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ABSTRACT. Homodimeric hexokinase 2 froiSBaccharomyces cerisiae is known to have two sites of
phosphorylation: for serine-14 the modificatiomeivo increases with glucose exhaustion [Kriegel et al.
(1994)Biochemistry 33148-152], while for serine-157 it occutig vitro with ATP in the presence of
nonphosphorylateable five-carbon analogues of glucose [Heidrich et al. (B8&8Hemistry 361960-

1964]. We show now by site-directed mutagenesis and sedimentation analysis that serine-14 phos-
phorylation affects the oligomeric state of hexokinase, its substitution by glutamate causing complete
dissociation; glutamate exchange for serine-157 does not. Phosphorylation of wild-type hexokinase at
serine-14 likewise causes dissociationuitro. In view of the higher glucose affinity of monomeric
hexokinase and the high hexokinase concentration in yeast [Womack, F., and Colowick, S. P. (1978)
Arch. Biochem. Biophys. 19742-747; Mayes, E. L., Hoggett, J. G., and Kellett, G. L. (19&gJr. J.
Biochem. 133127-134], we speculate that tle vivo phosphorylation at serine-14 as transiently occurring

in glucose derepression might provide a mechanism to improve glucose utilization from low level and/or
that nuclear localization of the monomer might be involved in the signal transduction whereby glucose
causes catabolite repression.

Hexokinase 2 (gene nameédXK?2) is the predominating  kinase (active enzyme centrifugation) revealed a stabilization
hexose kinase irBaccharomyces cerisiae in growth on of the dimeric species by the simultaneous presence of both
glucose {, 2) and is also required for catabolite repression substratesld), whereas studies employing reacting enzyme
by glucose of expression of other genes (€3g:7). Two gel filtration showed that monomeric hexokinase was
other isoenzymes, hexokinase 1 (gdi&K1) and gluco- predominant in conditions af zitro catalysis 15). Estima-
kinase (gen&LK1), are also singly adequate for growth on tions of the average intracellular concentration of hexokinase
glucose, but their normal expression is highest on other would predict that the enzyme might normally be a homo-
carbon sources2( 8, 9. dimerin vivo (16). The finding that short forms (S-forms)

Hexokinase 2 exists in solution at neutral pH as a dimeric Of hexokinase createth vitro by limited proteolysis 17,
protein with a molecular mass of approximately 104 kDa 18) or by truncation employing genetic deletiotd] of the
(10). Increasing pH or ionic strength leads to its partial N-terminus, respectively, are monomérsitro indicates a
dissociation into identical monomer$1-13). While glu- decisive role of this region for intersubunit interaction.
cose alone exerts a weak dissociative effect, the synergistic The yeast hexokinases are known to exist as phospho-
action of this substrate with the reaction product MgADP proteinsin vivo (20). In a condition of glucose depletion,
causes substantial enzyme dissociatib®, (L3. The iden- phosphorylation increases at serine-14. This site belongs to
tification of the catalytically active hexokinase species one of two sequence motifs (amino acids-14 and 38t
predominatingn vivo is still a matter of debate. Sedimenta- 384) resembling protein kinase A targets, and serine-14 is
tion analysis specifically detecting catalytically active hexo- also specifically phosphorylated by protein kinas@Aitro

(22). Inthe presence of ATP and nonphosphorylatable five-
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To evaluate the structural and functional consequences ofabsorbancies of each compartment were scanned at three
hexokinase interconversion by phosphorylatidephospho- different wavelengths, routinely at 280, 285, and 290 nm,
rylation, mutant forms of the enzyme obtained by amino acid using the molar absorption coefficients determined with wild-
substitution for serine-14 and serine-157, respectively, weretype hexokinase (this paper).
studied by two methods of sedimentation analysis. While  Molecular mass calculations were done by simultaneously
substitution of alanine, cysteine, and glutamate, respectively,fitting the sets of three radial absorbance distribution curves
for serine-157 was found not to affect the association being described by eq 1
dissociation equilibrium of hexokinase, both permanent
pseudophosphorylation by seringlutamate exchange at A=A, expMK(r? — rzm)] (€8]
serine-14 andn vivo phosphorylation itself are shown to _
change the conformation and oligomeric structure of this With

enzyme. N2
K=[(1—- po)w])/2RT (2)

EXPERIMENTAL PROCEDURES . . _
using our computer program PolymoR®J. In this equation,

