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S U M M A R Y

Tra ns p ort of pre c urs or prote in s a cro ss c hloro p la st
m e m bra n e s inv o lv e s th e G T P a s e s T o c33/34 a n d
T o c159 at th e outer c hloro p la st e nv e lo p e . Th e s m a ll
G T P a s e T o c 33/34 c a n ho m o d im eriz e , b ut th e re gula-
tion of this intera ction h a s re m a in e d e lusiv e . W e
sho w th at d im eriz ation is in d e p e n d e nt of nu c le o tid e
lo a d ing state , b a s e d on cry sta l stru cture s of d im eric
P isu m sativu m T o c34 a n d m on o m eric A ra b id o p sis
th a lia n a T o c33. A n arg inin e re sid u e is—in th e d i-
m er—p o sition e d to re s e m b le a G A P arg inin e fing er.
H o w ev er, G T P a s e a ctiv ation b y d im eriz ation is s p ars e
a n d a ctiv e site fe ature s d o not e x p la in c ata lysis, sug-
g e sting th at th e ho m o d im er re quire s a n a d d ition a l
fa ctor a s c o G A P . A c c e ss to th e c ata lytic c e nter a n d
a n unusu a l s w itc h I m o v e m e nt in th e d im eric stru cture
sup p ort this fin d ing . P ote ntia l b in d ing site s for inter-
a ctions w ithin the T o c tra nslo c on or w ith pre c ursor
prote ins c a n b e d eriv e d fro m th e stru cture s.

IN T R O D U C T I O N

The m a jority of chlorop last prote ins are nuc le ar enc od e d and
cytosolic a lly synthesiz e d . O ver 2000 prote ins have to b e im-
porte d into the org ane lle (K leffm ann et a l., 2006; Le ister, 2003).
The m a jor im port p athw ay uses a multic om ponent translo c on,
the so-c a lle d To c/Tic c om p le x (translo c on at the outer/inner en-
ve lop e of chlorop lasts) (K essler and S chne ll, 2006; Li et a l., 2007;
Ore b et a l., 2006). The To c translo c on c onta ins the two m e m-
brane-bound G TP ases To c33/34 and To c159 (S chle iff et a l.,
2003), which e x pose the ir G dom a ins to the cytosol and re c og-
niz e and then d e liver pre cursor prote ins through the translo c a-
tion pore To c75. The To c75 pores oligom eriz e , and a stoi-
chiom etry of (4–53 To c33/34):(43 To c75):(13 To c159) w as
d etermine d from isolate d To c c ore c om p le x es by immuno che m-
ic a l m ethods (S chle iff et a l., 2003). S lightly d ifferent stoichiom e-
tries w ere found when ana lyz ing chlorop lasts (3:3:1; K ikuchi
et a l., 2006) or outer enve lop es (2:5:1; Vojta et a l., 2004).

A lthough these d iscre p anc ies are w ithin e x p erim enta l error, they
might a lso sugg est a dyna mic c om position of the To c c om p le x.
Surprisingly, the re quire m ent for such a stoichiom etry is not a c-
c ounte d for in current mod e ls of prote in translo c ation (K essler
and S chne ll, 2006).

To c33/34 function is essentia l b e c ause the d e letion of both p a-
ra logs in the Ara b idopsis g enom e—atT O C 33 and atT O C 34—is
e m bryo letha l ( C onstan et a l., 2004). Lik e other G TP ases,
To c33/34 possesses five G e le m ents involve d in nuc le otid e b in-
d ing which are link e d to and overla p w ith the sw itch I and sw itch II
re gions (B ourne et a l., 1991). G enera lly, the sw itches chang e
c onform ation during the G TP ase cyc le , and are thus re quire d
for functiona l re a dout of the p articular G TP ase (S prang, 1997;
Vetter and W ittinghofer, 2001). To c33/34 b e longs to the c lass
of TRA F A C (translation fa ctor-re late d) G TP ases and tog ether
w ith A ig G TP ases forms the A ig1/To c34/To c159-lik e p arase ptin
G TP ase subfa mily (Le ip e et a l., 2002). The function of A ig
G TP ases has b e en link e d to se lf-d efense in p lants (R eub er and
Ausub e l, 1996) and to the d eve lop m ent of T c e lls in verte brates
(N itta and T a k aha m a , 2007). D esp ite id entific ation of these im-
portant functions, b io che mic a l and structura l chara cteriz ations
of A ig G TP ases are sp arse . B e c ause of the c lose re lation to
To c G TP ases, the ana lysis presente d here has im p lic ations for
this m e d ic a lly re levant G TP ase subfa mily.

The G dom a ins of To c33/34 (K ouranov and S chne ll, 1997) and
To c159 (B e c k er et a l., 2004; C hen et a l., 2000; Ivanova et a l.,
2004) d ire ctly intera ct w ith the transit p e ptid e of the pre cursor
prote in. F or To c33/34, it has b e en shown that b ind ing is som e-
what strong er when the G TP ase is in the G TP-bound state
(G utensohn et a l., 2000; J e lic et a l., 2003; S chle iff et a l., 2002),
and pre cursor prote in intera ction a c c e lerates G TP hydrolysis
mod erate ly (J e lic et a l., 2002, 2003; R e d d ic k et a l., 2007). M od e ls
d escrib ing the im port of prote ins into the chlorop last are b ase d
on d im eriz ation events that ta k e p la c e at the translo c ation pore
(K essler and S chne ll, 2004; Li et a l., 2007). There is evid enc e
for an intera ction b etw e en the To c33/34 and To c159 G TP ases,
such as that d etermine d by To c33/34 affinity chrom atogra phy
using ra d io a ctive ly la b e le d (B auer et a l., 2002; B e c k er et a l.,
2004; H iltbrunner et a l., 2001; Smith et a l., 2002; W a llas et a l.,
2003) or che mic a lly purifie d To c159 as substrate (B e c k er
et a l., 2004; H iltbrunner et a l., 2001; Smith et a l., 2002; W a llas
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et a l., 2003). F urthermore , To c33/34 has b e en shown to homod i-
m eriz e (J e lic et a l., 2003; R e d d ic k et a l., 2007; W e ib e l et a l., 2003;
Y eh et a l., 2007). The d im er interfa c e is known from a crysta llo-
gra phic 3D structure of P isum sativum To c34 in the G D P-bound
state (Sun et a l., 2002), but it is unc le ar whether a To c34 homo-
d im er is re quire d for re gulation of the To c c om p le x. A lso, the syn-
chroniz ation of the G TP ase cyc le w ith homod im eriz ation is c on-
troversia l (W e ib e l et a l., 2003; Y eh et a l., 2007). This prom pte d
us to d etermine the 3D structures of the G M P P N P- and G D P-
bound states of To c33/34 G TP ases from P isum sativum and
Ara b idopsis thaliana . W e d erive sw itch move m ents during G TP
hydrolysis, priming the und erstand ing of G TP ase re gulation. A
hypothesis of possib le b ind ing events is given here .

