
~ n M  ~ C ~ o m a t ~ r ~ ,  521 (199~ ~-51 
N ~  S ~ e  ~ m  B.V., A m s ~ a m  

CHROM. 22 ~ 4  

Purification of the subuni~ of pea mitochondrial F~-ATPase 
by ~ig~-performance ~quid e~roma~ography 

DACHENG G U ~  aM ARNOST HORAK* 

D ~ t  ~ Plant ~ i e n ~  U n i ~ e ~  ~ A N ~  Edmonton, Alberta ~ G  2 ~  ( C ~ a ~ )  
( ~  ~ce i~d March ~h, 1990; ~ d  man~cr i~  ~cNved June 25~, 199~ 

ABSTRACT 

The subuni~ of the F~-ATPase ~om pea coty~don mitochondria were purified by ~ve~ed-phase 
chromatogr~phN The resolution of the subuni~ was affe~ed by severM chromatograpNc p a r a m e ~ :  a 
reversed-phase C 8 column was superior to the ~ss hydrophobic Bio-Gd TSK Phenyl-~PW column for the 
resolution of the subuni~, acetonitri~ was more s~table for good separation of the subun~s than 2- 
propanol and the flow~a~ had a figNficant effem on peak hNght but l i ~  effect on the co~mn resolving 
power. Tandem chromatography on two reve~ed-phase chromatography columns with different hydro- 
phobicities was used in an a~empt to isolate F~-ATPase subuN~ directly ~om soluble proteins extracted 
~om submitochondriM particles. 

INTRODUC~ON 

The proton-~anMocafing ATPa~ ~ver~Ny couN~ ATP synth~N and hydroU 
yfis to the ~anMocafion of protons across ene rg~ansdudng  membrane. The 
enzyme contNns two ~ o ~ :  a hydrophific portion, F~, and a hydrophobic membrane 
portion, Fo. The F x se~or contNns the NnNng ~ s  for n u d e o t ~  and phospha~ and 
~ ~spon~b~ for catalytic a m i ~ .  DepenNng on the No~Ncal source of the enzyme, 
the isolated F~ sector can contNn five or six Nffe~nt subunRs. Cu~ent ~ is 
focused on the s~ucture and function of these subuN~. Several procedures have been 
reposed for the isolation of the subuN~. The 6 and e subuN~ of E s c h e r ~ h ~  co~ 
Ft-ATPa~ have been purified to homogenN~ by ~eating the enzyme with pyfiNne 
and uNng mo~cMar s~ve chromatography [1,~. The use of ion-exchange cell~os~ 
(DEAE- and CM~ellMos~ has been appl~d to resolve all five subunits of the 
F~-ATPa~ ~om the th~mopNl~ ba~efium PS3 [3,~. A similar procedur~ ~pormd 
by Dunn and Futai [~, involves the use of the hydroxyapati~-DEAE-Sepharo~ 
m~hod to Nohm the e, ~ and 7 subuni~ of the E. co~ couN~g N~or  ATPa~ [N. 
Unfo~unatd~ the procedures used are time consuming and proNems of poor 
~solufion and low protein ~dds  are oRen a~o~a~d  with the~ ~a~fionM 
~chNqu~.  SNshu et al. [~ u~d ~ve~ed-phase Ngh-performance fiq~d chromNo- 
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graphy (RP-HPLC) to isolam the e subunit ~om the t h e r m o p h ~  F~-ATPas~ but the 
separation of the other subunits was poor. 

In this pape~ we describe the use of RP-HPLC columns for the purification of 
F1-ATPase subuni~. The F~-ATPase was isolated ~om pea coty~don mitochondrial 
membranes. The purified enzyme contNned s~ subuN~, de~gnated ~, fi, 7, 6, 6' and 
e in order of decrea~ng mo~cular  wNght [7]. The subuni~ ~om the purfied pea 
cot~edon F~-ATPase were separamd by RP-HPLC on a SynChropak Cs column and 
an atmmpt was also made to isolate the subuni~ directly ~om the woteins extracted 
~om submitochondriN particles by a low-ion~ strength sucrose sMution. 

