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Hexokinase  (ATP : D- hexose- 6-phosphotransferas3, 
EC 2.7.1.1) activity was determined  in  subcellular 
fractions  prepared  from  pea (Pisurn satiuurn) leaf  ho- 
mogenates. About 60% of  the  total  detectable activity 
of hexokinase  was  found  associated  with  a  particulate 
fraction  consisting essentially of  mitochondria  and 
chloroplasts  and free of  cytosol  contamination.  The 
hexokinase  specific activity of the  particulate  fraction 
was 2-fold higher  than  that of  the  homogenate  and 
about 4-fold higher  than  that  of  the  cytosol. 

Using  a  specially  designed  isokinetic-isopycnic su- 
crase  density  gradient  centrifugation  method,  the dis- 
tribution of hexokinase activity correlated  with  that 
of the  mitochondrial  marker  (cytochrome  oxidase)  and 
not  with  that of the  chloroplast  membrane  marker 
(chlorophyll)  or  that  of  the  cytosol  marker  (phosphoen- 
olpyruvate carboxylase). Thus,  the  hexokinase/mito- 
chondria  ratio  was  close  to 1.0 along  the  entire  gra- 
dient, while the hexokinase/chloroplat ratio  varied 
over  a 10-fold range. 

The results  strongly  suggest  that  hexokinase is pre- 
dominantly  bound  to  mitochondria  of  pea leaves, and 
that  pea  leaf  chloroplasts  are essentially devoid  of  any 
specifically  associated  hexokinase activity. This  work 
provides  the first demonstration of a specific associa- 
tion of hexokinase  with  mitochondria  from  photosyn- 
thetic  tissues of higher  plants. 

The subcellular localization of hexokinase in  plant cells has 
been a matter of neglect or of controversy (1-7). Particulate 
hexokinase activity in plants was originally reported  almost 
3 decades ago (8, 9) but, to date,  little is known about its 
precise subcellular localization in  nonphotosynthetic and pho- 
tosynthetic plant tissues, or of the physiological role of par- 
ticulate hexokinase in the  plant cell. The subcellular localiza- 
tion of hexokinase in  animal cells has also been a matter of 
controversy until recently. Despite the fact that  in 1945 Utter 
et al. (10) observed that hexokinase activity found in homog- 
enates of rat  brain is markedly reduced upon centrifugation, 
and  that in 1953 Crane and Sols (11) partially characterized 
particulate hexokinase, it was not  until 1967 that Rose and 
Warms (12) firmly established that  the particulate behavior 
of hexokinase was due to  an association of this enzyme with 
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the outer surface of the external mitochondrial membrane. 
Mitochondrial hexokinase in  animal cells is now known to 
fall within the category of “ambiquitous” enzymes as proposed 
by Wilson (13, 14). Thus, mitochondrial hexokinase can  re- 
main bound to mitochondria or become detached according 
to  the relative concentrations of specific metabolites such as 
ATP, Mg“C, or Glc-6-P’ (12,  14-16). Significantly, mitochon- 
drial hexokinase has been shown to be primarily responsible 
for the high aerobic glycolytic rate characteristic of many 
animal  tumor cells (15, 17-20). The regulation of this key 
enzyme appears to be critical  in  shifting the cell from a low 
to  a high glycolytic state  or vice versa (15, 17-20). 

The role of hexokinase in the compartmentalization of 
function  in the photosynthetic plant cell has been obscured 
by the lack of experimental information on its precise subcel- 
lular localization. There seems to be a possible association of 
hexokinase with mitochondria in  nonphotosynthetic cells ac- 
cording to  recent  reports which describe hexokinase activity 
in  particulate  fractions  prepared from homogenates of Allium 
satiuum bulbs (21) and  lentil roots (22). With respect to 
hexokinase activity associated with particulate  fractions of 
photosynthetic  tissues such as leaves, a recent report by Stitt 
et al. (4) showed very conclusively that hexokinase was absent 
from the stroma of pea chloroplasts, and suggested that  it 
might be associated with the external  surface of the chloro- 
plast envelope. 

The main objective of the work presented here was to 
ascertain the precise subcellular localization of hexokinase in 
pea leaf homogenates. This objective has been accomplished 
via the use of an isokinetic-isopycnic sucrose density gradient 
centrifugation  technique to  partition  the homogenate into 
regions where the mitochondria/chloroplasts ratios vary 
markedly. Through the use of appropriate  marker enzymes, 
the results  presented  in this paper provide strong evidence 
for a  predominant association of hexokinase with the mito- 
chondria of pea leaves. 