R E S U L T S

T h e p s T o c 3 4 D i m e r Is N o t S e lf - A c t iv a t i n g
The cytosolic G dom a in of psTo c34 (la c king the C -termina l
m e m brane anchor) w as purifie d m a inly in the G D P-bound form

after re c om b inant prote in production in Escherichia c oli. (R e-
g ard ing nom enc lature , w e have stud ie d the homologous
G TP ases atTo c33 from Ara b idopsis thaliana and psTo c34 from
P isum sativum . The first two ita lic iz e d letters ind ic ate sourc e
org anism, follow e d by G TP ase na m e . Amino a c id na m es are re-
ferre d to sim p ly by org anism, i.e ., ps G lu73 for G lu73 in psTo c34.
To c33/34 w ithout a d enominator refers to both atTo c33 and
psTo c34 G TP ases.) A nuc le otid e e x cha ng e proto c ol w as esta b-
lishe d to lo a d the G TP ase w ith G M P P N P , a nonhydrolyz a b le
G TP nuc le otid e ana log. Nuc le otid e lo a d ing states w ere c on-
trolle d by H PL C ana lysis (se e F igure S1 in the Sup p le m enta l
D ata ava ila b le w ith this artic le online). psTo c34 G M P P N P crysta l-
liz e d in an orthorhom b ic sp a c e group (T a b le 1), where as previ-
ously psTo c34 G D P crysta lliz e d und er d ifferent c ond itions in
a mono c linic sp a c e group (Prote in D ata B ank [P D B] c od e:
1H65; Sun et a l., 2002). The quaternary arrang e m ent of both
psTo c34 G M P P N P and psTo c34 G D P is a homod im er, w ithout m a jor
structura l re arrang e m ents (root-m e an-square d eviation [rmsd]
of 0.7 Å for 245 C a positions).

T a b l e 1 . C r y s t a ll o g r a p h i c A n a ly s i s

psTo c34 G M P P N P

(P D B C od e: 3 B B 1)
atTo c33 G D P

(P D B C od e: 3 B B 3)
atTo c33 G M P P N P

(P D B C od e: 3 B B 4)

D at a C olle ction Statistics

S p a c e group P21212 P41212 P41212

Unit c e ll a , b , c (Å) 178.8, 180.1, 90.9 121.6, 121.6, 42.7 121.6, 121.6, 42.7

Num b er of mole cules in asymm etric unit 8 1 1

M osa ic ity (  ) 0.28 0.27 0.26

Solvent c ont ent ( % ) 54 46 48

Avera g e B (Å2) 65.4 82 69.8

Unique refle ctions 72,688 7,234 7,827

R e solution (Å)/H R she ll (Å) 50  2.80/2.85  2.80 30  2.94/3.04  2.94 25.0  2.84/2.94  2.84

Rsym ( % )/H R she ll ( % )a 7.7/47.1 8.1/46.6 8.5/48.6

C om p leteness ( % )/H R she ll ( % ) 99.5/95.9 99.3/97.9 99.6/100.0

<I>/< s I>/H R she ll 15.5/2.4 14.4/1.9 15.4/2.2

R e dund ancy/H R she ll 3.8/3.4 6.1/4.2 5.8/6.0

R efine m ent Statistics

Amino a c id s (cha in A) 2–196, 202–258 7–67, 71–251 7–67, 72–250

Tota l prote in atoms (inc lud ing doub le
c onform ations)

15,842 1,923 1,946

W ater 298 24 25

Lig and atoms G M P P N P , M g2+, P E G , glyc erol G D P , M g2+ G M P P N P , M g2+

Rmsd bonds (Å) 0.018 0.020 0.020

Rmsd angles (  ) 2.2 2.1 2.1

R fre e ( % )b 28.6 26.2 27.7

R work ( % )c 22.6 21.8 21.8

R a m a chandran p lotd

M ost favore d (residue s/ % ) 1,456/85.5 190/88.8 186/87.7

A d d itiona l favore d (residues/ % ) 224/13.2 22/10.3 23/10.8

G enerously a llow e d (residues/ % ) 22/1.3 2/0.9 2/0.9

D isa llow e d (residues/ % ) 1/0.1 0/0 1/0.5
a Rsym = S h S ijI(h)  I(h)ij/ S hS iI(h)i, where I(h) is the m e an intensity.
b F ive p erc ent of the d ata w ere e x c lud e d to c a lcula te R fre e.
c Rwork = S hjj F obs(h)j  j F c a lc(h)jj/ Shj F obs(h)j, where F obs(h) and F c a lc(h) are observe d and c a lc ulate d structure fa ctors, resp e ctive ly.
d Laskowski et a l. (1993).
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In the 3D structure of psTo c34 G M P P N P (F igure 1A), the nuc le o-
tid e moieties are lo c ate d at the d im er interfa c e . D im eriz ation
involves a num b er of loop re gions, som e of which are To c-sp e-
c ific se quenc e insertions. Among others, the loops c arrying G
e le m ents G 2 and G 3 as w e ll as a loop c onne cting b5 w ith a 5
are in this interfa c e (F igure 1 B); a lso involve d in d im eriz ation is
the loop c onne cting b4 w ith a 3 that is p art of a larg er c onserve d
se quenc e fe ature na m e d the c onserve d box ( C B in F igure 1A;
Kruc k en et a l., 2004, 2005; N itta and T a k aha m a , 2007). In
To c33/34, the C B forms a num b er of c entra l se c ond ary structure
e le m ents (in re d , F igure 1A), na m e ly b strands b3, and b4 and p art
of he lix a 3. From the a lignm ent of five To c G TP ases, a long w ith
two a d d itiona l A ig G TP ases, a highly c onserve d arginine c an b e
se en, w ith a re gister shift in the To c159 prote ins. This residue , ar-
ginine 133 in psTo c34, is ne c essary for d im er form ation (R e d d ic k
et a l., 2007), and it c an thus b e pre d icte d that d im eriz ation is a re-
current motif in the A ig G TP ase fa mily. Arg133 c onta cts b- and g-
phosphates of G M P P N P in the intera cting monom er (F igures 1A
and 1 B), similar to the c onta cts of Arg133 to the b-phosphate
previously observe d for psTo c34 G D P (Sun et a l., 2002). The posi-
tioning of Arg133 is re minisc ent of an arginine fing er d escrib e d
b efore for G TP ase- G A P c om p le x es (S cheffz e k et a l., 1998).

C om p arison b etw e en psTo c34 in G M P P N P- and G D P-bound
states reve a le d preservation of the d im eric state , sugg esting that
nuc le otid e lo a d has little if any effe ct on d im eriz ation. F or a G A P
function, w e antic ip ate d a higher affinity in the G TP-bound form,
c onc omitant w ith a drastic incre ase in G TP hydrolysis by the
d im eric G TP ase (S cheffz e k and Ahm a d ian, 2005). W e therefore
d etermine d the influenc e of the nuc le otid e lo a d ing state on
G TP ase d im eriz ation in solution, using ana lytic a l ultra c entrifu-
g ation. Freshly pre p are d psTo c34 (m a inly lo a d e d w ith G D P;
F igure S1) w as sub je cte d to se d im entation ve lo c ity runs at a
c onc entration of  50 mM monom er prote in. Two sp e c ies w ith
se d im entation c o effic ients of 2.6S and 3.5S w ere se p arate d .
These c orrespond to the monom eric and d im eric forms of the
G TP ase , as d etermine d from the c(M) d istribution. The e x p eri-
m enta lly d etermine d va lues are in very good a gre e m ent w ith
the se d im entation c o effic ients of 2.7S and 4.0S for the monom er
and d im er c a lculate d from the P D B c oord inates w ith the pro-
gra m H Y D R O (G arc ia d e la Torre et a l., 1994). From a quantitative
ana lysis of the se d im entation ve lo c ity profiles, the d isso c iation
c onstant (K D) of 50 ± 20 mM w as c a lculate d for the psTo c34 G D P

d im er (F igure 1 C ), in a gre e m ent w ith previous d ata (R e d d ic k
et a l., 2007). H ow ever, prote in a ging w as d e monstrate d to c om-
promise d im eriz ation prop erties in the homologous G TP ase
atTo c33 (Y eh et a l., 2007). H ere w e assesse d the a ging effe ct
for psTo c34 to investig ate whether d im eriz ation w as ha m p ere d
by the tim e-intensive nuc le otid e e x chang e . W e p erform e d an e x-
p erim ent similar to G M P P N P e x chang e , a lb e it w ith e x c ess G D P ,
and found the d isso c iation c onstant to b e ra ise d 5-fold (K D =
0.25 ± 0.05 m M), as c om p are d to freshly pre p are d psTo c34 G D P.
After nuc le otid e e x chang e w ith G M P P N P , the d isso c iation c on-
stant w as 0.6 ± 0.1 m M . W ith this c ave at, the e x p erim ents still
d e monstrate that psTo c34 is a b le to d im eriz e in both nuc le otid e
lo a d ing states, w ith slight preferenc e for d im eriz ation in the G D P-
bound form. To d etermine the effe ct of oligom eriz ation on hydro-
lysis rates, w e p erform e d single-turnover G TP hydrolysis e x p er-
im ents (Pra k ash et a l., 2000) in the c onc entration rang e of 0.013
to 4.5 m M prote in, that is, a cross the stoichiom etric point for

d im er form ation. The incre ase in enzym atic a ctivity by d im eriz a-
tion is a bout 1.5-fold (F igure 1D). Thus, our ana lysis of the
isolate d psTo c34 G dom a in d e monstrates that the d im er is not
se lf-a ctivating, possib ly la c king an a d d itiona l re gulatory layer.