EXPERIMENTAL 

Reagen~ 
U n ~  stated otherwise, chemicals and solvents were of analytical-reagent 

grade. HPLC-grade tfifluoroacetic acid (TFA) and acetonitri~ were purchased ~om 
Pierce (Rockford, IL, U.S.A.) and Fisher Sdenfific (FNflawm N J, U.S.A.), respec- 
tively, and HPLC-grade 2-propanol ~om CMedon Labs. (Georgetown, Canada). 
Doubly distil~d wa~r  was purified by pas~ng it through Milli-Q wamr purification 
sys~m (Millipor~ Bedford, MA, U.S.A.). 

Apparatus 
The ~s~umentaf ion conds~d  of a Vista Series 5000 fiquid chromatograph 

(Varian, WMnut Creek, CA, U.S.A.) comNned with a Varian CS401 data sysmm and 
coupled to a Varian UV-50 variabk-wavdength detecto~ Three Nfferent HPLC 
cMumns were used: (1) SynChropak RP-8, 250 x 4.6 mm I.D., panicle size 6.5 #m, 
pore size 300 ~,  carbon loading ca. 7.5% (SynChrom, Linden, IN, U.S.A.); (2) Bio-Gel 
TSK Phenyl R P +  reversed-phase, 75 x 4.6 mm I.D. (Bio-Rad Labs., Richmon& CA, 
U.S.A.); and (3) Bio-Gd TSK Phenyb~PW, 75 x 7.5 mm I.D. (Bio-Rad Lab~)  

Fur~cation of &-A TPase pri~ to HPLC 
The pea mimchondriM F t - A T P a ~  was isolated as described by Horak and 

Packer [~. M~ochondfiM m e m b m n ~  were extracted with MwdoNc ~ m n ~ h  sucrose 
solution (300 mM s u c r e s - 2  mM ~ i n e ,  pH 7.4). A~er ~mr iNga t ion  ~ r  45 rain at 
100 000 g at 20°C, the s u p ~ n ~ a n t  was c d ~ e d  and the F~-ATPase was purified by 
DEAEmdlMo~  cNumn c h m m ~ o ~ a p h y  and by sucrose density gradient ~m f iN g a -  
tion [7]. The purified F~-ATPase was suNec~d to HPLC. 

High-pe~formamv Hquid chromatography 
The purified F1-ATPase was incubated in 0.5% TFA in water for 2 h before 

injection. The samples were chromatographed at 22°C using a linear gradient of 1% 
B/rain (solvent A was 0.1% TFA in wam~ solvent B was tither 0.1% TFA in 
acmonitrik or 0.1% TFA in 2-propand).  The polypeptides col~cted Dora HPLC were 
dialysed ag~nst 50 mM Tris bufl~r contai~ng ¢ 5 %  sodium dodecyl sulpham (SDS) 
(pH 7) to remove TFA and acetonitrile and then concentrated using Centricon 
membranes (Centricon m~roconcentrato~ Amicon, Danvers, MA, U.S.A.). 
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~ c ~ ~  
SDS p N y a ~ a m ~ e  gd  d ~ o p h o r ~ i s  ~ D ~ P A G E )  w ~  c~f ied  om ~ N i n g  

to Laemmfi [~ on a 1.5-mm slab gel c o n ~ i n g  of  a 13% ~ r ~  gd  and a 4% 
stacking gel. The gds were ~Nned ~ r  p r o ~  with C o o m ~ e  Blue R250. 

