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Summary. Mammalian hexokinase (HXK) is found at the outer mitochon-

drial membrane, exposed to mitochondrial oxygen- and nitrogen-radicals.

Given the important role of this enzyme in metabolic pathways and diseases,

the effect of S-nitrosoglutathione (GSNO) on HXK A structure and activity

was studied. To focus on the catalytic domain, yeast HXK A was used

because it has a significant homology to the mammalian domain that con-

tains both the regulatory and catalytic sites. Biologically relevant [GSNO]=

[HXK] caused a significant decrease in Vmax with glucose (but not with

fructose), along with oxidation of 5 Met and nitration of 4 Tyr. Preincuba-

tion of HXK with glucose abrogated the effect of GSNO whereas fructose

was ineffective. These results are interpreted by considering the tight bind-

ing of glucose to the enzyme as opposed to that of fructose. The segment

comprised from amino acids 304 to 306 contained the most modifications.

Given that this sequence is highly conserved in HXK from various species, a

decline in activity is expected when a high-affinity substrate is presented.

Considering that changes in primary structure are envisioned at high

[GSNO]=[HXK] ratios, like those present under normal conditions, it

could be hypothesized that the high concentration of hexokinase present

in fast growing tumors may serve not only to sustain high glycolysis rates,

but also to minimize protein damage that might result in activity decline,

compromising energy metabolism.
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Introduction

Hexokinase (EC 2.7.1.1) is an important glycolytic en-

zyme that catalyzes the first step of the glycolytic path-

way, i.e., the phosphorylation of keto- and aldohexoses

(e.g. glucose, mannose and fructose) using MgATP as

the phosphoryl donor (Griffin et al., 1991; Middleton,

1990). In rapidly growing tumor cells, the enzyme hexo-

kinase is markedly elevated and 50–80% of the total

activity is bound to the outer mitochondrial membrane

(Bustamante et al., 1981; Parry and Pedersen, 1983),

where it has preferred access to mitochondrially generated

ATP (Arora and Pedersen, 1988). In vertebrates there

are four major isoenzymes, commonly referred to as types

I–IV (Katzen and Schimke, 1965). Structurally, mamma-

lian hexokinases consist of a very small N-terminal hydro-

phobic membrane-binding domain (amino acids 1–12)

followed by two highly similar domains of 450 residues,

each with a mass of 50 kDa, which share close to a 68%

amino acid sequence homology. Based on the amino acid

sequence, there is a significant identity between the mam-

malian forms and yeast hexokinases (Andreone et al.,

1989; Arora et al., 1990; Griffin et al., 1991) supporting

the gene duplication-gene fusion hypothesis for the evo-

lution of the 100-kDa from the 50-kDa yeast enzymes

(Colowick, 1973; Ureta, 1982). It was believed that in

mammals, the first domain had lost its catalytic activity

and had evolved into a regulatory domain (amino acids

13–475) involved in product inhibition by glucose-6-

phosphate (Schwab and Wilson, 1989; White and Wilson,

1987). The C-terminal half of the brain enzyme had been

shown to account for all its catalytic activity (White and

Wilson, 1989). More recently this view has been chal-

lenged by demonstrating that the C-terminal half is

specialized not only for catalysis but also for product

inhibition (Arora et al., 1993), probably involved at con-

trolling the fraction of soluble and bound enzyme (Arora

et al., 1993). These observations indicated that mamma-

lian hexokinase probably evolved from a 50-kDa hexoki-

nase marine species that had already acquired the capacity

for catalysis and product regulation (Mochizuki and Hori,

1976, 1977).

In yeast there are three different hexokinase isoen-

zymes: hexokinase PI (gene HXK1), PII (gene HXKB),



and glucokinase (gene GLK1). All three proteins have a

molecular mass of about 50-kDa. The isoenzymes named

A and B (hexokinase PI and PII, respectively) share a 76%

overall homology of the amino acid sequence, and these

isoenzymes are known to exist as dimers (Frolich et al.,

1985; Kopetzki et al., 1985). Yeast hexokinases share a

35% amino acid homology compared to the C-terminus

end of the mammalian ones, and the glucose- and ATP-

binding domains for the tumor, brain, and liver hexo-

kinases had been deduced from amino acid comparisons

(Andreone et al., 1989; Griffin et al., 1991) with that of

the yeast enzyme, for which the X-ray structure is known

(Anderson et al., 1978; Bennett and Steitz, 1980).