Strains, Plasmids, Site-Directed Mutagenesis, Enzymep is the solvent densityy is the partial specific volumey
Purification. The triple kinase mutant strain DFY63®41.:: is the angular velocityR is the gas constant, andis the
LEU2 hxk2:LEU2 glk1::LEU2 lys1-1 leu2-1 ura3-5df absolute temperatureA, is the radial absorbance, aidn
Saccharomyces cerisiae (20) was used for the expression IS the corresponding value at the meniscus position. The
and isolation of wild-type and mutant hexokinases. The Program Polymole also allows the analysis of self-associating
construction of hexokinase 2 mutations at serine-14 and Proteins including a determination of partial concentrations
serine-157 and the preparation of the different forms of the and association constants which are derived from the best
enzyme are described elsewheil,(23; glutamate-14 fit of the radial concentration distribution data. For yeast
hexokinase was obtained employing the same strategy.nexokinase known to represent a structurally closed system
Phosphoserine-14 hexokinase was separated from the noncomprising monomeric and dimeric species only, the ex-
phosphorylated wild-type enzyme by substituting hydroxyl- Perimental data were correspondingly examined for a
apatite adsorption2(l) for DEAE rechromatography2@). monomer-dimer equilibrium.

Alternatively, phosphoserine-14 hexokinase was isolated Sedimentation velocity experiments were done in standard

from cells grown in fu||_phosphate medium omitting phos_ double sector cells filled with 30@'. of solution at 26 000
phate dep|eti0n as origina”y deSCfibaDX. nm and 20°C. From the time-dependent radial concentra-

tion profiles alternatively recorded at either 280 or 285 nm,
was determined spectrophotometrically in 50 mM tri- sedimentation and diffusion coefficients were simultaneously

ethanolamine hydrochloride buffer containing 5.0 mm determined employing the Lamm progra88}. The com-
glucose, 10 mM MgGl 1.0 mM ATP, and 0.5 mM NADP bination of both parameters with the partial specific volume

at pH 7.4 and 25C with glucose-6-phosphate dehydrogenase 25 determi_ned from the amino acid composition of wild-
as auxiliary enzyme. type hexokinase allows to calculate the molecular ndss,

Molar UV Absorption Coefficients and Partial Specific using the Svedberg equation. Furthermore, the frictional

Volume of HexokinaseThe enzyme was dialyzed exhaus- ratio f/fo was calculated from these parameters using eq 3.
tively against bidistilled water. Aliquots of the dialyzed e[l — p7\13
protein were either used to scan its UV absorbance spectrum fif,= 10 (?) )
or subjected to hydrolysis followed by determination of the st
amino acid composition according 4. The data obtained This complex parameter consists of a shape-dependent and
are given in Table 1. The partial specific volume, of a hydration-dependent component. Assuming an average
hexokinase was calculated from the amino acid composition hydration of 0.30 g of KO per gram of protein34), the
(27, 28 and the density increment of the individual amino  gross conformation of a protein in solution can be estimated
acids @9). from the remaining value in eq 3 representing the shape-
Analytical Ultracentrifugation. Molecular mass studies  dependent component &fo.
were carried out in an XL-A-type analytical ultracentrifuge  Tryptic Digestion, Peptide Mapping, N-Terminal Sequen-
(Beckman) equipped with UV absorbance scanner optics. cing, Mass SpectrometryHexokinase was bound to Poros
Two different methodical variants were employed; (i) 20 R1 reverse-phase material (PerSeptive Biosystems),
sedimentation equilibrium analysis to directly determine the washed with 0.1% trifluoroacetic acid, and eluted with 60%
molecular mass; and (ii) velocity sedimentation to obtain acetonitrile containing 0.1% trifluoroacetic acid. Volumes
additional hydrodynamic parameters (sedimentation and containing 200 pmol of protein were taken to dryness in a
diffusion coefficients). Sedimentation equilibrium was Speedvac centrifuge and were digested af@&or 15 h
analyzed using externally loaded six-channel centerpieceswith 0.5 mg of sequencing-grade modified trypsin (Promega)
of 12 mm optical path usually filled with 100L of liquid. dissolved in 0.1 M Tris/HCI buffer, pH 8.1. Tryptic peptide
This type of cell allows the analysis of three solvesblution maps were obtained by reverse-phase HRIRRC C2/C18
pairs @0). Three or seven of these cells were used to SC 2.1/10 column/Smart system; Pharmacia Biotech) at 26
simultaneously analyze different samples in one and the sam&€C employing a gradient of acetonitrile in 0.1% trifluoro-
run. Sedimentation equilibrium was reached razeh of acetic acid. For Edman degradation, the different forms of
overspeed at 16 000 rpm, followed by an equilibrium speed native and mutant hexokinase as well as peptides of interest
of 12000 rpm at 10°C for 24-30 h (31). The radial from tryptic digests of the enzyme were loaded onto a