A D i s o r d e r e d S w i t c h I i n M o n o m e ri c a t T o c 3 3
To e x a mine whether such d im eriz ation b ehavior is a g enera l
fe ature of To c33/34 G TP ases, w e e xtend e d the ana lysis to
Ara b idopsis To c33. When w e ana lyz e d freshly pre p are d atTo c33
by g e l filtration, monom eric and d im eric sp e c ies are observe d ,
in a gre e m ent w ith previous d ata (W e ib e l et a l., 2003; Y eh et a l.,
2007). H ow ever, ana lytic a l ultra c entrifug ation w ith atTo c33 un-
d er similar c ond itions as e m p loye d for psTo c34 reve a le d e x c lu-
sive ly monom eric prote in populations (d ata not shown). Thus,
the G dom a in of atTo c33 must e xhib it a low er asso c iation c on-
stant for d im eriz ation than the G dom a in of psTo c34. A p p lying
higher prote in c onc entrations than use d for psTo c34 in ultra c en-
trifug ation w ith a bsorb anc e d ete ction is im pra ctic a l. Thus, to in-
vestig ate d im eriz ation and to c om p are the influenc e of nuc le o-
tid e lo a d w ith atTo c33 and psTo c34 G dom a ins, a filter b ind ing
assay w as esta b lishe d (F igure 2A). H is-ta gg e d To c prote ins of
d efine d c onc entration and nuc le otid e lo a d ing state (e ither G D P
or G M P P N P pre lo a d e d) w ere immob iliz e d on a nitro c e llulose
m e m brane . After saturation w ith milk pow d er, the m e m branes
w ere incub ate d w ith G ST-ta gg e d To c prote ins, a g a in of d efine d
c onc entration and nuc le otid e lo a d ing state (e ither G D P or
G M P P N P pre lo a d e d). The bound prote in fra ction w as quantifie d
by G ST-sp e c ific antibod ies, and thus the intera ction of the pro-
te ins w as quantifie d . W ith G ST prote in (i.e ., no To c fusion) as
ne g ative c ontrol, no signa ls are d ete cta b le und er the e x p erim en-
ta l c ond itions use d (d ata not shown). A lthough this te chnique
has som e limitations, such as mutua l steric hindranc e or inc or-
re ct orientations of immob iliz e d prote ins, it is still suita b le for
a c om p arative ana lysis of the nuc le otid e d e p end enc e of
d im eriz ation b e c ause the m entione d effe cts are statistic a lly
e qua lly d istribute d . W e find that both atTo c33 and psTo c34
d im eriz e , and further show a similar nuc le otid e d e p end enc e
w ith a preferenc e for d im eriz ation of the G D P sp e c ies (F igure 2 B).
F ilter b ind ing d ata for psTo c34 a gre e w ith the ana lytic a l ultra c en-
trifug ation d ata (F igure 1 C ). Thus, the sm a ll influenc e of nuc le o-
tid es on the d im eriz ation as se en for atTo c33 and psTo c34 might
a lso o c cur in other To c33/34 G TP ases.

W e w ent on to chara cteriz e atTo c33 G D P and atTo c33 G M P P N P

structura lly (F igure 2 C ; T a b le 1). B oth prote ins are monom eric
in the crysta l structure , which might b e e x p la ine d by the low er
asso c iation c onstants of these prote ins c om p are d to psTo c34.
An ana lysis of crysta l c onta cts (F igure S2) reve a ls that the larg est
c onta ct b etw e en monom ers in the crysta l m e asures a p proxi-
m ate ly 670 Å2, where as the d im er interfa c e chara cteriz e d for
psTo c34 m e asures 2750 Å2 (Sun et a l., 2002). S imilar to what
is observe d w ith psTo c34, the structures of atTo c33 in d ifferent
nuc le otid e lo a d ing states are very similar, refle cte d in an rmsd
of 0.36 Å for 239 C a positions. There is only w e a k e le ctron
d ensity for residues 68–70 in atTo c33 G D P and for residues
69–71 in atTo c33 G M P P N P. These residues of the sw itch I re gion
w ere thus not inc lud e d in the mod e ls. To e x a mine the im p a ct
of d im eriz ation on the structure of the G TP ase , w e c om p are d
monom eric atTo c33 G D P and atTo c33 G M P P N P w ith the d im eric
psTo c34 G M P P N P and psTo c34 G D P structures. A ll four structures
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are highly similar; e .g. psTo c34 G M P P N P and atTo c33 G M P P N P show
an rmsd of 0.95 Å for 232 C a positions. The m a in d ifferenc e o c-
curs in the sw itch I re gion: not restricte d by the d im er c onta ct,
sw itch I in atTo c33 is poorly ord ere d and move d slightly a w ay
from the nuc le otid e b ind ing po c k et (F igures 3A and 3 B). In d i-
m eric psTo c34, sw itch I is fully resolve d and p artly sta b iliz e d
by intera ction w ith the C B and he lix a 5 in trans (F igures 3 C and
3D). Positioning of G 2/sw itch I in psTo c34 is m a inta ine d by inser-
tion of psPhe70 into a hydrophob ic po c k et. A lthough sw itch II
shows a similar c onform ation in a ll four structures (F igure s 3A–
3D), minor move m ents in this re gion c an b e e x p la ine d by a d im er
c onta ct of psTyr102. R estricte d sw itch move m ent is thus a fur-
ther chara cteristic of the two To c33/34 G TP ases atTo c33 and
psTo c34, but even more pronounc e d in the d im eric form.

R e s t ri c t e d S w i t c h M o v e m e n t H a s I m p li c a t i o n s
f o r t h e C a t a ly t i c C y c l e
O ur ana lysis reve a ls that the nuc le otid e lo a d of To c33/34 has
only a minim a l influenc e on d im eriz ation. This is refle cte d in finite
chang es observe d for the sw itch re gions. W e therefore investi-
g ate d the sw itch re gions in d eta il to e x p la in this unusua l fe ature
for a G TP ase . Any signific ant move m ent of the G 3/sw itch II re-
gion is c onstra ine d by a leuc ine (atLeu95/psLeu97) that enters
into a hydrophob ic po c k et form e d by the a 2 and a 3 he lic es (F ig-
ure 4A). It w as pre d icte d that a hydropho b ic residue in this re gion
tog ether w ith a hydrophob ic b ind ing po c k et c ould result in the
now e x p erim enta lly c onfirm e d c onform ation (M ishra et a l.,
2005). S w itch II is fix e d in both the G M P P N P- and G D P-bound
forms of the G TP ase , and move d a w ay from the c ata lytic c enter.
This is surprising b e c ause in other sm a ll G TP ases, sw itch II often
c arries a c ata lytic residue; in R as p21, this is the residue G ln61
(F igure 4 B; P a i et a l., 1990). H ow ever, an e quiva lent to p21-
G ln61 is a bsent in To c33/34, and henc e the c lassic function of
the G 3/sw itch II in the c ata lytic cyc le must b e ta k en over by other
prote in re gions, or by intera ction p artners.