Although it is known that changes in the activity and=or

binding of mammalian hexokinases have been attributed to

play a role in several human diseases (Barrie et al., 1979;

Magnani et al., 1985; Valentine et al., 1967; Vionnet et al.,

1992), limited studies had been undertaken to evaluate the

effect of mitochondrial reactive oxygen and nitrogen spe-

cies on this enzyme considering that mitochondria are a

source of oxygen- and nitrogen-centered radicals (Giulivi

et al., 1999; Giulivi, 2003) and that hexokinase is bound

to the outer mitochondrial membrane (Wilson, 2003).

Given that an overproduction and=or lack of adequate

antioxidant support may lead to damage of several critical

biomolecules, we investigated the role of a relatively

abundant S-nitrosothiol (S-nitrosoglutathione or GSNO)

on hexokinase structure and activity. Our lab has found

that mitochondria contain about 200 mM S-nitrosoglu-

tathione (Steffen et al., 2001). The homolytic and hetero-

lytic cleavage of this molecule may result in the formation

of nitric oxide as well as other reactive radicals, which

may modify the primary structure of hexokinase. To this

end, we investigated the modifications introduced in the

primary structure of yeast hexokinase (as a sole model for

the catalytic and product inhibition domain of mammalian

hexokinases) by GSNO, and the impact of these modifica-

tions on its activity.

Materials and methods

Materials

S-nitrosoglutathione was prepared according to the method described

by Hart (1985) and stored at �80 �C, as described before (Steffen et al.,

2001). Stock solutions (10 mg=ml) were prepared before running the

experiments and kept in the dark on ice.

Yeast hexokinase (9.86 mg=ml) was purchased from Worthington Bio-

chemical Corporation (Lakewood, NJ). This suspension is supplied as a

mixture of isoenzymes A and B. The mixture of isoenzymes was separated

by using the procedure described by Womack et al. (1973), which is based

on the differential adsorption of hexokinase isoenzymes to hydroxyapatite.

Hexokinase A fraction was eluted with 0.1 M potassium phosphate buffer,

pH 6.8. The specific activity was determined using glucose and fructose as

substrates to ascertain purity. The ratio of activities obtained for the

substrates glucose=fructose was 2.7 � 0.3.

Cresol red was obtained from Lancaster Synthesis, Inc. (Pelham, NH),

magnesium chloride from Mallinckrodt Chemical, Inc. (Paris, KY), and

glycylglycine from Mann Research Laboratories, Inc. (New York, NY).

D-glucose, D-fructose, and ATP were obtained from Sigma (St. Louis,

MO). Concentrated hydrochloric acid, sodium hydroxide, and the compo-

nents of the PBS buffer (sodium chloride, potassium chloride, sodium

phosphate dibasic, and potassium phosphate monobasic) were all pur-

chased from Fisher (Fair Lawn, NJ). Double-distilled, deionized water

was used as the solvent in all cases (unless otherwise specified) and was

acquired from a Barnstead Nanopure water filtration system.

Preparation of stock assay solution

The assay method used was based on that described by Giulivi et al.

(1999). Seven microlitres of a 0.006% cresol red and 1.6% MgCl2 � 6H2O

solution were combined with 1.5 ml of 0.1 M ATP (both solutions prepared

fresh daily). The resulting solution was then neutralized with 0.1 M NaOH

until a magenta-purple color was achieved. To this, 3 ml of 0.1 M glycyl-

glycine buffer (adjusted to pH 9.0 with NaOH) was added, and the volume

was brought to 60 ml with doubly deionized water. This stock assay

solution was prepared fresh daily and kept on ice throughout each day.

Hexokinase incubation

To this end, 0.5mM hexokinase A in PBS (pH 7.5) was treated with

different amounts of GSNO (as indicated in Fig. 2) or with equal volume

of double-distilled water used as vehicle for the GSNO-treated samples.

The solutions were incubated in the dark (wrapped in aluminum foil) at

25 �C for one hour. After incubation, each solution was placed on ice for

evaluation of enzymatic activities.

Assay procedure

In a 1 ml-cuvette, 1.25 ml of the stock assay solution was combined with

200ml of glucose or fructose solutions of varying concentrations (see

below Determination of Km and Vmax), at a fixed ATP �Mg concentration

of 3 mM. The resulting solution was incubated in a Cary 1E UV-Visible

Spectrophotometer until the absorbance at 572 nm remained constant. At

time zero, an aliquot of hexokinase control or GSNO-treated hexokinase

was added, and the absorbance was measured at 572 nm using the Cary

WinUV Kinetics Application. The temperature of the reaction mixtures

was measured using a Novex PowerEase 500 and recorded for later use.

The initial velocity of each reaction (in optical density units=min) was

determined by calculating the slope of each curve obtained using the Cary

kinetics program.