RESULTS A N D  DISCUSSION 

Pur(ficat~n of F~-A TPase subuni~ by reversed-phase HPLC 
The native F~-ATPase ~om pea cot~edon mitochondria was purified by 

D E A E ~ d l ~ o ~  column chromatography and by sucrose denfity gradient centfifuga- 
fion [7]. The enzym~ the m~ecular  w~ght of wh~h is ca. 400 000 d~tons,  is too large 
to be loaded into most commerd~ly  available reve~ed-phase columns. Therefore, 
a m~hod  for d i~odaf ing the enzyme complex into s u b u ~  was needed. The subunits 
of the F~-ATPase were d i~o~ated at room ~mperature in a 0.5% TFA water 
solution (pH 2.0). The polypepfides were separa~d on a SynChropak Cs column with 
a finear gradient ofacetonitr i~ (1% B/min) at a f low~a~ of 1 ml/m~. The T F A - w a ~ r  
to TFA-ac~on i t r i~  grad~nt has proved to be an excd~nt  sys~m for the RP-HPLC of 
pepfides and protons  [9]. Under the chromatograp~c conditions used, the enzyme was 
well resolved into five peaks (Fi~ 1). As shown in Fig. 1, all p~ypeptides were d u ~ d  
~om the reversed-phase c~umn by a high concentration of ac~onitrile, suggesting 
that the subunits are hydrophobic. 

Because of their hydrophob~ nature, the subunits recovered by ~op~l izat ion 
fol~wing HPLC purification were difficult to d i p o l e  even in buffe~ contai~ng 
de~rgen~ such as SDS or Tween 20. Therefore, an ~ r n a t i v e  m ~h o d  was used to 
improve the polypeptide recovery. The materi~s collec~d ~om the HPLC c~umn 
were dialysed e x~n~vdy  against 50 mM Tris buffer containing 0.5% SDS (pH 7.0). 
The purpose of this s~p was to re~ace the TFA acetonitrile solution directly with the 
Tris-SDS buffer. 

The peaks on the chromatogram were labelled A, B, C, D and E in order of 
dufion of the p~ypeptides (Fi~ 1). The purity of the m a r r i e s  cowespon~ng to peaks 

D 

io ~ ~ ~o ~ ~o ~ 
E L U T I O N  TIME ( ~  

Fig. 1. Separation of subuniU of the pea m~ochondriN F1-ATPa~  on a ~ v e ~ e & p h a ~  SynChropak C~ 
cNumn.  ConNfions:  finear ~ d ~ m  (1% B/min) w h ~ e  soNent A w ~  • 1% TFA m w ~  znd s o N e ~  B w ~  
~ 1 %  TFA ~ ac~o~tr i le ;  f l o w ~  1 ml/mm; ~ m N e  load, 60 gg of the native F~-ATPa~ wh~h  had been 
~ c u b a m d  in 0.5% TFA-wate r  ~ r  2 h prior to injection. 
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Ng. 2. SD~PAGE ~ e  ~buNU ~ p ~ e d  on ~e ~ e & p h a ~  cNumn in Fig. 1. Lanes: S - l0 ~g of 
~w-mM~ar-wNght ~mNn ~andar~ ~ - R a d  Labs.~ F~ - 10 pg of pea mimchondfiN F~-ATPa~; 
A-C - 5 ~g ~ e  m~efiNs coH~d ~om peaks A-C ~ Ng. 1; D = 10 #g of the m~efiN ~0 m peak D; 
E = 2 #g of the m~efiM ~om peak E. 

A-E  was d~ermined by SDS-PAGE (Fig. 2). The results indicate that the 6 and e 
subuni~ are essentiM~ pure after purification by RP-HPLC 0anes C and E, Fig. 2). 
The e and 6' subunRs contNned minor impurities 0anes A and B, Fig. 2). Peak D 
contained two polypeptides co~esponding to the ~ and 7 subuni~ of the F~-ATPase. 
To test the possibility of a disulphide link between these two subuN~, the native 
enzyme was incubated in 5% ~-mercapto~hanN and in 0.5% TFA before i~ection 
into the SynChropak column. The resulting chromatograms were identicN, suggesting 
that a disulphide rink was not responfiNe for the co~hromatography of these two 
s u b u r b .  