O ne of the most obvious c and id ates is the sw itch I re gion of
To c33/34. A lthough sw itch I is restricte d—p artly—by the d im er
interfa c e , the re gion shows a bove avera g e B fa ctors and reta ins
som e c onform ationa l fle xib ility, as se en from a c om p arison of
d ifferent protom ers in the crysta l unit c e ll (F igure S3). S e quenc e
ana lysis shows that the c ata lytic thre onine , typ ic a l for the sm a ll
G TP ases of the TRA F A C c lass, is re p la c e d by gluta m ate (Le ip e
et a l., 2002). Where as this residue points a w ay from the nuc le o-
tid e b ind ing po c k et in psTo c34 G M P P N P, its c arboxyl he a d group
ta k es the position of g-phosphate in psTo c34 G D P (F igure 5). In
the G D P-bound state , ps G lu73 p artic ip ates in the c oord ination

of the M g2+ ion, as do es the g-phosphate in the G M P P N P-bound
state (F igure S4). Thus, move m ent in the sw itch I re gion is
re duc e d to a move m ent of the sid e cha in of G lu73. B e c ause of
its role in sensing the nuc le otid e lo a d ing state , w e d esignate res-
idue ps G lu73 the nuc le otid e ‘‘tra c k er.’’ In monom eric atTo c33,
the e quiva lent residue at G lu70 do es not p erform a tra c k er func-
tion: the residue is not resolve d in e le ctron d ensity and prob a b ly
move d a w ay from the nuc le otid e b ind ing po c k et. Therefore ,
tra c king of the nuc le otid e lo a d ing state is of re levanc e only in
the c onte xt of the G TP ase d im er.

R e q u ir e m e n t f o r a c o G A P a n d Id e n t i fi c a t i o n
o f a P u t a t i v e P r o t e i n B i n d i n g S i t e
F or G TP hydrolysis to o c cur, a polar residue is re quire d to
position a w ater mole cule for nuc le ophilic atta c k on the g-phos-
phate (P a i et a l., 1990; S chw e ins et a l., 1995). In one protom er of
psTo c34, a w ater mole cule is positione d b etw e en the g-phos-
phate and the b a c k bone c arbonyl of sw itch I ps G ly74 (F igure 5A).
The sw itch I re gion might thus p lay an im portant role in the intrin-
sic hydrolysis re a ction. C ommonly, G TP ases are further a cti-
vate d by G A P prote ins that sta b iliz e the sw itch re gions and
sup p ly a d d itiona l c ata lytic residues, often the arginine fing er
(S cheffz e k and Ahm a d ian, 2005). Structura l c om p arison of the
c ata lytic c enter of the psTo c34 d im er w ith G TP ase- G A P c om-
p le x es d e monstrates that Arg133 in psTo c34 in the G M P P N P-
bound state is suita b ly positione d to p erform a function as
arginine fing er (F igure S5). The ina b ility of the d im eric c onta ct
to signific antly a c c e lerate G TP ase a ctivity (F igure 1D) thus points
to insuffic ient sta b iliz ation of the c ata lytic c enter in the present
structures, se en in the re mnant fle xib ility of sw itch I, or to an
a bsenc e of a c ata lytic residue . The G TP ase d im er thus re quires
another fa ctor as c o G A P , for e x a m p le as d escrib e d for
the G TP ases Arf and R an (G old b erg, 1999; S e e w a ld et a l.,
2003). The c o G A P function is re quire d in the G TP-bound state
of psTo c34; it thus might re c ogniz e the tra c k er gluta m ate of
sw itch I, le a d ing to sta b iliz ation of this re gion. Interestingly,
move m ent of the tra c k er gluta m ate op ens up two tunne ls in
psTo c34 G M P P N P for d ire ct a c c ess to the g-phosphate , only one
of which is present in psTo c34 G D P (F igure s 6 C and 6D). H enc e ,
no structura l re arrang e m ent in the d im er is re quire d for a c o G A P
that b inds and inserts a c ata lytic residue through one of these
holes, where as the se c ond hole c ould function as a phosphate
e xit after G TP has b e en hydrolyz e d .

The id entific ation of the putative b ind ing site e ither for a c o G A P
or for the pre cursor prote in is he lp e d by two observations. W e
id entifie d a hydrophob ic c avity insid e the structure of To c33/34

F ig ur e 1. T o c 34 fr o m P is u m s a t iv u m Is D i m e ri c
(A) The prote in is shown as a rib b on d ia gra m w ith G M P P N P in stic k re present ation. The m a gne sium ion is c olore d in gre en; se c ond ary structure e le m ents are
ind ic ate d . The monom er on the right-hand sid e is c olore d in gray. The c onserve d box ( C B), chara cteristic for the A ig1/To c34/To c159-lik e p arase ptin fa mily, is
c olore d in re d; c om p are a lignm ent b etw e en To c and A ig G TP as es. Insertions w ithin psTo c34 c om p are d to the sm a ll G TP ase R as p21 (P D B c od e: 5P21) (P a i et a l.,
1990) are shown in light b lue in the structure . psArg133 is shown in stic k re pres entation. R esidues not resolve d in e le ctron d ensity are ind ic ate d by a d ashe d line .
(B) The d im er interfa c e re gion is shown for psTo c34 in the G M P P N P- (d ark) and G D P-bound states (light). The nuc le otid e b ind ing site of e a c h monom er is p art of
the d im eriz at ion interfa c e , m a d e up of severa l loops. Thre e loop re gions are highlighte d: the G 2/s w itch I and G 3/sw itch II re gions, the loop c arrying psArg133 of
the C B , and the loop follow ing a 5. The G 2/sw itch I loop is shifte d b etw e en G D P- and G M P P N P-bound states, as it must a c c ommod ate the g-phosphate .
( C ) Ana lytic a l ultra c entrifug ation p erform e d using freshly pre p are d psTo c34, or G D P- or G M P P N P-e x chang e d prot e ins (c onc entration  50 mM monom er prote in).
F or the se d im e ntation ve lo c ity runs, the d istributions of se d im entation c o effic ients are shown. The s va lues w ere c orre cte d for solvent d ensity and visc osity of the
buffer (stand ard c ond itions s20,w for 20  C , H 2 O).
(D) The a p p arent single-turnov er rate c onstants for ind ic ate d c onc entrations of psTo c34 w ere d eterm ine d at p H 8 (se e E x p erim e nta l Pro c e dures). M e a sure m ent
in the c onc entration rang e from 0.013 to 4.5 m M prot e in c overs the stoic hiom etric point of d im er form ation.
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(F igure 6A). The c avity is line d w ith the To c G TP ase-sp e c ific
N-termina l e xtension, forming he lic es a 1 and a 0 (F igure 1A).
This c avity is siz a b le , w ith a volum e of 62 Å3 when prob e d w ith
a solvent sphere of 1.4 Å (c a lculate d w ith V OID O O ; K leyw e gt

and Jones, 1994). Previous To c33/34 structures a lso c onta in
the c avity, a lthough it has not b e en d escrib e d (Sun et a l., 2002;
Y eh et a l., 2007). C avities insid e prote ins are g enera lly energ et-
ic a lly unfavora b le , and might d esta b iliz e the prote in structure
(M atthe ws, 1996), which c ould e x p la in the a ging effe ct observe d
w ith To c33/34 (se e a bove). In a d d ition, b etw e en the c avity and
the G 2/ G 3 e le m ents, w e find in two psTo c34 protom ers a bound
polyethylene glyc ol (P E G) mole cule . It lies in a sha llow po c k et
which is an e xtension of the c avity and is form e d by residues
c onserve d in To c33/34. The P E G mole cule is bound by the
residues Asn57, G lu62, and Arg63 (F igure 6 B). It is a fre quent
crysta llogra phic observation that b ind ing of solvent mole cules
a llud es to substrate b ind ing po c k ets in enzym es or to prote in-
prote in intera ction sites (B e c k er et a l., 1998; B ourne et a l.,
2001; D ollins et a l., 2005). The sha llow P E G b ind ing po c k et in
the vic inity of sw itch I might b e p art of a b ind ing site which is
involve d in the sta b iliz ation of this sw itch re gion, and henc e
c ould b e the b ind ing site for a c o G A P . The c avity as w e ll as
the bound P E G mole cule might b e functiona lly im portant
fe atures of the G TP ase—as d iscusse d b e low—that ne e d to b e
further e x p lore d .