Enzyme Assay (Standard Conditionk)exokinase activity
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Biobrene-coated glass filter fiber of a Procise sequencer
(Applied Biosystems) and were sequenced using standard
protocols.

Mass spectrometry (MS) and tandem mass spectrometry
(MS/MS) were performed on a nanoelectrospray ionization
hybrid quadrupole-orthogonal acceleration time-of-flight
Q-Tof instrument (Micromass UK Ltd.) equipped with a
Z-spray probe. The nanoflow source was operated at a
temperature of 30C with a nitrogen drying gas flow of
180 L/h. A potential of 1.4 kV was applied to the nanoflow
tip. The flow rate was about 30 nL/min. Peptides were
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dissolved in 5uL of methanol/water (50% v/v) containing
1% formic acid. AliquotS Of 1,L£L, reSpeCtiVG'y, were 643 649 653 657 661 B3 64 647 B3 639 643 647 b5t 65
required for a single measurement. radius [cm]

Chemicals, Molecular Biology Reagents, Enzynidsdia Ficure 1: Sedimentation equilibrium distribution (symbols) and
constituents were from Difco. Restriction enzymes and fitted data (curves) of yeast hexokinase 2 as recorded at 275 nm

buffers were obtained from Boehringer. Mutagenizing PCR %‘): 280 nm O)B anldt285 tnmltg)h (A) k'\_“’“phloscphoﬁy'atid wild- 14

was done on a Gene ATAQ Controller (Pharmacia Biotech) b7 PRVl 0 0 ere et iaec S B oS

employing the Expand High Fidelity System (Boehringer). containing 1 mM PMSF, 1 mM EDTA, and 1 mM DTT. Loading
5'-Phosphorylated oligonucleotides were custom-made by enzyme concentration: 0.28.30 mg/mL. Temperature: 1TC.

Perkin-EImer. PCR products were purified using the Residuals (above) are given in 2-fold amplification.

QIAquick PCR Purification Kit (Qiagen). The Blunting End

Ligation Set was an MBI Fermentas product. DNAwas iso- type hexokinase isolated from cells grown in low-glucose
lated from agarose gels by use of the QIAEX Il Gel Extrac- medium gave the two enzyme fractions (HA-1, HA-2) known
tion Kit (Qiagen). The Sequenase 2.0 DNA Sequencing Kit tg giffer in the state of serine-14 modification onl21j.
used was from U. S. Biochemicals. For automated sequen-These proteins were subjected to tryptic digestion followed
cing, the Cy5 Auto Read Sequencing Kit (Pharmacia py comparative HPLC reverse-phase analysis and peptide
Biotech) was used. Hexokinase substrates, effectors, andsp|ation as already describe2llj. Nanoelectrospray ioniza-
auxiliary enzymes were from Boehringer and Sigma, re- tion mass spectrometry of the two peptides (spectra not
spectively. shown) gave mass/charge ratios of 932.4f(M)*]/466.7
RESULTS [(M+2H)?"] and 1012.9 [(M-H)*]/506.9 [(M-+2H)?*] which
agree with the values calculated for the peptide carrying
Enzyme Purification and Characterizatiohe isolation serine-14 unsubstituted (932.5) and phosphoserine-14 (1012.5),
of the different forms of wild-type and mutant hexokinase respectively. Conventional Edman degradation and tandem
described below from yeast strain DFY632/pAV101 and mass spectrometry (spectra not shown) confirmed the
derivatives gives enzyme preparations of more than 95% sequence H-Lys-Gly-Ser-Met-Ala-Asp-Val-Pro-Lys-OH for
purity with a minimum specific catalytic activity of 350 units/  the unphosphorylated peptide which coincides with amino
mg (standard assay) for the nonphosphorylated wild-type acids 12-20 of hexokinaseZ7, 2§. Sequencing of the pep-
enzyme (cf. Table 4). Site-directed mutagenesis at codontide obtained with phosphohexokinase gave the same order
positions 15 and 158 had been confirmed by automatedof residues but no signal in the third cycle of degradation
sequencing of thelXK2 ORF as well as by matrix-assisted corresponding to serine-14, thus indicating phosphorylation
laser desorption/ionization time-of-flight mass spectrometry of this residue Z1). MS/MS analysis of the latter peptide
and by sequencing of the isolated tryptic peptid&3.( To confirmed serine-14 phosphorylation (spectra not shown).
investigate the structural and functional consequences of Based on the results of DNA and protein analysis, the
serine substitution/modification at thie zivo and autophos-  hydroxylapatite fractions HA-1 and HA-2 of purified hexo-
phorylation site, the intactness of the N-terminus known to kinase were considered to represent nonphosphorylated wild-
be involved in intersubunit interactioh7—-19) and the state  type enzyme and phosphoserine-14 hexokinase, respectively.
O.f phosphorylatlor) of serine-14 representing the target OT It should be noted thain wivo phosphorylation of
vivo phosphorylation21) had to be checked since there is |\ 1inace 2 at serine-14 was detected not only in yeast