EXPERIMENTAL PROCEDURES AND RESULTS~ 

DISCUSSION 

Results  presented in  this paper provide the first demon- 
stration of an association of hexokinase with the mitochondria 

The abbreviations used are: Glc-6-P, glucose 6-phosphate; Hepes, 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid. 

Portions of this paper (including “Experimental Procedures,” 
“Results,” and Figs. 1-5) are  presented  in  miniprint at the  end of this 
paper. Miniprint  is easily read with the aid of a  standard magnifying 
glass. Full size photocopies are available from the Journal of Biolog- 
ical Chemistry, 9650 Rockville Pike, Bethesda, MD 20814. Request 
Document No. 84M-0559, cite the authors, and include a check or 
money order for $5.60 per set of photocopies. Full size photocopies 
are also included in the microfilm edition of the  Journal  that is 
available from Waverly Press. 
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TABLE I Importantly, such a bound to soluble shift  can be effected by 
Subcellular distribution of organelle markers in  pea leaf homogenates specific metabolites such as ATP, Glc-6-P, or M e  (12, 13, 

A homogenate was prepared from pea leaves and fractionated by 16). It is interesting to note that hexokinase, which is the first 
differential centrifugation as described under  “Experimental Proce- enzyme in the glycolytic pathway, is actually bound to  the 
dures,” Enzyme assays were carried out spectrophotometrically under outer membrane of the organelle responsible for oxidative 
conditions specified under  “Experimental Procedures.” The results production of most of the ATP in the animal cell (15, 17). 
reported represent  means (n = 6) f S.D. fact, it is now known that mitochondrially bound hexokinase 

is actually capable of phosphorylating glucose present  in the 
cytosol at  the expense of mitochondrially synthesized ATP 

Homog- 100 100 100 
(15, 32). Thus, mitochondrially bound hexokinase seems to 

loo be more efficient in phosphorylation of glucose than  the 
Particulate 75 f 8 83 f 4  2 f 1 31 rt- 2 soluble form since (i)  it has  a higher apparent affinity for 

source of the cell, thus gaining increased accessibility to  this 
Average 100 88 94 94 

recovery 
substrate. 

However, extrapolation  to plant cells of the  important 
Cytochrome oxidase specific activity of the homogenate was 163 regulatory role exerted by hexokinase on energy metabolism 

nmol of cytochrome c oxidized per min x mg. in  animal cells is not automatic.  Photosynthetic cells contain 

P-enolpyruvate carboxylase specific activity of the homogenate 
was 48 nmol of oxalacetate formed per min X mg. plasts are organelles that  are known to catalyze ATP synthesis 

Protein  concentration  in the homogenate was 5.6 mg/ml. driven by dissipation of the electrochemical potential gener- 
ated mainly by the light  reactions of photosynthesis (33). 

TABLE II Therefore, if hexokinase were associated with the chloroplast 
of the mitochondria,chloroplosts ratio in density membrane, it would also gain preferential access to chloro- 

grudients plast-synthesized ATP; conceivably, such a membrane-bound 

in Fig. 3A. Thus, experimental conditions were  specified in the legend Consequently, a  primary step in the understanding of the 
to Fig. 3 and details concerning the sucrose gradients are described regulatory aspects of the interaction between the glycolytic 
in “Experimental Procedures.” Values are reported as means (n 10) and oxidative pathways of plant energy metabolism seemed 
2 S.D. to ascertain the precise subcellular location of hexokinase in 

Per cent cytochrome photosynthetic  tissues.  Results  presented in  this paper pro- 
oxidase vide strong  experimental  support for the predominance of a 
Per cent 

chlorophyll 
mitochondrially bound form of hexokinase in the pea leaf. In 
addition, our results do not indicate a specific association of 
hexokinase with chloroplasts of pea leaves. Thus, it could be 
conceived that mitochondrial hexokinase might play a role in 
the regulation of energy metabolism in the pea leaf perhaps 

Subcellular Cytochrome Chlorophyllb P-enolpyruvate proteind 
fraction oxidase”  carboxylase‘ 

% 

enate 

Cytosol 25 f 5 5 f 1  92 +- 1 63 rt- 4 MgATP, and  (ii)  it is located adjacent to  the major ATP 

* ChloroPhYll concentration in  the homogenate was O.4 mdml. chloroplasts in  addition to mitochondria. Moreover, chloro- 

Data presented  in this table were taken from experiments shown hexokinase form have a kinetic advantage as 