D IS C U S SI O N

The two G TP ases atTo c33 and psTo c34 are functiona l homologs
(J e lic et a l., 2003), and share a c ommon 3D fold (Sun et a l., 2002;
Y eh et a l., 2007). E xtend ing from e arlier stud ies, w e d e monstrate
that the two G TP ases have similar c onform ations in G D P- and
G M P P N P-bound states (F igures 1 and 2). It is do cum ente d
that both G TP ases d im eriz e in a c onc entration-d e p end ent m an-
ner: for atTo c33, d im eriz ation w as shown using native P A G E
ana lysis (W e ib e l et a l., 2003) or g e l-filtration te chniques (Y eh
et a l., 2007); for psTo c34, d im eriz ation w as shown using g e l-fil-
tration (Sun et a l., 2002) or ana lytic a l ultra c entrifug ation (R e d d ic k
et a l., 2007). W e c onfirm and quantify d im eriz ation using ana lyt-
ic a l ultra c entrifug ation and d etermine the d isso c iation c onstant
K D for the psTo c34 G D P d im er to b e 50 ± 20 mM (F igure 1 C ). W e
show that atTo c33 has a higher d isso c iation c onstant than
psTo c34, and this fits previous mod e ling d ata where less polar
c onta cts w ere se en for atTo c33 than for psTo c34, where as the
burie d interfa c e are as w ere similar in both c ases (Y eh et a l.,
2007). The K D for the atTo c33 d im er is outsid e the m e asura b le
rang e for ana lytic a l ultra c entrifug ation, and thus w e c onfirm
d im eriz ation using a filter b ind ing assay (F igure 2 B).

The functiona l re levanc e of d im eriz ation is c ontroversia l (Sun
et a l., 2002; W e ib e l et a l., 2003). An im portant d im er c onta ct is
se en in both psTo c34 G M P P N P (F igure 1) and psTo c34 G D P (Sun
et a l., 2002) through the c onserve d arginine psArg133, which
inserts into the a ctive site of the d im eriz ation p artner. C onse-
quently, mutation of this residue a brog ates d im eriz ation (R e d-
d ic k et a l., 2007; W e ib e l et a l., 2003). Muta g enesis d ata are
a lso som e what c ontroversia l. When re p la c ing the c onserve d
arginine in atTo c33 by a lanine , e ither no (W e ib e l et a l., 2003) or
only a minor re duction in c ata lytic rate is observe d (Y eh et a l.,
2007). The sa m e re p la c e m ent in psTo c34, how ever, le a ds to
a drastic d e cre ase in hydrolysis rate (R e d d ic k et a l., 2007). The
d ifferenc es in d im eriz ation b ehavior b etw e en the two prote ins
re porte d here c ould in p art e x p la in these c ontra d ictory results.
An im portant issue is whether the arginine serves a role as an

F ig ur e 2. M o n o m e ri c a t T o c 33
(A) Ind ic ate d a mounts of H is6-ta g g e d atTo c33 G D P or B S A (c ontro l) w ere im mo-
b iliz e d on nitro c e llulose; the m e m brane w as subse quently incub ate d w ith
atTo c33- G S T G D P (at a c onc entration of 35 mg/ml). B ind ing w as visua liz e d by
im munod e c oration w ith anti- G ST antibod ies.
(B) Ind ic ate d a mounts of atTo c33-H is (left) or psTo c34- H is (right) lo a d e d w ith
G D P (c irc les) or G M P P N P (triangles) w ere im mob iliz e d as in (A). The m e m-
brane w as incub ate d w ith atTo c33- G ST (left) or psTo c34- G S T (right) lo a d e d
w ith G D P (c irc les) or G M P P N P (triangles). The a mount of bound prote in w as
qu antifie d and p lotte d a g a inst the a mount of the immob iliz e d re c e ptor. The
avera g e of at le ast five ind e p end ent e x p erim e nts is shown. The lines re pres ent
the le ast square fit to E quation 1.
( C ) Rib bon d ia gra m of atTo c33 in the G M P P N P- (gre en) and G D P-bound (light
gre e n) states. The mole c ule is a monom er in the crysta l. Structura l e le m ents,
nuc le otid e , and m a gnesium are ind ic ate d . A sm a ll se gm ent in the G 2/sw it ch I
re gion is not resolve d in e le ctron d ensity in e ither of the two structures .
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arginine fing er (Sun et a l., 2002), d escrib e d b efore for G TP ase-
G A P c om p le x es (S cheffz e k et a l., 1997, 1998) or re c ipro c a lly
a ctivate d G TP ase d im ers such as the SRP G TP ases F tsY and
F fh ( C onnolly and G ilmore , 1993; E g e a et a l., 2004; F o c ia et a l.,
2004), the G TP ases h G B P b e longing to the so-c a lle d larg e
G TP ases of the dyna min typ e (Pra k ash et a l., 2000), or the
G TP ase Mnm E involve d in tR N A mod ific ation (S crim a and W it-
tinghofer, 2006). In a ll these c ases, d im eriz ation incre ases the
intrinsic hydrolysis rate by one or two ord ers of m a gnitud e , and
d im eriz ation preferentia lly o c curs in the G TP-bound state ,
a lthough a c ommon m e chanism or d im eriz ation interfa c e has
not b e en d erive d . W e d e monstrate a bout 1.5-fold a ctivation of
psTo c34 by d im eriz ation, in k e e p ing w ith previous re ports on
psTo c34 (R e d d ic k et a l., 2007) and atTo c33 (Y eh et a l., 2007).
A lthough this leve l of a ctivation is far b e low the va lues re porte d
for G TP ase- G A P c om p le x es (S cheffz e k et a l., 1998), the slight
preferenc e for d im eriz ation in the G D P state a lso c ontra d icts

the G A P p ara d igm (F igures 1 C and 2 B). H ow ever, the latter result
is susc e ptib le to e x p erim enta l error b e c ause of do cum ente d
prote in a ging, and thus these d ata re quire further e x p erim enta l
c larific ation.