Adjustment for temperature and determination of activity

Because the cresol red indicator is very sensitive to temperature changes,

the temperature must remain constant during each assay, and the crude

reaction rate must be multiplied by a temperature factor if the reaction is

not run at 30 �C. Darrow and Colowick (1962) provided the formula for

this factor: 2.2ð30�tÞ=10, where t is the temperature at which the reaction

takes place. By multiplying the crude initial velocity by this factor, differ-

ences in temperature between trials were accounted for in our procedure.

A standard curve was used to convert the temperature-adjusted initial

velocity (in optical density units=min) to initial velocity in International

Units, or mmoles of acid formed=min. The Cary WinUV Concentration

Application was used to measure the absorbance at 572 nm of five differ-

ent samples, each containing 1.25 ml stock assay solution, 200ml glucose

or fructose, and 50ml of HCl with concentrations ranging from 12.5 to
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75 mM. Fifty microlitres doubly deionized water was added to create

a blank with which to zero the spectrophotometer before measurement

of the other five samples. A plot of mmoles of acid vs. absorbance

(in OD) was constructed, and the slope of the regression line passing

through the origin was obtained. The temperature-adjusted initial veloc-

ities for each trial were then converted to initial velocities in IU by

dividing each temperature-adjusted value by the slope of the standard

curve. A new standard curve was constructed each day to ensure pre-

cise conversion.

Determination of Km and Vmax

Initial velocities (in IU) were determined for both hexokinase control and

GSNO-treated hexokinase reactions run with varying limiting concentra-

tions of glucose and fructose. Seven different glucose solutions ranging

from 0.0015 to 0.2 M and seven fructose solutions ranging from 0.012 to

0.768 M were used in this process. For each hexose concentration, three

trials were run with the hexokinase control and three with GSNO-treated

hexokinase. The mean initial velocities for each concentration of fructose

or glucose were calculated, and five Lineweaver-Burk plots fitted with

regression lines (from each of the five trials) were constructed for each of

the four conditions (i.e. control hexokinase with glucose, control hexoki-

nase with fructose, GSNO-treated hexokinase with glucose, and GSNO-

treated hexokinase with fructose). From the resulting Lineweaver-Burk

plots, the Km and Vmax were determined, their values being equal to�1=x-

intercept of the regression line and 1=y-intercept of the regression line,

respectively. Each pair of Km and Vmax values for hexokinase control and

GSNO-treated hexokinase for one type of hexose substrate were obtained

from data that was all collected in one day; thus, the Km and Vmax values

among the four conditions were compared using paired t-tests.