Cytochrome oxidase Chlorophyll 

% 

1 19.0 f 2.2  3.9 +- 1.0 4.9 
2 13.4 f 2.3  5.8 +- 0.6 2.3 
3 5.2 f 0.8 10.0 f 2.7 0.5 

5 
6 

9.0 f 1.7  6.5 f 1.3 1.4 

7 
15.6 f 3.0 18.7 f 4.5 0.8 Acknowledgments-We  wish to  thank Dr. M. Stitt from the Uni- 
14.8 & 4.0 30.0 & 6.0 0.5 versity of Goettingen (Germany), Dr. D. A. Walker from the Univer- 

sity of Sheffield (U. K.), and Dr. J. McClure from Miami University 
(Oxford, OH) for valuable and helpful discussions during the course 

4  5.6 f 0.8 6.9 f 1.2 0.8 similar to  that described for animal tissues. 

from photosynthetic  organs of plants. Several lines of exper- of this work. 
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SUPPLEMENTAL HATERIAL TO 

SUBCELLULAR  LOCALIZATION OF  HEXOKINASE IN PEA  LEAVES: 
Evidence fo r   t he  Predominance o f  a UitoChondPi.lly-8ound Form 

E l i t  C O I ~ O  and Ernes t0   Bu~tamnte  

EXVERIUENTAL  PROCEDURES 

hterialr 

0-mnnitol, Heper . defatted bavlne Semm d l b m l n  %),. HAD'  ATP C o m s s ~ e  b r i l l i a n t   b l u e  
G-250. NADH. phasphoenolpyrwdte (PEP).  lucmse. Glc-6-P d e h y i m g e k e   ( f r o m  Leuconostoc 
mrentero ider .  which can  use e i t h e r  MAD' or NADP+ 1s cofactor), and m l a t e  dehydmgenare. The 

:Pbb).ia29 ~-bir(Z,S-phenyloxa~nlyll-ben~ene (POPOP). Toluene was V;Ck;rd s c i n t i l l a t i o n  

were of  the  highest  puri ty C m r c i a l l y   a v n l a b l e .  Pea (P i rum  sa t ivm.   cu l t i var   A ldemn)  
wade.  IO-glucore was purchased f m  hersham Radiochmical  Centre. All other  reagents 

seeds were generously  pmvlded  by  the Department of H o r t i z r m e  univemidad  Nac~onal 

The following reagents rere purchased frm 51 C h n i c a l  Co.: c y t o c h m  c type 111, 

0 01 ng were obtalned  frMl NR England Nuclear  Corp.:  Triton X-100 2 5.d1phenyloxazole 

Agrarla O f  very. 

/ 

k t h o d s  - 
Cultivat ion  o f   P lants  and W g e n l r a t i o n  Of Leaves. Gmwth was i n i t i a t e d  by  soaking pea 

reeds i n  running  water f o r   s i x  hours. Soaked seeds were subsequently  planted i n  *et 
vermicu l i te  and kept i n  a g w t h  chamber a t  22' and i l l umina ted   w i th  a 16 h o w  photoperiod. 

days a f t e r  reedrng.  AppmxImately I 9 Of t o t a l l y  expanded young leaves were h m g e n i z e d   a t  4- 
Plants were watered da i l y   w i th  a 331 ( w l v )  Hodgland's  IO1utlOn.Plants were harvested 15 t o  20 

mannitol, 5 nN nSCl2. 0.1% (ulv l  BSA. pH 7 .5 .  The resul t ing  rurpenr ian was f i l t e r e d   i h m u g h  
using a parcelaln m r t a r  ~n 10 ml  of M B  buffer. HnB buffer  consisted  of 50 nll Heper 330 nll 

and m v l t i c e l l v l a r  aggregates. The resul t ing  supernatant  is   referred t o  as  the hnogenate. 
four  layers  of  cheesecloth and cen t l i f uged   a t  120 x g f o r  one min to  redinent unbmken c e l l r  

Cul t ivat ion  o f   P lants  and W g e n l r a t i o n  Of Leaves. Gmwth was i n i t i a t e d  by  soaking pea 
reeds i n  running  water f o r   s i x  hours. Soaked seeds were subsequently  planted i n  *et 
vermicu l i te  and kept i n  a g w t h  chamber a t  22' and i l l umina ted   w i th  a 16 h o w  photoperiod. 