no inf_ormation avail_able on the long-term stabilit_y of grown in the phosphate-depleted medil2)( as originally
hﬁxoklrr]]ase_preﬁadratllon_s with respect to_proteolysis andemployed to study protein phosphorylation, but also in cells
P \?V‘T‘t?] zgllsﬁgggkir?asrg gsleséies emoloved in the present stud from yeast extract peptone medium providing full availability
Edman degradation gar\)/e the N-tl?er%inal seun()ence' H—Va)I/—’Of inorganic phosph_a e. Hydro>_<ylapatite chromatograp_hy as
His-Leu-GIy—Pro—Lys—Lys—Pro—GIn—AIa-Arg-Lys-GIy.-Ser- well as tryptic peptide separation and analysis gave indis-
tinguishable results with the enzymes prepared from cells

Met-Ala-Asp-Val-OH, which corresponds to codons 19 : e .
of hexokinase according to the DNA primary Structua.( grown in the two media differing in phosphate concentration.

28).2 Hydroxylapatite fractionation of DEAE-purified wild- Sedimentation Equilibrium Analysisthe molecular mass
of wild-type hexokinase was determined from the radial

2 Since the N-terminal amino acid of wild-type, mutant and phospho- concentration distributions shown in Figure 1A. These

hexokinases corresponds to codon 2 of the ORF, we number amino€XPeriments covered a range of enzyme concentrations
acid residues accordingly (serine-14 instead of serine-15, etc.). between 180 and 320g/mL as calculated directly from the
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Table 1: Molar UV Absorption Coefficients of Wild-Type Yeast
Hexokinase 2 As Determined by Spectrometry and Amino Acid
Analysist

wavelength (nm) E(mM~tcm™)
275 48.12
280 49.83
285 45.60
290 31.62
295 18.87
300 9.55
305 6.25

aMolar concentrations are referred to monomeric hexokinase
exhibiting a molecular mass of 53.948 D2v{( 28).

Table 2: Molecular Mass of Different Forms of Wild-Type and
Mutant Yeast Hexokinase 2 As Determined by Sedimentation
Equilibrium Analysis

amino acid weight-average
Hxk2 substitution/ molecular mass,
species modification My (kDa)

Hxk2(S14/S153 none 103.1 2.0
Hxk2(S14A/S157)  Ser-14- Ala-14 87.6+ 8.5
Hxk2(S14E/S157) Ser-14 Glu-14 534+ 1.2
Hxk2(S14p/S157) Ser-14 phosphoser-14 53&51.7
Hxk2(S14/S157A) Ser-157 Ala-157 103.5+£ 0.5
Hxk2(S14/S157C)  Ser-157 Cys-157 105.# 0.9
Hxk2(S14/S157E) Ser-157 Glu-157 102.6+ 1.2

aWild-type enzyme carrying serine-14 and serine-157 unsubstitu-
ted/unmodified.