Primary structure modifications

Hexokinase was incubated as described before, and aliquots from each

condition (control or GSNO-treated) were extensively dialyzed against

PBS, concentrated on Centricom tubes (10-kDa MW cut-off), and then

separated by 2-Dimensional gel electrophoresis. The procedure essentially

followed the one described in Elfering et al. (2002). The first-dimensional

IEF was performed on precast 18-cm IPG strips (Amersham Pharmacia

Biotech) at 20 �C with a maximum current setting of 50mA=strip using an

Amersham Pharmacia IPGphor IEF unit. Commercial strips with linear

immobilized pH 3–10 gradient were used for isoelectric focusing. These

strips were wetted with rehydration buffer containing 2 M thiourea, 7 M

urea, 4% CHAPS, 0.5% Triton X-100, 100 mM DTT and 0.4% Pharma-

lytes, pH 3–10, overnight, in a leveled acrylic strip holder. A low voltage

of 30 V was applied during rehydration. After rehydration, IEF run was

carried out using the manufacturer’s conditions for linear strips using a

power supply EPS 3500 XL. Before carrying out the second dimensional

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),

the strips were subjected to a two-step equilibration. The first was with

an equilibration buffer consisting of 6 M urea, 30% glycerol, 2% SDS,

50 mM Tris–HCI (pH 6.8), and 1% w=v DTT. The second step was with a

buffer consisting of 6 M urea, 30% glycerol, 2% SDS, 50 mM Tris–HCI

(pH 8.8), and 2.5% w=v iodoacetamide. After the IPG strips were trans-

ferred onto the second-dimensional SDS-PAGE gel a molecular weight

marker strip was included and the strips were sealed in place with 0.75%

agarose. SDS-PAGE was performed on 1.0 mm thick 10% polyacrylamide

gels at a constant voltage at 13 �C for 5 h using a Hoefer SE600. The gels

were stained with silver by following the subsequent protocol: gels were

fixed in 50% methanol, 5% acetic acid in water for 30 min followed by

washing in 50% methanol in water for 10 min. Then, they were washed

again with water for 60 min and sensitized with 0.02% sodium thiosulfate

for 2 min. After rinsing the gels twice with water for 1 min each, they were

incubated in chilled 0.1% silver nitrate for 40 min at 4 �C. After discarding

the silver nitrate and rinsing with two changes of distilled water for 1 min

each, the gels were developed in 0.04% formalin (35% formaldehyde in

water) in 2% sodium carbonate. When the desired intensity was attained,

the developer was discarded and the gel incubated with either 1.46%

EDTA disodium dihydrate or 1% acetic acid for 10 min to stop the devel-

opment. The staining procedure was completed by three rinses with

water for 5 min each. Stained gels were scanned using a Kodak Imager

(Sunnyvale, CA, USA).

Silver-stained stained protein spots were excised manually with a sterile

scalpel blade and transferred to a sterile microcentrifuge tube. Each

excised spot was destained, washed, reduced with DTT, alkylated with

iodocetamide, and digested in-gel with trypsin. The peptide extraction was

performed with ammonium bicarbonate and acetonitrile. Samples were

speed vacuumed to dryness after proteolytic digestion and then recon-

stituted to 15ml with 95:5, water:acetonitrile, 0.1% trifluoroacetic acid

(TFA), vortexed gently and centrifuged at 2000� g for 30 seconds.

Desalting=concentration procedure was performed by using C18 ZipTip+,

according to Millipore (Billerica, MA) instructions. A C18 resin was

hydrated with 2� 10ml aliquots of 50:50, H2O:acetonitrile, 0.1% TFA

and then equilibrated with 2� 10ml aliquots of aqueous 0.1% TFA.

Peptides were bound to C18 by pipetting up and down in the sample 5

times with the pipettor set to 10ml. Desalting was performed by pipetting

5� 10ml aliquots of aqueous 0.1% TFA through the resin. Elution was

performed by pipetting 1.5ml of 60:40, H2O:acetonitrile, 0.1% TFA over

the resin 3–4 times. One microlitre of the extracted sample from each

tube was dispensed onto a MALDI sample plate along with 1ml of matrix

solution consisting of 10-mg=ml a-cyano-4-hydroxycinnamic acid (Sigma-

Aldrich, St. Louis, MO) in 0.1% TFA, and 50% acetonitrile and spotted on

a MALDI target. Mass analyses were obtained using a PerSeptive Bio-

systems Voyager-DE STR MALDI-TOF-MS (Framingham, MA, USA)

located at the Mass Spectrometry Facility (University of Minnesota). The

samples were allowed to dry under ambient conditions. For each sample,

the average of 256 spectra was acquired in the delayed extraction and

reflector mode. The average of four scans (each containing 64 spectra) that

passed the accepted criterion of peak intensity was automatically selected

and saved. Spectra were automatically calibrated upon acquisition using a

two-point calibration with residual porcine trypsin autolytic fragments

(842.51 and 2210.10 [MþW] ions). Assignment of peaks was done

manually; measured peptide masses were excluded if their masses corre-

sponded to trypsin autodigestion products or if they were from identified

proteins adjacent to the spot being analyzed. The fragments were analyzed

against the SWISSPROT and NCBI nonredundant databases using MS-Fit

(Protein Prospector; UCSF, San Francisco, CA, USA) and peptide map-

ping (Profound; version 4.10.5; Rockefeller University). All mass searches

were performed using a mass window between 1000 and 100,000 Da, and

included human, rat and mouse sequences. The search parameters allowed

for oxidation of methionine, N-terminal acetylation, carboxyamidomethy-

lation of cysteine, and phosphorylation of serine, threonine and tyrosine.

Results and discussion

1. Characterization of purified hexokinase A from

commercially available yeast hexokinase suspension

Commercially available hexokinase is a mixture of yeast

hexokinases A and B. For example, ‘‘yeast hexokinase’’

from Boehringer seem to be constituted mainly by hexo-

kinase A by all biochemical criteria utilized by Womack

et al. (1973). The suspension provided by Sigma is

constituted by almost equal parts of each isoform (Prof.

Rajiv Bhat, personal communication), whereas that of

Worthington is in average 0.5–1.0 of hexokinase B to A

Nitrosoglutathione-mediated modifications of hexokinase A 595



(protein ratios), in agreement with others (Lazarus et al.,

1966). Considering that the contribution of each isoform

changes from batch to batch, we purified hexokinase A

from the mixture provided by Worthington. Hexokinase A

was isolated from the suspension by using the procedure

described by Womack et al. (1973). By following this

method, we obtained two fractions with specific activities

(average of 3 preparations) of 280 U=mg protein (hexoki-

nase A) and 750 U=mg protein (hexokinase B).