days a f t e r  reedrng.  AppmxImately I 9 Of t o t a l l y  expanded young leaves were h m g e n i z e d   a t  4- 
Plants were watered da i l y   w i th  a 331 ( w l v )  Hodgland's  IO1utlOn.Plants were harvested 15 t o  20 

mannitol, 5 nN nSCl2. 0.1% (ulv l  BSA. pH 7 .5 .  The resul t ing  rurpenr ian was f i l t e r e d   i h m u g h  
using a parcelaln m r t a r  ~n 10 ml  of M B  buffer. HnB buffer  consisted  of 50 nll Heper 330 nll 

and m v l t i c e l l v l a r  aggregates. The resul t ing  supernatant  is   referred t o  as  the hnogenate. 
four  layers  of  cheesecloth and cen t l i f uged   a t  120 x g f o r  one min to  redinent unbmken c e l l r  

2 4 6 8 1 0  
Time (min) 

centrifuged a t  280 x g for  3 min i n   t h e   S o r v a l l  SM-24 mtor t o  sediment  nuclei.  which were 
discarded. The resulting  supernatant was centr i fuged  at  13 Mx) x 9 f o r  15 rnin i n   t h e   S o r r a l l  

centrifuged a t  13.000 x g for  15 arn i n  t he   Sowa l l  YI-24 r o t o r .  The f i n a l  suspended sediment 
94-24 m t o r .  The supernatant was raved. and the  sediment d l  resuspended i n  mS buf fer  and 

rill be refer red  to  as  the Particulate fraCtlOn. The supernatants were p m l e d  and centrifuged 
a t  160.000 x 9 f o r  60 min i n   t h e  Beckran 75Ti mtor. The resul t ing  f ina l   supernatant  rill be 
refer red  to  as  t h e   q t o r a l   f r a c t i o n .  

lsOkinetic-IEOpvCniC Sucrose Densi ty  Gradient  Centr i fu  at ion.   A  mdif icat ion  of  tk 

operations were v e r f o m d   a t  4'. A discontinuous sucmre density  gradient rar  mde manually 
i rok inet ic- isopycnic  methad or ig inal ly  descr ibed by M i f l i n  %'Ewers (23) was used. A l l  

i n  5 cc Beckman n i t m c c l l u l o r e  tubes as f o l l a s .   s t a r t i n g  fm the bttm of   the  tube: 0.5 nl 
of 601 svcmse fbottaml, 0.6 m1 Of a 57% t O  421 rucmre gradient   ( in  0.1 ml  steps  and w i t h  a 
d7fference  of  31 sucrose concentration between each 0.1 m1 step and the  next) 0.6 ml of 42% 
I U C ~ S ~ .  1.2 m l  of a 39% t o  30% Sucmse grad ien t   ( in  0.3 m l  steps and w i t h  a j i f f e r e n c e   o f  3; 
sucmse concentpation between each 0.3 nl step and the next )  0.4 ml of 30% sucmse [top]. 
AII sucmse concentvations  described above were made i n  50 4 neper. p~ 7.5 and t h e i r  
concentmions are  expressed as pement ( w h )  sucrose as  detemined by refractometry  at  20". 

w t h  301  rucrorel was layered an top Of the  gradient and centrifuged i n  the  Beckmn Sy65 
A 0.5 a1 a l i quo t   o f   t he  homogenate [ the 330 nM mannitol i n   t h e  mB buf fer  was replaced 

accelerated  to 12,OM rpn (10.300 % 9) f o r  IO min.  Brake was appl ied  to  the rotor on ly   a f te r  
m t o r   a t  5,000 rpn (1.800 x 91 for  5 min. I m d i a t e l y   t h e r e a f t e r   t h e  mtor speed MI 

i t  had decelerated  to 5,000 rpn i n  oldel  t o  minimize  disturbances on the  gradient.  Fractions 
(0.3 n l )  were col lected  frrm  the  tap Of the tubes  using an ISCO gradient   f ract ionator   mdel  
640. Urva l ly   th ree   iden t ica l  tubes *ere c e n t r i f u g e d   s i m l t a n e m l y  and the  equivalent 
fractions were P w l e d   m k i n g  up a rolune  of 0.9 m l  per  f ract ion.  

Cell   Fractionation. A11 operations were camied Out a t  4'. The homogenate was 

a )  Spectrophotanetnc  Procedure.  Hexokinase a c t i v i t y  was arrayed a t  28' and pH 7.7 i n  a f i n a l  
volume o f  one m l  containing 30 nll Heper. 20 111 glucose,  3 nll ATP, 10 nM ngCl2. 3 nll W ,  and 
one u n i t  o f  Glc-6-P dehydrogenase, b y   f o l l a i n g   t h e  formation o f  NADH a t  310 m. 