Behlke et al.
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Ficure 2: Radial concentration distribution of alanine-14 yeast
hexokinase 2 at sedimentation equilibrium (conditions as in Figure
1). The primary data (symbols) were fitted to a monos@imer
equilibrium and correspond to curves (M) and (D) describing the
concentration distribution of monomeric and dimeric enzyme,
respectively. From the partial concentrations of both molecular
species determined by numerical integration of the areas below the
curves, an association constangf= 1 x 10° M~1was estimated.
Residuals (above) are given in 2-fold amplification.

mass of 53.4+ 1.2 kDa (Table 2). The latter enzyme
constructed to mimic permanent phosphorylation as pre-
sumed to occur in conditions of glucose limitation should
represent fully dissociated hexokinase. As anticipated, the
same molecular mass of 5345 1.7 kDa and very similar
changes of the molecular shape were found to result from

UV scans using the absorption coefficients summarized in the in vivo phosphorylation of hexokinase, demonstrating

Table 1. The value of 1034 2.0 kDa (Table 2) indicates
the enzyme to exist almost completely in the dimeric form.

Amino acid exchanges at position 157 from serine to alanine,

that serine-14 modification may completely transfer the
enzyme into the monomeric state (Figure 1C; Tables 2 and
3).

cysteine, and glutamate, respectively, gave similar results SedimentationDiffusion Studies.Velocity sedimentation

revealing the oligomeric structure of the enzyme to remain

and on-line data analysis allowing the simultaneous deter-

essentially unaffected (Table 2). In contrast, substitution/ mination of sedimentation and diffusion coefficients were

modification of serine-14 resulted in significant changes in
the hydrodynamic properties of hexokinase (Figure 1B,C;
Tables 2 and 3). Alanine at this position was found to allow
the formation of a well-balanced monomeatimer equilib-

rium as illustrated in Figure 2. For this enzyme, the partial
concentrations of monomer (M) and dimer (D), respectively,

performed to evaluate the hydrodynamic consequences of
the individual amino acid exchangesiatvzivo and auto-
phosphorylatior-inactivation site of hexokinase. This ana-
lytical technique is appropriate to derive from the primary
sedimentation-diffusion data not only the molecular mass
but also information about the gross conformation of the

correspond to an association constant for dimerization of 1 macromolecule. From the moving boundary (Figure 3) fitted

x 10° Mt which is lower by more than 1 order of magnitude
than the value of 4x 10° M1 obtained for wild-type
hexokinase (cf. Tables 2 and 3). The introduction of a
negatively charged residue by serirgdutamate exchange

by model functions of the Lamm prograr®3) sedimentation
coefficients of 5.714+ 0.03 S and diffusion coefficients of
(5.37 + 0.10) x 107 cnv/s were derived for wild-type
hexokinase (Figure 3A; Table 3). The use of these data and

caused a complete dissociation of hexokinase into its subunitsthe introduction into the Svedberg equation of a partial

as indicated by the lower slope of the radial concentration
distribution curves (Figure 1B) corresponding to a molecular

specific volumey = 0.740 mL/g as determined from amino
acid analysis (cf. Experimental Procedures) result in a

Table 3: Sedimentation and Diffusion Coefficients, Molecular Mass,
Hexokinase 2 As Determined by Sedimentation Velocity Analysis

and Frictional Ratio of Different Forms of Wild-Type and Mutant Yeast

Hxk2 species Sow (S) Daow (x 1077 cn?/s) Msp (kDa) fifo
Hxk2(S14/S15A) 5.71+ 0.03 5.37+ 0.10 99.7+ 2.0 1.29+ 0.02
Hxk2(S14A/S157) 474 0.14 557+ 0.33 80.3+ 7.0 1.33+ 0.06
Hxk2(S14E/S157) 3.92 0.05 7.00£ 0.10 53.4+ 1.0 1.224+0.02
Hxk2(S14p/S157) 4.08- 0.09 6.93+ 0.12 541+ 2.1 1.22+ 0.02
Hxk2(S14/S157A) 5.5 0.10 5.11+ 0.27 102.3+ 7.6 1.34+ 0.05
Hxk2(S14/S157C) 5.590.10 5.10+0.24 102.4 7.0 1.34+ 0.04
Hxk2(S14/S157E) 5.88:0.11 5.22+ 0.26 104.1+ 5.6 1.31+ 0.03

aWild-type enzyme carrying serine-14 and serine-157 unsubstituted/unmodified.
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Table 4: Effect of Substitution/Modification of Serine-14 and
Serine-157, Respectively, on Yeast Hexokinase 2 Catalysis

rel Vma?®  Ku(Glc)  Ku(ATP):