A tryptic digest obtained from the hexokinase A frac-

tion was used to evaluate its homogeneity by mass spec-

trometry. Yeast hexokinase A (P04806) ranked at the top

of the protein list with a MOWSE score of 2.3� 108. The

matched peptides covered a significant portion of the pro-

tein (50%, calculated as 243 detected=485 amino acids;

Fig. 1). Given the high sensitivity of mass spectrometry

(fmol), other minor proteins were detected with signi-

ficant lower MOWSE score values. They were the 26S

proteasome regulatory subunit 6A (P33297; MOWSE

4059), the 26S proteasome regulatory subunit RPN9

(Q04062; MOWSE 3434), hexokinase B (P04807;

MOWSE 2591), cytosolic NADP-dependent isocitrate de-

hydrogenase (P41939; MOWSE 2078), and hypothethical

protein in PEX 12 (Q0437; MOWSE 1121).

In a parallel approach, Eadie-Scatchard plots of hexo-

kinase activity would provide an indication of isoform con-

Fig. 1. Primary sequence coverage of hexokinase A. The masses of the tryptic digest of hexokinase A were processed by using ProteinProspector

software. Contaminating masses were those obtained with the same solutions as the control but without protein, and subjected to the same treatment

(trypsin digestion). Database sequence shown in black; matched amino acids shown in bold

Fig. 2. Eadie-Scatchard plots of hexokinase A activity with glucose and fructose as substrates. The activity of control (open circles) and GSNO-

treated (closed circles) hexokinase A was tested with glucose (A) or fructose (B) as substrate. For experimental details see Materials and methods
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tribution in terms of activity, if the data did not conform to

a single Michaelis-Menten equation. When the observed

rates were plotted according to the Eadie-Scatchard equa-

tion over a wide range of glucose concentrations, all plots

were linear (Fig. 2; open circles), indicating that the quan-

titative contribution of hexokinase A was predominant. The

kinetic constants (observed Km and observed Vmax) calcu-

lated from the plots were similar to those published for

purified hexokinases A and B (Table 1).

Our results indicated that the major isoenzyme in our

purified fraction was constituted by hexokinase A based

on the mass spectrometry data and the values of the

experimental kinetic constants.

2. Effect of GSNO incubation on hexokinase A activity

To evaluate the effect of GSNO on hexokinase A activity,

several molar ratios were tested. Given that rat liver mito-

chondria contain about 200 mM GSNO and the hexokinase

content can be estimated at less than 1 mM1, a physio-

logically relevant ratio of [GSNO]=[hexokinase] would

be 40 and higher. Considering that the glycolytic capacity

of several tumors correlates with mitochondrial hexoki-

nase activity (Bustamante et al., 1981), relevant ratios of

[GSNO]=[hexokinase] for fast growth rate tumors2 (equal

to or faster than one month) would be lower than 200.

Those tumors with slow growth rate would have inter-

mediate values, overlapping at each end with fast growth

tumors and normal tissues (Fig. 3). In principle, we chose

molar ratios of [GSNO]=[hexokinase A] spanning these

biologically relevant conditions (Fig. 3).

Exposure of hexokinase to GSNO for 1 h at 25 �C in

the dark, at the indicated molar ratios (Fig. 3), presented

a concentration-dependent decline of the Vmax (Fig. 3).

Under these conditions, no protein fragmentation and=or

aggregation was observed as judged by the lack of higher

molecular weight aggregates (polymers) or smear (frag-

mentation) in SDS-PAGE (under reducing and nonredu-

cing conditions) stained with silver.

About 50% activity decrease was observed at [GSNO]=

[hexokinase] ratio of 670, resulting in a GSNO concen-

tration of 335 mM. Although this concentration might

seem high compared to that of hexokinase, it is appro-

priate to indicate that the decay of GSNO under our

experimental conditions was about 1%=h (evaluated by

spectrophotometry at 330 nm; experimental first order rate

constant of 2.8� 10�6 s�1), indicating that at the end of

the incubation period, only 3.35 mM GSNO had been de-

composed to nitric oxide and other metabolites.