Comp~ison of mversed-pha~ cdumns wh#h d~fer N ~e~ hy~ophob#Hies 
The T F A ~ e d  F1-ATPa~ was chromam~aphed  on thee  ~ f t ?~n t  HPLC 

c~umns using ~enticM eluting con~t ion~ The ~ e  columns differ in thor  
hyd rophoNdt i~  in the ~llowing order: SynChropak RP-8 > TSK Phenyl RP + > 
TSK Phenyl-~PW. The SynChropak and TSK Phen~ RP + columns showed much 
bet~r  overM1 ~sNut ion than ~ e  TSK Phenyg~PW co~mn (Fig. 3). The SynChropak 
c~umn  was superior to the TSK Phen~ RP + c~umn ~ r  the ~ f i o n  of ~ e  ~ 
F~-ATPa~ subunits ~eaks  D and E in ~g .  3). 

Effect of ~e organ~ solvent on subunit separat~n 
In our RP-HPLC sys~m the protein samples were applied in water and eluted 

with a finear grad~nt of the organ~ so~ent (acetonitri~ or 2-propanol). Addition of 
a counter ion (TFA) in both wa~r  and organic so~ent h~ped to mi~m~e  intera~ions 
b~ween the ~lanol groups of the c~umn and the po~tiv~y charged groups of the 
pro~in [10,11]. Of the two organic solvents used, 2-propanol has a higher ~ u o ~ o ~ c  
s~ength than aceton~fi~ [12-1~. As seen in Fig. 4, the subunit ~ufion times were 
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Fig. 3. Separation of subuni~ of the pea mRochondfi~ F1-ATPa~ on three HPLC cdumns. To~ Bio-Gel 
TSK Phenyl-~PW co~mm middle, Bio-Gd TSK Phenyl RP+ cdumm bottom, SynChropak C8 cdumn. 
Conditions: finear graOent (1% B/m~) where solvent A was 0.1% TFA ~ wa~r and solvent B was 0.1% 
TFA in acmonitrile; flow-rate, t ml/min; sample load, 60 ~g of the F,-ATPa~ Oop and bosom) and 160 #g 
of the F~-ATPa~ (m~dle). 

s ign i f ican t ly  r educed  w h e n  a c e t o n R f i ~  was  r ep laced  wi th  2 - p r o p a n o l  as the  o r g a n i c  
solvent .  H o w e v e r ,  m u c h  be t t e r  r e so lu t i on  o f  the  subun i t s  was o b t a i n e d  w h e n  
ace ton i t r i l e  was  used. 
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~g.  4. E ~ c t  of the o ~ a n ~  solvent on the ~ n  of F I ~ T ~  subunfls on ~ e ~ p h a ~  
SynC~opak C8 cdumn.  O ~ a n ~  ~Nem:  m ~  ~ p m p a n d ;  bmmm, ~ m o ~ t N m  CondNo~:  finear gradient 
(1% ~ N ,  w ~ m  A was 0.1% TFA ~ wamr and B w ~  0.1% TFA in one of the above o~aNc sNven~; 
f l o w ~ m  0.5 ~ i n ;  ~ m p ~  lo~ ,  ~ gg of Ne F ~ T ~  ~ r  ~ ~ e ~ .  

Effoct oJTlow-rate on subunit separation 
F1-ATPase subuni~ were separated on the SynChropak column using a linear 

gradient of  1% B/rain at a flow-rate of 0.5 ml/min (Fig. 4B) or 1 ml/min (Fig. 1). The 
resolution of the polypepfides was ~milar when the flow-rate was changed from 1 to 
0.5 mFmin, but the peak height was significantly increased. 
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Pur~'cat~n of &e F~-A TPase subuni~ from ~e so~b~ p r o ~ s  extracted from 
subm#ochondr~l part~#s 

