorylation at serine-15 (the only alternative being sulfation
which was excluded by KIHxk1A dephosphorylation as outlined
below) while fragmentation of the PepB-derived M>* ion confirmed
unphosphorylated serine-15 (Fig. S6). Taking into consideration
both the structural similarity of the homologous hexokinases
KIHxk1 and ScHxk2 and the influence of glucose availability on
the phosphorylation of ScHxk2 at serine-15 [5,16], phosphoryla-
tion of KIHxk1 at the equivalent site may reflect a conserved mech-
anism of hexokinase modification contributing to glucose
signalling in yeast. Presumably due to different growth conditions,
phosphorylation of KIHxk1 at serine-15 has not been detected in
previous studies [11].

3.2. Influence of serine-15 phosphorylation on KIHxk1 oligomerization

The impact of serine-15 phosphorylation on the monomer-
homodimer equilibrium of KIHxkl was analysed by hrCNE of
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KIHxk1A KIHxk1B
A-Phosphatase + + - + +
PI - - + - - +
146kDa —
- — — —
66kDa ——
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1 2 3 4 5 6

Fig. 2. hrCNE analysis of KIHxk1 oligomerization. KIHxk1A (lane 1) and KIHxk1B
(lane 4) from Resource ETH chromatography were incubated for 1 h at 30 °C with -
phosphatase in the absence (lanes 2 and 5) and presence (lanes 3 and 6) of
phosphatase inhibitors (PI). Proteins were separated in 5-20% hrCNE gels and
stained with Coomassie Blue R250. Molecular mass estimation is based on the
migration of standard proteins covering the range from 66 to 669 kDa.

KIHxk1A and KIHxk1B representing serine-15-phosphorylated and
unphosphorylated enzyme, respectively (Fig. 2). In case of
KIHxk1A, the observed electrophoretic migration indicated an esti-
mated molecular mass of ~50 kDa (lane 1) which corresponds to
the KIHxk1 subunit [11]. By contrast, the estimated value of
~100 kDa of KIHxk1B (lane 4) refers to the homodimeric enzyme
[11]. In accordance with these findings, the electrophoretic mobil-
ity of phosphatase-treated KIHxk1A (lane 2) was identical to that
of the unphosphorylated enzyme (lane 4), and phosphatase inhibi-
tion maintained the monomeric state (lane 3), while neither phos-
phatase nor inhibitor treatment affected the electrophoretic
migration of KIHxk1B (lanes 5 and 6). Taken together, the electro-
phoretic behaviour of the two KIHxk1 species confirms the exis-
tence of a phosphorylation site in KIHxk1A and suggests
phosphorylation of KIHxk1B at serine-15 to promote the dissocia-
tion of the homodimeric enzyme.

3.3. Crystal structure of serine-15 phosphorylated KIHxk1

In the crystal, purified KIHxk1A forms a ring-shaped symmetri-
cal homodimer (Fig. 3A) which has the same architecture as the
previously crystallized unphosphorylated KIHxk1 [13]. The corre-
sponding X-ray data and refinement statistics are given in Supple-
mentary data, Table S1. Dimerization stabilizes the observed

57,
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conformation of the N-terminus which likely is flexible when
monomeric KIHxk1 is formed in solution. As a consequence, two
phosphoserine-15 residues are visible in the electron density maps
of the two intersubunit interfaces of the crystallized KIHxk1A
homodimer (Fig. 3B). The identification of a homodimeric arrange-
ment of phosphoserine-15 KIHxk1 does not contradict the results
of hrCNE (Fig. 2) since dimerization is likely due to the extremely
high concentration of the KIHxk1A protein in the crystal
(540 mg/ml corresponding to 10.1 mM monomer) where the dimer
is also stabilized by crystal packing interactions.

3.4. Crystal vs. solution structure of serine-15 phosphorylated KIHxk1

The electrophoretic analysis of KIHxk1 oligomerization indi-
cated the formation of monomers as a consequence of serine-15
phosphorylation (Fig. 2). By contrast, homodimers of the same
phosphoserine-15 enzyme were detected in the crystal (Fig. 3). In
order to verify the existence of monomeric phosphoserine-15
KIHxk1 in solution, the two KIHxk1 species were subjected to sed-
imentation equilibrium analysis. Taking into account the dissocia-
tion constant Kp = 0.15 pM of the unphosphorylated enzyme [11],
KIHxk1B was expected to predominantly exist in the dimeric state
at the loading enzyme concentration corresponding to 14 pM
KIHxk1 monomer. Indeed, the radial distribution of KIHxk1B at
sedimentation equilibrium (Fig. 4A, open circles) corresponds to
a calculated weight average molecular weight of 98 kDa and fits
well to the theoretical molecular mass of 107 kDa of the homodi-
mer [11]. In comparison, the equilibrium distribution of KIHxk1A
(Fig. 4A, full circles) corresponds to a calculated weight average
molecular weight of 52 kDa confirming serine-15 phosphorylation
to cause monomer formation in solution. The latter conclusion is
supported by the outcome of a SAXS analysis of KIHxk1 oligomer-
ization (Fig. 4B and C). The experimentally determined radius of
gyration of 25.7 + 0.1 A of KIHxk1A is almost identical with the va-
lue of 26.1 + 0.5 A calculated for the KIHxk1A monomers present in
the crystals, but deviates significantly from the value of 31.2 A +
0.1A calculated for the crystallized KIHxk1A homodimers. In addi-
tion, substantial coincidence of the scattering curve calculated for
the KIHxk1A monomer and the experimental scattering data of