Table 1. Comparison of experimental kinetic constants of yeast hexoki-

nase A with published values

Parameter Hexokinase A Hexokinase B This study

Vmax, mmol� 275a 900a 280 � 5

(min�mg protein)�1 225c 730b

850c

Km (glucose), mM 0.3a 0.6a 0.47 � 0.06

0.31b

Vmax (fructose)= 2.0–2.3d 1.3a 2.7 � 0.3

Vmax (glucose) 2.0a 1.1a

3.0a 1.4b

2.8–3.0e 1.0–1.2e

a Ramel et al. (1971)
b Ma et al. (1989a)
c Womack et al. (1973)
d Rustum (1971)
e Lazarus et al. (1966)

Fig. 3. Effect of GSNO on hexokinase A activity. Purified hexokinase A

was treated with various concentrations of GSNO. The activity of each

sample was tested as described in detail under the same Section. The

range of hexokinase content for control tissues ranges from 1 (liver;

Bustamante et al., 1981; Gots and Bessman, 1974) to 80 (brain; Johnson,

1960) nmol glucose=min mg protein. For tumors with high glycolytic

rate, the range was considered from 20 to 400 nmol glucose=min mg

protein (Bustamante et al., 1981)

1 Hexokinase is present at low activity in liver, where glucokinase is the

predominat glucose phosphorylationg actvity.
2 Growth rate expressed in terms of months that either elapse between

transplantations or that are needed for a solid tumor to reach 1.5 cm

diameter according to Bustamante et al. (1981).
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Given that hexokinase utilizes aldohexoses as well

as ketohexoses as substrates, we performed experiments

to evaluate the kinetic parameters that might have been

affected by GSNO exposure (Fig. 3, closed circles and

Table 2). These experiments were performed at a molar

ratio of GSNO-to-hexokinase of 500:1 to evaluate the

effect of GSNO under normal conditions. The only pa-

rameter statistically significant different obtained after

GSNO exposure was the Vmax with glucose. No difference

was found with the apparent Km for ATP or glucose, or

with the apparent Km and Vmax with fructose. These re-

sults are best explained by the weaker binding of fructose

than glucose at the same active center. The modifications

introduced by GSNO might affect the tight binding of

glucose to the enzyme, but not that of fructose.

Supporting this view, the preincubation of hexokinase

A with 10 mM glucose (20�Km) abrogated the partial

inactivation caused by GSNO whereas 60 mM fructose

(20�Km) was ineffective at preventing the GSNO-

mediated decrease of Vmax with glucose3. This differential

effect of glucose vs. fructose in terms of protecting the

active site has also been described for an alkylating agent,

N-bromoacetylgalactosamine; in contrast, this alkylating

agent promoted the same activity loss with either sub-

strate (Otieno et al., 1975).

It is worth noting that the exposure of hexokinase A

to GSNO might have resulted in either a subpopulation

of enzyme with no noticeable activity or a mixture of

Fig. 4. Three-dimensional structure of hexokinase. Hexokinase A chain is

colored according the structure (alpha-helix, red; beta sheet, yellow; random

coil, green). The model is in a closed (1BDG.pbd with glucose in pink sticks;

A) or open (1IG8.pdb; B) conformation. The active site resides between the

two domains. The amino acids that were modified by GSNO treatment are

shown in the space-filled structure. The structures were originally obtained

with RasMol v.2.7.2.1.1, refined by using PyMol v. 0.98

Table 3. Differential amino acid modifications in hexokinase A after

GSNO treatment evaluated by mass spectrometry

Tryptic segment

(amino acid number)

Modification

22–42 Met 24 oxidized

111–122 Met 118 oxidized

304–315 Met 304 oxidized,

Tyr 308 nitrated, Tyr 309 nitrated

304–315 Met 304 oxidized

325–337 Met 327 oxidized

336–349 Met 342 oxidized

338–349 Met342, Tyr 340 or Tyr 346 nitrated

338–349 Met 342 oxidized,

Tyr 340 nitrated, Tyr 346 nitrated

Table 2. Kinetic parameters of hexokinase A with glucose or fructose as

substrates after GSNO incubation

Hexokinase Glucose Fructose

Km (mM) Vm (mmol=

min mg

protein)

Km (mM) Vm (mmol=

min mg

protein)

Control 0.47 � 0.06 280 � 5 2.9 � 0.2 756 � 13

GSNO-treated 0.3 � 0.1 169 � 2� 2.9 � 0.3 749 � 11

a Each of the above Km values represents the mean � standard error of five

independent trials. Km values for each trial were determined by measuring

the initial velocities of reactions catalyzed by either control hexokinase or

GSNO-treated hexokinase and run with varying limiting concentrations of

either glucose or fructose substrate. Lineweaver-Burk plots were con-

structed, and Km values were calculated by taking the negative reciprocal

of the x-intercept of the linear regression line of each plot. The Vmax

values were calculated by taking the reciprocal of the y-intercept of the

linear regression line of each plot. The significance level was set at 0.05.
�p<0.01

3 These concentrations of glucose and fructose are lower than those used

in similar experiments Otieno et al. (1975) (10�2 M). The reason to use

saturating concentrations as opposed to higher ones, was to minimize

potential artifactual reactions between the sugar and GSNO-derived

metabolites.
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Fig. 5. Sequence alignment for selected members of the hexokinase family.