Approximatdy 30% of the ATPase acti~ty present in the low-io~c ~rength 
ex~a~  of mitochondfi~ membranes is recovered as the purified enzyme a~er sucrose 
denfity gradient centrifugation [~. In ~ew of the high resolving power of reversed- 
phase HPLC, we hoped that by ufing RP-HPLC the Ft-ATPase subunits co~d  be 
purified with a higher recovery directly from the mitochondfi~ membrane extracts. 
However, we found that RP-HPLC on the SynChropak C8 column alone was not 
suffi~ent to resolve the ATPase subunits from the complex m~ture  of polypeptides 
present in the ex~a~  ffesul~ not shown). To reduce the comple~ty of the pCypeptide 
mixture appfied to the SynChropak columm a preliminary ffactionafion of the 
mitochondfi~ extracts was performed on a Bio-Gd TSK Phenyl R P +  column 
(Fig. 5). The extracts were appl~d to the c~umn directly without pretreatment with 
0.5% TFA water. Five protein f f a ~ n s  were duted using con~tions described in 
Fig. 5. The polypeptide compofifion of these f f a ~ n s  was analysed by SDS-PAGE. 
Fraction No. 4 cont~ned ~1 the subunRs of the F~-ATPase in addition to other 
po~peptides. The promins from this ffa~ion were incubated for 2 h in 0.5% aqueous 
TFA (pH 2) and then rechromatographed on the SynChropak column as described in 
Fig. 6A. Purified Ft-ATPase was ~so chromatographed on this column (Fig. 6B). The 
elution times of the s u b u ~  of purified F~-ATPase were used to identify the 
corresponding peaks of the chromatogram of fraction No. 4. It ~ e~dent  from Fig. 6A 
that the ~, fl and 7 s u b u ~ 6  of F~-ATPase (peaks E and D, respecfivdy: see also Figs. 1 

lb 2b 3'0 4b 
ELU~ON ~ME (mi~ 

~g.  5. Fracfionafion of s~uNe prm~ns  ex~ac~d ~om pea mi~chondfiM membran~ on a ~ o - G ~  TSK 
Phen~ RP + c~umn. Con~fion~ a finear gra~em ~om 0 ~ 30% B ~ He fi~t 20 m~ ,  Hen a ~ a d ~ m  ~om 
30 ~ 50% B ~om 20 ~ 60 m ~  and a finM g r a ~ e ~  ~om 50 ~ 80% B ~om 60 ~ 80 mi~ soNe~ A was ~ ! % 
TFA in water and solvent B was 0.1% TFA ~ a c e ~ t r i l e ;  flow-rate, 1 ml/min; samNe ~ a ~  440 ~g of 
soluble pr~eins e~rac~d  ~om pea mi~chondfiM membranes. 
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~ g .  ~ R ~ h m m a ~ g ~ p h y  of the p r o ~ s  c ~ c ~ d  ~om peak 4 in F~.  5 on a ~ v e ~ e ~ p h a ~  
~ n C ~  C~ c ~ u m n .  ~ m ~  rap, p i n , i n s  c ~  from ~ 4 in ~ 5; b m m ~  ~ f i ~ d  F ~ T P ~  
C o n ~ f i o ~ :  finear grad~nt  (1% ~ m i ~ ,  where sdven t  A was 0.1% TFA in wa~r  and solvent B was 0.1% 
TFA ~ ~ m o N ~ M  f l o ~ r a t <  1 ~ / m i n .  

and 2) are wall resoNed Dom the remNmng polypepfides. The smMler F1-ATPase 
subuni~ (6, 6' and a in peaks C, B and A, respectivdy) did not separa~ suffidenfly 
Dom the other polypeptides that were present in Daction No. 4. 

The results ind~a~  that ufifiNng the HPLC m~hods  described abov~ only the 
three larger subunits (~, fi and 7) could be purified directly ~om mitochondriM 
ex~ac~. However, we have shown that lhe smMler 6 and 6' and ~ subuni~ could be 
separamd by RP-HPLC of the purified FI-ATPase. 
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