Fig. 3. X-ray structure of serine-15 phosphorylated KIHxk1. (A) Ring-shaped homodimer of KIHxk1A (BC dimer of the asymmetric unit). Phosphoserine-15 residues are
shown as stick models (blue: phosphorus; red: oxygen). Numbers define terminal residues. (B) Electron density maps (grey: 2F, — F. at 1¢ contour level; green: omit F, — F. at
30 contour level) of phosphoserine-15 (chain B) and its environment. The red sphere represents a water molecule.
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Fig. 4. Sedimentation equilibrium and SAXS analysis of KIHxk1 oligomerization. (A) Weight average molecular weights of KIHxk1A (phosphorylated at serine-15; ®) and
KIHxk1B (unphosphorylated; O) were determined by equilibrium sedimentation performed at 10,000 rpm and 20 °C. Loading enzyme concentrations were 0.70 mg/ml,
respectively. Protein distributions (solid lines) were fitted to single molecular species of M; = 52,000 for KIHxk1A and M, = 98,000 for KIHxk1B. Lower panels: deviations of fit
and experimental data. (B) SAXS data of KIHxk1A analysed at protein concentrations of 1, 3 and 6 mg/ml (black squares; merged data). The calculated scattering curves for
monomeric KIHxk1A (amino acids 15-485 of chain E of the asymmetric unit) and dimeric KIHxk1A (Fig. 3A, BC dimer) are printed in blue and red, respectively. (C) SAXS
ab initio shape model of KIHxk1A in solution (light blue spheres) with manually positioned crystallographic model (blue). Asterisk: Putative location of missing N-terminus

(amino acids 2-14) of the crystallographic model.

the serine-15 phosphorylated enzyme was observed (Fig. 4B) with
a discrepancy value of ¥?=1.17. By contrast, the scattering curve
calculated for the KIHxk1A homodimer exhibits a poor fit
(% = 6.46). Based on the SAXS data, an envelope model of KIHxk1
was computed by ab initio shape reconstruction (Fig. 4C). The
resulting model accommodates the KIHxk1A monomer but not
the homodimer. Minor differences between envelope shape and
crystallographic model are probably due to the missing N-terminus
in the crystallographic model, the larger flexibility of the enzyme
in solution and/or the lower resolution of SAXS which precludes
a more precise shape determination. The formation of monomers
of KIHxk1A in solution may be explained by electrostatic repul-
sions of the two negatively charged phosphoserine-15 groups with
nearby negatively charged residues (Glu-31, Glu-355 and Glu-385)
of the adjacent subunit (Fig. 3B) and by the significantly lower con-
centration of the enzyme in solution compared to the situation in
the crystal [13].

The comparison of crystal and solution structures of phospho-
serine-15 KIHxk1 supports the view that phosphorylation at ser-
ine-15 allows monomer formation at enzyme concentrations that
according to the law of mass action would impede dissociation of
the unphosphorylated homodimeric enzyme otherwise. Recently,
protein kinases Tdal/Ymr291w [23] and Snfl [3] were reported
to be implicated in the phosphorylation of the homologous hexoki-
nase ScHxk2 at serine-15 in response to glucose limitation [5,16],
but neither the condition triggering KIHxk1 phosphorylation at
the equivalent site nor the corresponding kinase is known. Taking
into consideration the existence of a gene in K lactis encoding a
hypothetical protein which is homologous to the Tdal/Ymr291w
protein kinase (http://www.uniprot.org/uniprot/Q6CXB5), similar
functional roles for KIHxk1 and the upstream KIHxk1 serine-15 ki-
nase in glucose dependent signal transduction in K. lactis seem
conceivable.

3.5. Identity of the autophosphorylation-inactivation site of KIHxk1

The site modified in vitro by ATP-dependent autophosphoryla-
tion [11] was determined by monitoring the kinetics of inactiva-
tion of KIHxk1A and KIHxk1B followed by mass spectrometry.
Fragmentation analysis of tryptic peptides identified serine-157
as the sole site of autophosphorylation of both KIHxk1 species
(Supplementary data, Figs. S7-S10). In contrast to ScHxk2 where
inactivation by autophosphorylation was complete within minutes
[6], both KIHxk1A and KIHxk1B retained a residual catalytic
activity of ~30% even after long-term exposure (30 h) to autophos-
phorylation conditions (data not shown). The kinetics of autophos-
phorylation-inactivation are not appropriate, however, to
discriminate between a reduced molecular catalytic activity as a
consequence of serine-157 phosphorylation and the existence of
a mixture of non-autophosphorylated and autophosphorylated
enzyme species the former being catalytically fully active and the
latter being less active or inactive. Physiological conditions pro-
moting autophosphorylation-inactivation of KIHxk1l in K. lactis
have not been identified so far. The effective inhibition of glucose
kinase activity, however, provokes the idea of KIHxk1 autophos-
phorylation at serine-157 to represent a molecular switch deter-
mining the rate of glycolysis while phosphorylation in vivo at
serine-15 might be implicated in the transcriptional control of glu-
cose metabolism as suggested for the homologous hexokinase
ScHxKk2 of S. cerevisiae[3]. The outcome of a proteomic analysis of
KIHxk1 deficiency in K. lactis indicating a key regulatory role of
the enzyme in central metabolism and beyond (N. Mates and K.
Kettner, unpublished) is in line with the latter conclusion. Func-
tional studies of KIHxkl mutants constructed by site-directed
mutagenesis at amino acid positions 15 and/or 157 are expected
to disclose the regulatory significance of KIHxk1 phosphorylation
at either site.
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