The sequences listed are hexokinases (HXK) or glucokinase (GLK) iso-

forms (indicated by a number), followed by the species: rat, mouse, human,

bovine, yeast, Arabidopsis thaliana (ARATH), Drosophila megalogaster

(DROME), Plasmodium falciparum (PLAFA), Trichomonas vaginalis

(TRIVA). Green shaded residues are 100% match when all sequences were

aligned by using ClustalW. Blue and yellow shaded residues are highly

conserved and similar, respectively. An asterisk indicates residues modified

by GSNO treatment
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enzymes with lower specific activity. Our results are com-

patible with the first alternative because our data (Fig. 2,

closed circles) were fitted to one single line (r2¼ 0.99)

indicating that there is a homogeneous population of

enzyme that essentially kept the original specific activity.

3. Effect of substrate binding on GSNO incubation

It is known that hexokinase, crystallized as a complex

with glucose, has a conformation that is dramatically dif-

ferent from that crystallized in the absence of glucose.

Comparison of the high-resolution structures shows that

one lobe of the molecule is rotated by 12 degrees relative

to the other lobe, resulting in movements of as much as

8 Å in the polypeptide backbone and closing the cleft

between the lobes into which glucose is bound (Bennett

and Steitz, 1978). The conformational change is produced

by the binding of glucose (McDonald et al., 1979) and is

essential for catalysis (Anderson et al., 1978) and thus

provides an example of induced fit (Fig. 4). The surface

area of the hexokinase A-glucose complex exposed to

solvent is smaller than that of native hexokinase. To eval-

uate if there was any change in the inactivation of the

enzyme in the presence of GSNO in its open (without

substrates) or closed (with substrates) conformations, hex-

okinase was preincubated with either ATP or glucose at

saturating concentrations, and then exposed to GSNO

treatment. Both substrates ATP and glucose prevented

the inactivation of the enzyme by GSNO treatment, indi-

cating that the decrease in the surface area when the

enzyme is in its close conformation plays a key role at

shielding labile residues from GSNO attack. However,

preincubation with fructose did not result in a significant

protection. Similar results were obtained with hexoki-

nase in the presence of various alkylating agents and they

were attributed to the weaker binding of fructose to hexo-

kinase when compared to that of glucose (Otieno et al.,

1975).

4. GSNO-mediated changes in hexokinase A

primary structure

To evaluate the modifications of hexokinase A after

GSNO incubation, hexokinase samples were dialyzed

extensively to remove any by-products, trypsinized in

solution, and subjected to MALDI-ToF analyses. The

masses of the tryptic digests that were not present in

control samples were analyzed for modifications, namely,

nitration of tyrosine and oxidation of methioneine resi-

dues (Table 3).

The treatment of hexokinase with GSNO at a molar

ratio of 500 (GSNO-to-hexokinase) resulted in the oxida-

tion of 5 Met and nitration of 4 Tyr (Table 3). When these

residues were identified in the primary and secondary

structures (Figs. 1 and 4), it was evident that most of

the affected residues were present in beta-turns and loops.

The glucose-binding domain for hexokinase has been

deduced from X-ray studies and it includes the following

residues Ser-158, Asp-211, Asn-237, Glu-269, and Glu-

302 (Bennett and Steitz, 1980; Kuser et al., 2000). Initial

glucose recognition followed by closure of the cleft

between the two HK domains brings amino acid residues

of the small domain, i.e., Thr172 and Lys173, within

hydrogen-bonding interaction distances of the substrate

(Kuser et al., 2000). The ATP binding pattern was defined

by five sequence motifs: phosphate 1 (residues 82–103),

connect 1 (203–223), phosphate 2 (229–248), adenosine

(411–439), and connect 2 (453–473) with a number of

Gly, Ser, Thr, and Asp residues being strictly conserved

amongst all compared sequences (Kuser et al., 2000).

None of the modified residues found by MS was among the

residues involved in the binding of either ATP or glucose

(compare above residue numbers with those in Table 3).

However, there are two amino acids which might have

been affected indirectly by the GSNO-mediated modifica-

tions: one, Glu-302 (involved in the binding of O-1 atom of

glucose; Kuser et al., 2000) is close to Met-304, an amino

acid found oxidized after GSNO incubation (Table 3).