The b io che mic a l d ata sugg est the To c33/34 homod im er is not
a G A P c om p le x, and this interpretation is sup porte d by the struc-
tura l d ata . The structures of psTo c34 G M P P N P in c om p arison w ith
the one of psTo c34 G D P (Sun et a l., 2002), or the structures of
atTo c33 G M P P N P in c om p arison w ith atTo c33 G D P, do not show
any chang es that would b e c onsistent w ith G TP ase a ctivation
(F igures 1 and 2). Ind e e d , that To c33/34 would b e optimiz e d to
function in the d im eric c onte xt, possib ly forming im portant inter-
a ctions w ith other prote ins, is sup porte d by two observations.
F irst, the sw itch move m ent of psTo c34 is re duc e d to the move-
m ent of ps G lu73 and only se en in the d im eric state of the G TP ase
(F igure 5), that is, in psTo c34. The G TP ase cyc le c ould then serve
to modulate intera ction w ith, for e x a m p le , subunits of the To c

F ig ur e 3. C o m p a ris o n o f t h e S w it c h R e g io n s a n d t h e D i m e ri z a tio n In t e rf a c e o f a t T o c 33 a n d p s T o c 34
(A and B) G 2/sw itch I and G 3/sw itch II re gions in monom eric atTo c33 G D P (A) and atTo c33 G M P P N P (B). O nly se le cte d se c ond ary structure e le m e nts are shown for
c larity; G M P P N P is sho wn in stic k re presentation. R esidues A la69 and G lu70 are not resolve d in e le ctron d ensity (d ashe d line).
( C and D) G 2/s w itch I and G 3/sw it ch II re gions in d im eric psTo c34 G D P (P D B c od e: 1H65) (Sun et a l., 2002) ( C ) and psTo c34 G M P P N P (D). O nly se le ct e d se c ond ary
structure e le m e nts are shown for c larity; G M P P N P is shown in stic k re presentation. Arg133 of the C B from the se c ond monom er is in c onta ct w ith nuc le otid e .
Phe70 of the G 2/sw it ch I re gion and Tyr102 of the G 3/s w itch II re gion are se en in a d im er c onta ct.
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c om p le x. The nuc le otid e lo a d of psTo c34 as sense d by ps G lu73
would then re gulate these intera ctions. Ind e e d , severa l re ports
have ind ic ate d that To c34 intera cts w ith other To c c om ponents
in a nuc le otid e-d e p end ent m anner, for e x a m p le w ith the translo-
c ation pore To c75 (Erte l et a l., 2005) or the To c subunit To c64
(Q b a dou et a l., 2006). S e c ond , lik e ps G lu73, psArg133 c an
only p erform its function in the G TP ase d im er (F igure 3).

A lthough psArg133 is not a b le to a ctivate G TP hydrolysis sig-
nific antly (F igure 1D), e x a mination of a ctive site fe atures in the
psTo c34 d im er shows that psArg133 might c ontribute to sta b iliz-
ing a re a ction interm e d iate of G TP hydrolysis (se e F igure S5 for
a c om p arison of psArg133 w ith typ ic a l arginine fing er intera c-
tions). Intrinsic c ata lytic a ctivity of psTo c34 c an b e e x p la ine d
by the observation of a w ater mole cule positione d for an atta c k
on the g-phosphate (F igure 5). H ow ever, the positioning and
prob a b ly the polariz ation of this w ater by the c arbonyl oxyg en
of ps G ly74 are not id e a l. In a d d ition, this p art of the G 2/sw itch I
e le m ent shows som e fle xib ility (F igure S3), sugg esting a c o G A P
is re quire d to sta b iliz e this e le m ent and to position the atta c king
w ater more prop erly. An a lternative sugg estion is that a c o G A P
d ire ctly sup p lies a c ata lytic residue to a c c e lerate G TP hydroly-
sis. Interestingly, w e find that the g-phosphate is a c c essib le in
the G M P P N P- but not in the G D P-bound state , through move-
m ent of the sw itch I gluta m ate ps G lu73 (F igure 6D). The tunne l
id entifie d is id e a lly suite d for a c ata lytic residue of an intera cting
c o G A P to enter and position and polariz e a w ater mole cule .
O ther To c subunits might a ct as c o G A P , potentia lly re c ogniz ing
ps G lu73 in the G M P P N P-bound state of the G TP ase . This would
natura lly fit the p icture to ensure that the G TP ase is in c onta ct
w ith the pore , to signa l ‘‘re a dy’’.

To c33/34 a cts as a pre cursor prote in re c e ptor (G utensohn
et a l., 2000; J e lic et a l., 2003; K ouranov and S chne ll, 1997;
S chle iff et a l., 2002). In fa ct, here w e id entify an interna l c avity
in To c33/34 (F igure 6A; F igure S6) suita b le for prote in intera ction.
This c avity in To c33/34 might b e responsib le for the observe d
a ging effe cts of the re c om b inant prote ins. W e b e lieve the fe a-
tures of this c avity to b e of re levanc e and propose that b ind ing
of pre cursor prote in c ould o c cur here . It w ill b e interesting to
prob e for the c onform ationa l chang es that are to b e e x p e cte d
when the c avity eng a g es in prote in re c ognition. Interestingly,
chlorop last transit p e ptid es have a prop ensity to form a m phi-
p athic he lic es (Bruc e , 2000), and thus an attra ctive hypothesis
is e x chang e of he lix a 0 of To c33/34 w ith the he lic a l p art of the
signa l p e ptid e; the c avity would provid e a void for a c c ommod a-
tion of the sid e cha ins, as signa l p e ptid es vary in se quenc e .
Im portantly, he lix a 0 is a To c33/34-sp e c ific fe ature , and c on-
ta ine d ne ither in To c159 nor in the A ig G TP ases. F urther, id enti-
fic ation of a P E G mole cule bound b etw e en the c avity and the
sw itch I re gion in a sha llow po c k et on psTo c34 G M P P N P might
e xtend the pre cursor prote in b ind ing site (F igure 6; F igure S6).

B esid es homod im eriz ation, heterod im eriz ation of To c33/34
w ith the G TP b ind ing dom a in of To c159 has b e en re porte d
(B e c k er et a l., 2004; H iltbrunner et a l., 2001; Smith et a l., 2002;
W a llas et a l., 2003). The To c33/34/To c159 intera ction is function-
a lly d iverg ent from the To c33/34 homod im er, b e c ause psArg133,
the arginine of the d im eriz ation motif, is not c onserve d in re gister
in To c159 (F igure 1A , a lignm ent), and b e c ause To c159 a lso mis-
ses the sw itch I gluta m ate that senses nuc le otid e lo a d . Inste a d ,
To c159 c onta ins the c onserve d thre onine of c onsensus G TP ases
of the TRA F A C c lass (Le ip e et a l., 2002), and it might thus e xhib it
a d ifferent m e chanism for G TP hydrolysis, even when in heterod i-
m eric c onta ct w ith the sm a ll G TP ase . C om p aring the se quenc es
of the two G dom a ins, w e have note d a five a mino a c id insertion in
the To c159 se quenc es insid e the d im eriz ation motif, in the loop
c onne cting b5 w ith a 5. When this insertion is mod e le d onto the
d im eric psTo c34 structure (F igure 6 B , ye llow), it is c lose to the

F ig ur e 4. C o m p a ris o n o f t h e G 3 R e g io n s in p s T o c 34 a n d R a s p21
(A) The c onform ation of G 3/sw itch II is id entic a l in the G M P P N P - and the G D P-
bound states of psTo c34. G ly96 is in hydrog en-bond ing d ist anc e to the
g-phospha te , and is c onserv e d in the G TP ase G 3 motif (D xx G). Leu97, d ire ctly
follow ing the G 3 motif, ent ers a hydrop hob ic po c k e t b etw e e n he lic es a 2
and a 3.
(B) A similar re present ation as in (A) for G 3/sw itch II of R as p21 (P D B c od e:
5P21) (P a i et a l., 1990). G ly60 is in hydrog en-bond ing d istanc e to the g-phos-
ph ate in the G M P P N P -bound state; d iffere nt from psTo c34, G ly60 is turne d
a w a y from the b ind ing po c k e t in the G D P-bound state of R as p21 (not shown).
The e quiva lent residu e to Leu97 of psTo c34 is the c ata lytic residue G ln61 in
R as p21, whic h is turne d tow ard the nuc le otid e .
( C ) The a lignm ent sho ws the G 3 re gion of six m e m b ers of the A ig1/To c34/
To c159-lik e p arase ptin G TP ase fa mily , tog ether w ith thre e G TP ases of the
TRA F A C c lass.
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G 2 e le m ent of psTo c34 and thus in a very sugg estive position for
sta b iliz ation of this loop . The potentia l b ind ing site for the To c159
insertion is highly c onserve d a mong To c33/34 G TP ases, as c an
b e shown by c onservation m a p p ing (F igure S6A). F urther, the in-
sertion p artly overla ps w ith the bound P E G mole cule that w as for-
tuitously observe d in our psTo c34 G M P P N P structure (F igure 6;
F igure S6). Thus, b ind ing of pre cursor prote in and form ation of
the heterod im er might b e link e d , as previously sugg este d
(B e c k er et a l., 2004). To c159 a d d itiona lly c onta ins two auxiliary
dom a ins which might b e involve d in the re gulation of heterod im er
form ation. In c ontrast to the symm etric To c33/34 homod im er, the
asymm etric To c33/34/To c159 heterod im er c ould thus b e se lf-
re gulating.