S Hxk2 species (%) (uM) (uM) Vma/Km(GIc)®

= Hxk2(S14/S15% 100 160 140 0.59

:;5) Hxk2(S14A/S157) 100 160 140 0.62

2 Hxk2(S14E/S157) 105 155 150 0.68

© Hxk2(S14p/S157) 97 180 130 0.54
Hxk2(S14/S157A) 5.3 28 460 0.19
Hxk2(S14/S157C) 1.4 57 470 0.024

C Hxk2(S14/S157E)  —d —d —d —d

aWild-type enzyme carrying serine-14 and serine-157 unsubstituted/
) unmodified.P Average specific catalytic activity of purified nonphos-
radius [Cm] phorylated wild-type hexokinase corresponding to a rela¥iyg. of
100% was 380 units/m@.Enzyme activity was measured with glucose

663 667 671 675 679 663 667 671 675 679 663 667 671 675 679

FiGURe 3: Radial concentration dlstrlbutlon_ (symbols) ar_1d f|tted_ as sugar substrate under standard assay conditions otherwise. Protein
data (curves) of yeast hexokinase 2 as obtained from sedimentatio

locit - ts. (A) N hosphorviated wild-t . THetermination was according to Bradfor8l0). Nonlinear regression
vg OCI|ytexpetr|rr112n ﬁ ( I)< Onp_ o?:p oLya eh wild- yrie4enzyme, analysis assumed MichaetiMenten kinetics. Deviations from the mean
(B) glutamate- exokinase; (C) phosphoserine-14 enzyme. ji4 o eyceed 15%! No activity detectable. The data of serine-157
Solvent: 50 mM potassium phosphate buffer, pH 7.4, containin

1 mM PMSF., 1 mM EDTA, and 1 mM DTT. Loading enzyme ~ Mutant hexokinases are taken froe
concentration: 0.90 mg/mL (A), 0.60 mg/mL (B), and 0.33 mg/
mL (C) Tlme interval between .tWO spans: 18 min. Temperature: cerevisiae (e.g_, 3_7) |Soenzyme 2 has two functiona”y
20 °C. Residuals (above) are given in 4-fold (A, B) or 2-fold (C) different phosphorylation sites2{, 23 and can be a
amplification. o o . .
phosphoproteiim vivo (20), but neither a physiological role
molecular mass of about 100 kDa (Table 3) which coincides of phosphorylation at serine-14 nor the enzymes responsible
within the limits of error with the result of equilibrium sedi-  in the cell are known. The aim of the present work was to
mentation (Table 2). In addition, a frictional ratitip = explore the structural and functional consequences of hexo-
1.29+ 0.02 was calculated, indicating a shape of the protein kinase phosphorylation. For this purpose, different forms
deviating from that of a sphere. Similar results were obtained of wild-type hexokinase and mutant enzymes obtained by
with the mutant enzymes carrying alanine, cysteine, and glu-amino acid substitution at either site of specific phosphor-
tamate, respectively, at position 157 (Table 3). In contrast, ylation were subjected to sedimentation and kinetic analysis.
substitution of serine-14 by glutamate gave a significantly The consequences of permanent pseudophosphorylation as
different moving boundary pattern (Figure 3B) reflecting a accomplished by serirgglutamate exchange introducing a
drastic decrease of the sedimentation coefficient and corre-phosphate-like negatively charged residue were compared
sponding to a molecular mass of 53:41.0 kDa. The fric-  for serine-14 to those resulting from phosphorylaiionizo.
tional ratiof/fo= 1.22+0.02 (Table 3) representing the dis-  The basic finding of serine-14 phosphorylation or substitution
sociated form of the enzyme is indicative of a more sphere- py glutamate to cause enzyme dissociation (at lieaitro)
like shape of this species. Sedimentation analysis ofithe  and apparently without influencing the catalytic properties
vivo phosphorylated enzyme (Figure 3C) resulted in hydro- of the purified enzyme (Table 4) is in contrast to autophos-
dynamic data which are indistinguishable from those obtained phorylation at serine-157 which, though completely and
with the permanently pseudophosphorylated glutamate-14reversibly inactivating hexokinas@3), does not affect the
hexokinase (Table 3). The hydrodynamic parameters de-gross conformation and monometimer equilibrium (Tables
termined for alanine-14 hexokinase (Table 3) confirm the 2 and 3). The dissociative effect of pseudophosphorylation
molecular changes detected by equilibrium sedimentation at the in vivo phosphorylation site suggests monomer
(Table 2). formation to require the introduction of a negative charge
Kinetic Properties of Different Forms of Wild-Type and rather than a phosphate-specific structure of the modifying
Mutant HexokinasesTable 4 summarizes the basic kinetic group at this position.