Two, a high number of Gly are conserved in hexokinases

(Gly76, 80, 88, 89, 154, 233, 235, 297, 307, 311, 418,

461; Kuser et al., 2000). These residues are located at the

ends of b-strands of a-helices, changing the direction of

the chain (Kuser et al., 2000). Their conservation prob-

ably gives the hexokinase molecule the flexibility neces-

sary for binding glucose and ATP (Kuser et al., 2000). In

this regard, Gly-307 and 311 are relatively close to Tyr-

308 and Tyr-309, both residues found nitrated in GSNO-

treated hexokinase. The introduction of two nitro groups

with the consequent pKa change of the phenoxyl group

might have hindered the apparent flexibility that this Gly

has in its original milieu. Of note, these amino acids found

as targets of GSNO-derived species, responsible for the

maintenance of a critical structure to sustain an adequate

function, were all present at the large domain of hexoki-

nase, only a few amino acids apart (304 through 309).

Met-304 is highly conserved among several species as

well as Tyr-309 suggesting their importance in hexokinase

function (Fig. 5). In addition, substitution of amino acids

in this segment resulted in a protein with negligible activ-

ity; for example, mutating Ser-305 for Pro in yeast strains
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decreased the activity by 50-fold (Ma et al., 1989b) or sub-

stituting Glu-742 (equivalent to Glu-302 in yeast) for Gly

or Ala in tumor hexokinase increased the Km for glucose

by 14-fold with only a 6% of the Vmax (Arora et al., 1991).

Oxidative and nitrative modifications to amino acids

other than Tyr and Met could had been expected. In

this regard, Cys residues are particularly susceptible to

nitrative=oxidative damage, with the potential of yielding

sulfinic acid (SOH), sulfenic acid (SO2H), disulfides, S-

nitroso moieties (SNO), among others. From the four Cys

present in hexokinase A (268, 385, 398, and 404) only one

was detected by mass spectrometry of the tryptic digests,

i.e., Cys-385 (Table 4). Three overlapping peptides were

obtained in both control and GSNO-treated samples indi-

cating that – at least – this Cys had not undergone any

modification.

Given that the proteomic approach involves the reduc-

tion of Cys with DTT followed by alkylation with iodo-

acetamide, it was not possible to evaluate the presence of

disulfide bonds. Running 10% non-reducing SDS-PAGE

allowed us to test for intermolecular disulfide bond for-

mation. No evidence was obtained for the formation of

dimers or polymers of multiples of 50 kDa.

Although S-nitrosation of Cys might have caused the

inactivation of hexokinase, two experiments excluded this

possibility: one, addition of dithiotreitol, to promote the

heterolytic cleavage of the putative CyS–NO bond, or ir-

radiation at 330 nm for 30 min, where the S–NO bond

absorbs, did not recover significantly the activity.

5. Conclusions

The control points at the glycolytic pathway are cata-

lyzed by hexokinase, phosphofructokinase-1 and pyruvate

kinase. As the entry point of the glycolysis, hexokinase

plays a crucial role. Thus, cellular situations that may lead

to its inactivation may result in cellular damage. We have

demonstrated that hexokinase is particularly susceptible

to protein structure modifications when exposed to even

low concentrations of GSNO. The changes allowed a de-

crease in activity, which may result in a lower entry flux

into the glycolytic pathway, compromising cellular energy

balance. This is especially important in energy metabo-

lism of tumors in which the rate of glycolysis is high

(Warburg et al., 1924). Assuming that in tumors, the con-

centration of GSNO is similar to that of normal tissues,

then hexokinase inactivation is more likely to occur under

the latter condition because there is more GSNO available

per hexokinase molecule. It is interesting to propose that

tumor cells may increase the concentration of hexokinase

not only to sustain a high rate of glycolysis but also to

minimize putative nitrative damage to the protein. Highly

glycolytic tumors, by increasing hexokinase concentra-

tion (Bustamante et al., 1981) (and its binding to the

outer mitochondrial membrane; Johnson, 1960; Rose and

Warms, 1967) assure a steady supply of phosphorylated

glucose (as an entry point for glycolysis) despite changes

in oxidative=nitrative stress.

Hexokinase modifications under in vivo conditions

might result in the same amino acid modifications as in

our in vitro experiments, for the binding of the protein to

the outer mitochondrial membrane has not been consid-

ered (which may result in protection or actually more

damage if nitrative stress is propagated through mem-

brane lipids). Future experiments will address the issues

of binding and activity of hexokinase during nitrative

stress.
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