It is thus p lausib le that two d istinct and d ifferent d im eriz ation
events ta k e p la c e during a translo c ation cyc le . F irst, homod im e-
riz ation of To c33/34 might o c cur as presente d in this study.
O bserve d stoichiom etries w ithin the To c c om p le x are c onsistent
w ith homod im eriz ation of the To c33/34 subunits (K ikuchi et a l.,
2006; S chle iff et a l., 2003). H ow ever, G TP ase a ctivity in the
To c33/34 homod im er prob a b ly re quires re gulation by e xterna l
fa ctors. S e c ond , a se lf-re gulate d To c33/34/To c159 heterod im er
might form. The d isinte gration of one d im er is a prere quisite for
the form ation of the se c ond d im er. W e are currently investig ating
in which ord er these d im eriz ation events o c cur, and trying to
esta b lish the c onte xt in which one intera ction is re p la c e d by the
other. Id entific ation of the propose d c o G A P and m a p p ing of pre-
cursor prote in intera ction are further of the essenc e to promote
insights into the G TP ase cyc le of To c33/34. This ana lysis is cha l-
lenging b e c ause the To c prote ins are m e m brane asso c iate d , and
re gulators such as c o G A Ps might b e inte gra l to the m e m brane .

E X P E RI M E N T A L P R O C E D U R E S

P r o t e i n E x p r e s s i o n , P u ri fi c a t i o n , a n d N u c l e o t i d e E x c h a n g e
c D N A enc od ing psTo c341–266 w as lig a te d w ith p E T21d b etw e en the N c o1
and Xho1 restriction sites. atTo c33S181E 1–251 and psTo c34 E10 G 1–266 w ere
g enerate d by P C R using atTo c331–251 (J e lic et a l., 2003) or psTo c341–266 as
te m p late and w ere c lone d into p E T21 d (N ova g en, M a d ison, WI, U S A) to
g enerate atTo c331–251-H is, atTo c33S181E 1–251-H is, psTo c341–266, and
psTo c34 E 10 G 1–266 or into p G E X-6P-1 to g enerate atTo c331–251- G ST (G E

F ig ur e 5. G lu73 o f G 2/ S w it c h I S e n s e s t h e
N u c l e o t id e L o a d in g St a t e in D i m e ri c
p s T o c 34
(A) ps G lu73 is so lvent e x pose d in psTo c34 in the
G M P P N P -bound state . A w ater that might b e in
position for nuc le ophilic atta c k on the g-phos-
phate is shown as a sm a ll b lue sphere . The w ater
is in hydrog en-bond ing d istanc e to G ly74 of the
G 2 re gion.
(B) In the G D P-bound state (P D B c od e: 1H65) (Sun
et a l., 2002), ps G lu73 is turne d tow ard the nuc le o-
tid e and ta k es the position of the g-phosphate . It
the n c oord inates the M g2+ ion.

H e a lthc are , Fre iburg, G erm a ny). Unless otherw ise
note d , psTo c34 and atTo c33 d enote H is-ta gg e d
prote ins that w ere purifie d using N i-N TA affinity
chrom atogra phy (J e lic et a l., 2003). F or crysta lliz a-
tion and single-turnover hydro lysis assays, the
prote ins w ere a d d itiona lly purifie d by g e l-filtration

chrom atogra phy using a Sup erd e x 75 H R 26/60 c olumn (G E H e a lthc are)
w ith 20 m M H E P E S (p H 7.4) c onta ining 150 m M K C l, 3 m M M g C l2, and 0.7
m M b-m erc a pto ethanol as running buffer. G S T-ta gg e d prote ins w ere purifie d
a c c ord ing to the m anufa c turer’s instructions (G E H e a lthc are).

F or nuc le otid e e x cha ng e , the prot e ins at a c onc entration of 1 m M w ere incu-
b ate d overnight at 4  C w ith 2 m M G M P P N P (a ll nuc le otid es and ana logs from
S igm a-A ldrich, S chne lldorf, G erm any) and w ith 50 U a lk a lin e phosphatase
(N e w E ngland B iola bs, Frankfurt a m M a in, G erm any). Unbound nuc le otid es
w ere re move d by buffer e x chang e using a P D-10 c olumn (G E H e a lthc are).
The ind ividua l lo a d ing state w as c ontro lle d by RP-H PL C ana lysis using a C 18

c olumn (Vyd a c , H esp eria , C A , U S A) on a M erc k H PL C syste m e quip p e d w ith
an L4500 d ete ctor (running buffer: 100 m M phosphat e buffer [p H 6.5],
10 m M tetra butyla mmonium bromid e , 7.5 % a c etonitrile) (Tuc k er et a l., 1986).

C r y s t a l li z a t i o n a n d S t r u c t u r e D e t e r m i n a t i o n
Purifie d prote ins w ere c onc entrate d to 0.5 m M and crysta lliz e d at 19  C , using
the sitting-drop va por-d iffusion te chnique w ith a 2 ml drop siz e . Crysta ls of
psTo c34 G M P P N P w ere typ ic a lly obta ine d w ithin 1 d in 0.2 M d ipotassium phos-
phate and 20 % P E G 3350. Crysta ls of atTo c33 G M P P N P w ere typ ic a lly obta ine d
w ithin 3 d in 22 % P E G 1500 and 15 % glyc erol. Crysta ls of atTo c33 G D P w ere
obta ine d w ithin 3 d in 24 % P E G 1500 and 20 % (v/v) glyc erol. Cryst a ls w ere
harveste d in cryoprote cta nt buffer c onta ining 25 % gly c erol and flash-fro z en
for stora g e in liquid nitrog e n. Point mutations introduc e d into atTo c33 G M P P N P

and psTo c34 G M P P N P im prove d crysta l qua lity and w ere use d for the structura l
ana lyses: atTo c33 w as crysta lliz e d as S181E varia nt; psTo c34 w as crysta lliz e d
as E 10 G varia nt. The a mino a c id e x chang es have no influenc e on tertiary
structure , as se en here .

D ata w ere c olle cte d on the tuna b le b e a mline ID23-1 at the E urop e an Syn-
chrotron R a d iation F a c ility, Greno b le , Franc e . D ata w ere inte gra te d and sc a le d
w ith H KL softw are (O tw inowski and M inor, 1997). D ata re duction, fre e R as-
signm ent, and a ll further d ata m anipulation w ere c arrie d out w ith the C C P4
suite of progra ms ( C C P4, 1994). The structures w ere d etermine d by mole cular
re p la c e m ent using the progra m M O LR E P (Va gin and T e p lya kov, 1997) w ith
psTo c34 G D P (Sun et a l., 2002) as a se arch mod e l for psTo c34 G M P P N P . It-
erative mod e l build ing and refine m ent w ere c arrie d out w ith the progra ms C oot
(E msley and C owtan, 2004) and R E F M A C 5 (Murshudov et a l., 1997), cyc le d
w ith ARP (La m z in and W ilson, 1997). Structure qua lity w as a c c esse d using
PR O C H E C K (Laskowski et a l., 1993), and d ata have b e en d e posite d in the
P D B und er c od e s 3 B B 1, 3 B B 3, and 3 B B 4.