parametersVmax and Ky, of nonphosphorylated wild-type The molecular details of hexokinase assembly and inter-
enzyme, phosphoserine-14 hexokinase, and mutant enzymesubunit interaction are still unknown. The mode of subunit
modified at position 14 as determinéd vitro for glucose interaction proposed by Colowick3%) to explain glucose

and MgATP. All the parameters calculated by nonlinear stimulation of tryptic modification of the yeast hexokinases
least-squares fitting correspond to final assay concentrationsexcludes direct contact of the two N-termini. Bennett and
for hexokinase of 0.20.4ug/mL. Under these experimental  Steitz @4) suggested from X-ray data a nonsymmetrical
conditions, there is no significant difference in the glucose subunit assembly for isoenzyme 2; however, their hypotheti-
affinity or maximum rate to be observed as a consequencecal dimer was modeled from an incomplete primary structure
of serine-14 phosphorylation or substitution. For compari- (36). Later sequence informatior27, 2§ as well as the
son, the kinetic data of serine-157 mutant hexokinases Edman degradation shows two pairs of basic amino acids
determined at enzyme concentrations ef5lug/mL (23) before serine-14. These would be expected to counteract
are included. oligomeric stability if there were direct contact of the
N-termini, phosphorylation in this region to promote mono-
DISCUSSION mer association rather than the opposite result observed here.
Hexokinase is somehow involved in sugar sensing and in Therefore, the dissociative effect of serine-14 phosphoryla-
the establishment of glucose repressiorSaccharomyces  tion might be a modification-induced conformational change
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which impairs intersubunit interaction in part via a destruc- with phosphohexokinase and nonphosphorylated enzyme
tion of dipole contacts that could conceivably be formed by (Table 4) do not prove their functional equivalence in the
the two serine-14 hydroxyls to (so far unknown) residues of cell, and work on the use of stopped flow and other
the neighboring monomer, respectively [in alanine-14 hexo- techniques for this purpose is in progress.
kinase, the energy of subunit interaction should be weakened Finally, one may also speculate on models of signal
by about 2 kcal/mol of monomer since substitution of methyl transduction where a direct nuclear role of hexokinase 2 in
groups for serine residues should introduce weaker van dergene expression is influenced by its serine-14 phosphoryla-
Waals forces and thereby contribute to the lower weight- tion and increased monomerization as stimulated by glucose
average molecular mass determined by sedimentation analyfimitation. Hexokinase 2 has been detected in the yeast
sis (Tables 2 and 3)]. nucleus 46, 47 and has an N-terminal bipartite motif of
According to the X-ray structure3¢, 3§, monomeric basic residues (Lyd.ys’-Pro-GIn-Ala-Arg-Lys'?) resem-
hexokinase can be considered as a sphere-like moleculebling a nuclear targeting sequend@), Since the exclusion
exhibiting slightly different radii. When fitting the molecule  limit of nuclear pores is slightly higher than the molecular
by an ellipsoid of revolution, an axial ratio of approximately mass of monomeric hexokinase and/or enzyme dissociation
2 can be assumed which is in agreement with a frictional might expose 5) the nuclear localization sequence, intra-
ratio of 1.2 as derived from hydrodynamic mobility (Table nuclear hexokinase might affect transcriptional regulation of
3). The asymmetric assembly of two such polypeptide chains carbohydrate metabolism. A recent study which also pre-

should give rise to the formation of a dimeric molecule with sents data on th& vivo phosphorylation reports altered
a significantly higher axial ratio. This expectation is verified glucose repression infaxk2(S14Amutant strain 49).

by the higher frictional ratio of about 1.3 as obtained with

dimeric hexokinase (Table 3). Even though the hydrody- REFERENCES

namic data presented in this work fit the general rule of
asymmetric assembly of dimeric proteir89), the case for
yeast hexokinase remains hypothetical without a three-
dimensional structure which includes the N-terminus of the
enzyme [the model by Bennett and Stei22)(lacks the 20
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