E n z m  Assays. Hexokinase a c t i v i t y  was determined  according t o  tm rethods: 

b )   P4d imtT iC  vmcedure. Hexokinase e c t i v i t y - w s  assdyed by a m d i f i c a t i a n  of the method of 
Pado kov ic   e t  11. 24 a t  25' and pH 7 .7  i n  a M i u m  containing 40 nM &pes. 6 nu ATP. 10 111 
%Cli, and r5% t d ]O-g luco re   (1   mCi Im1) .   A f te r  a period  ranging  beheen 10 and 20 min, 
the  react ion was stopped w i t h  one m l  o f  a solut ion  containing 0.1 N f o m c  acid - 0.1 n 
glucose. The mixture was passed thmugh 1 0.8 x 1 m &x 1x8 anion exchange c o l u m  

washed 10 t imer   wi th  0 m1 each of 0.1  N formic ac id   t o  eliminate free labeled glucose. 
e q u i l i b r a t e d   w i t h   f o m t e  1ms. so t h a t  labeled Glc-6-P could  bind the resin. The c o l m  was 

Labeled  Glc-6-P -as eluted  wi th 2.5 m l  o f  0.4 M annonium f o m t e  pH  5.3. A l iquatr  were mixed 
x l t h  d T m t m  X-I00  bared  to luene  scint i l lat ion  cocktai l  and r a d i o a c t i v i t y  was measured w i t h  
a Vackard S c i n t l l l a t l o n   r p e c t r m t e r .  

arrayed  according  to  the  procedwe Of F n t z  and Beevers (25) a t  28' and pH 7.7 i n  a 2-ml 
cytochrome  oxidase (EC 1.9.3.1) a c t i v i t y  was used a5 a mrker   for   mi tochondr ia .  It was 

f ina l  yo1114 containlng 30 nW s o d i m  phosphate 0.02 nM reduced  cytochmne C [reduction was 
effected  using w d i m   d i t h i o n i t e l .  and 0.2% 1";") T r i t o n  X-100. I n i t i a l   r a t e s  of the decrease 
i n  abmrbance  at 550 nm #ere taken as representative  of  rem-order  reaction  velocit ies. 

Phosphoenolpyruvate c a r b a y l a r e  (EC 4.1.1.31) a c t i v i t y  MI used as a mrker   fo r   cy toso l .  
It was arrayed  according  to  the  coupled  allay  system  of Yong and Olvlel 126) f o l l a i n g   t h e  
f o m t i o n  O f  Oxaloacet*te  via i t s  reduction  to  malate.  This assay was c a r r i e d  Out a t  28- in a 
1-ml f i n a l   v a l m  containing 50 nll Tris. 5 nll MC12, 5 nll d i t h i o t h r e l t a l .  10 nll NaHCO 2.5 
nll PEP. 0.2 nll NADH, and 2 uni ts  of m l a t e  dehydmgenare,  by f o l l w l n g   t h e  decrease ?A 
absorbance a t  340 nm. 

"9 chlorophyl l lml  = 5 x [202 A645 + 80 A6631 

20 40 60 80 1 0 0  
Homogenate Protein (pg) 

A M G Z i i X e  MS prepared fm p l d  leaves and i t s  herok inare  act iv i ty  MI arrayed 
spectmphotmetr ica l ly  as d e s c v i k d  under Experimental Procedures. Results r h a n  represent 
a typical   exper imnt.   Pmtein  Concentrat ion of the  hangenate was 2.7 nqln l .  The vel- of 
hangenate used for  the  experinent s h a n  i n  Panel A was 0.M ml .  The hexokinase  specific 
act iv i ty   o f   the  hangenate was 1.9 nnDl glucorelmin x nq. 

FIG. 1. L i n e a r i t y  Of hexokinase a c t i v i t y  v e l w s  time (A) and pmtc in  concentrat ion (81. 



7692 Mitochondrial Hexokinase in  Pea Leaves 

I a1 

" 

96 Hexokinase- Activity 

I 

0 50 100 
Cumulative % Protein 

1 

s 
Fraction Number 

I b  

- 
1 1 2 3 4 5 6 7 8  

Fraction Number 

* 
9 10 11 

5t n Yo hexokinose 
% cytochrome oxidase 

301 a 
I I 0-0 chlo~phyll  R 

I I 0-0 cvtochrome oxidase I \  

0"a PEP carboxylose 
m-¤ protein 

Fraction Number 