A n a ly t i c a l U l t r a c e n t rif u g a t i o n , S o li d - P h a s e
B i n d i n g , a n d G T P S i n g l e T u r n o v e r
F or ana lytic a l ultra c entrifug ation, psTo c34 w as lo a d e d on a nic k e l affinity c ol-
umn in 20 m M Tris (p H 8.5) c onta ining 100 m M N a C l, 1 m M M g C l2, 10 m M
arginine , 10 m M imid a zo le , and 5 % glyc erol and e lute d using an e quiva lent
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buffer c onta ining 250 m M imid a zo le . Afterw ard , the buffer w as e x cha ng e d w ith
20 m M Tris (p H 8.5) c onta ining 100 m M N a C l, 5 m M E D TA , 10 m M arginine , 10
m M imid a zole , and 5 % glyc erol using a P D-10 c olumn. G M P P N P nuc le otid e
e x cha ng e w as p erform e d as d escrib e d; G D P nuc le otid e e x chang e w as p er-
form e d using prote in at a c onc entration of 1 m M incub ate d w ith 10 m M
G D P ov ernight at 4  C . Subs e quently, the prote ins w ere g e l filtere d using
a Sup erd e x 75 26/60 siz e-e x c lusion c olumn using the nic k e l affinity purific a-
tion buffer. The nuc le otid e lo a d ing states of the prote ins w ere c ontro lle d by
H PL C ana lysis.

F or se d im e ntation ve lo c ity stud ies, a B e c km an O ptim a XL-A ultra c entrifug e
e quip p e d w ith a bsorb anc e optics and an An60 Ti rotor (B e c km an
C oulter, F ullerton, C A , U S A) w as use d . C entrifug at ion runs w ere c arrie d
out at 20  C at 40,000 rp m using a c onc entration of  50 mM monom er prote in
and purific ation buffer as referenc e . B uffer d ensity (1.01759 ml/g), buffer
vis c osity (1.1832 mP a s), as w e ll as the p artia l sp e c ific volum e of psTo c34
b ase d on the a mino a c id se quenc e (n = 0.7410 ml/g) w ere c a lculate d using
the progra m S E D N T E RP , version 1.05 (J. Philo, D . H ayes, and T. Laue ,
http://w w w .jphilo .m a ilw ay.c om/d ownlo a d .htm/). The a p p are nt se d im e ntation
c o effi c ient and mole cular w e ight d istributions c(s) and c(M) w ere d etermine d
w ith the progra m S E D FIT (D a m and S chuc k, 2004; S chuc k, 2000). D isso c ia-
tion c onstants w ere d erive d from fitting the se d im e ntation ve lo c ity d ata w ith
S E D P H A T to a mono m er-d im er e quilibrium mod e l (S chuc k, 2003).

F or d eterm ination of nuc le otid e-d e p end e nt asso c iation, atTo c33 w as pre-
lo a d e d w ith nuc le otid es and spott e d onto nitro c e llulose m e m brane s using
a 96-w e ll va cuum m anifold (B ethes d a R ese arch La boratories, B ethesd a ,

F ig ur e 6. P o t e n t i a l B in d in g S it e s o n t h e
S urf a c e o f p s T o c 34
The psTo c34 G M P P N P d im er, w ith one monom er
shown in surfa c e re pres entation and another
monom er shown in c artoon re presentation. The
To c34-sp e c ific N-termina l e xte nsions and G 2/
sw itch I are shown in b lue and re d , resp e ctive ly.
B ound G M P P N P is c olore d in gre en, and a bound
P E G mole c ule , arising from the crysta lliz ation
buffer, is c olore d in d ark re d .
(A) A c avity of 63 Å3 (gray) is id entifie d b etw e en
he lix a 1, he lix a 0, and the c entra l b she et of the
G TP ase dom a in.
(B) The P E G mole cule b inds in a sha llow po c k et on
the surfa c e of psTo c34, b etw e e n the c avity and
c lose to the G 2 e le m ent. In d im eric psTo c34, this
sha llow po c k e t forms a b ind ing site for the loop
follow ing he lix a 5, gray. In psTo c159, a se que nc e
insertion of four residues is id entifie d in this loop;
the loop has b e en mod e le d into the d im er, sho wn
in ye llow .
( C and D) The b- and g-phosphates of G M P P N P
nuc le otid e are a c c essib le through tunne ls from
the surfa c e in d im eric psTo c34.
( C ) The tunne l to w ard b-phosphate is op en in the
G M P P N P- and the G D P-bound states of psTo c34.
H ow ever, the tunne l is enlarg e d by the move m ent
of the sw itch residu e G lu73 in psTo c34 G M P P N P.
(D) The tunne l to w ard the g-phosphate is c lose d
in psTo c34 G D P but op ene d in psTo c34 G M P P N P,
through move m ent of the sw itch residu e G lu73.

M D , U S A). N itro c e llulose m e m branes w ere satu-
rate d w ith 0.3 % low-fat milk pow d er w ith 0.03 %
B S A and then incub ate d w ith purifie d G ST-
atTo c33 (35 mg/ml) pre loa de d w ith the ind icate d nu-
c le otid es in 20 m M tricine-K O H (p H 7.6) c onta ining
100 m M N a C l and 1 m M M g C l2. B ac kground b ind-
ing w as c ontrolle d by incubation of G ST-atTo c33
w ith e mpty or B SA-co ated nitroc ellulose m e m-

branes. After two w ashes (10 min), the bound prote in w as d etermine d by im-
munod e c ora tion w ith G ST antibod ie s. Intensities w ere quantifie d w ith AID A
softw are (R ayte st, Straub enh ardt, G erm a ny). The a mount of bound prot e in
w as c orre cte d for b a c kground sta ining of the b lot and e x presse d in c om p ari-
son to the m a xim a l b ind ing of w ild-typ e prote in. The b ind ing w as ana lyz e d by

½ B ound  norm: =  

                                          
1
4

ðS + E + K Þ2  S  E

r

+
1
2

ðS + E + K Þ (1)

where S is the c onc entration of the spotte d prot e in, E is the c onc entration of
the a d d e d prot e in (norm a liz e d), and K refle c ts the d isso c iation c onst ant in
a nonnorm a liz e d situation and an a p p are nt d isso c iation c onstant after norm a l-
iz ation. A d eta ile d d erivation of E quation 1 is presente d in Sup p le m enta l D ata .

F or G TP nuc le otid e single-turnov er hydro lysis, psTo c34 w as e x chang e d
w ith 20 m M H E P E S (p H 7.4) c onta ining 75 m M K C l and 5 m M E D TA using a
P D-10 c olumn b efore incub ation overnight at 4  C w ith 30 m M G TP . E x c ess
nuc le otid e w as re m ove d using a P D-10 d esa lting c olumn (G E H e a lthc are),
and e quilibra te d w ith 20 m M Tris-H C l (p H 8.0) c onta ining 75 m M K C l and 5
m M M g C l2. G TP single-turnover hydrolysis (Pra k ash et a l., 2000) w as c arrie d
out at 20  C . G TP: G D P ratios of a liquots from the re a ction mixture ta k en at
d ifferent tim e points w ere d etermine d by RP-H PL C ana lysis. From the
chang es in the G TP: G D P ratio over tim e , starting w ith G TP-lo a d e d prote ins ,
the are a of the nuc le otid e p e a ks w as d eterm ine d by a W e ibull function and
the G D P fra ction w as c a lculate d . The a p p are nt hydro lysis rate w as d etermine d
by an e x pone ntia l function and the d istribution of the a p p arent rate c onstants
w as ana lyz e d by
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k a p p = D=T  k D + ðT  DÞ=T  k M ; (2)

w ith k a p p the a p p arent rate c onstant, D the c onc entration of the re c e ptor in the
d im eric state , T the tota l re c e ptor c onc entration, and k D or K M the rate c on-
stant for the d im eric and mono m eric re c e ptor, resp e ctive ly. F or d eta ils on
how E quation 2 is d erive d , se e Sup p le m enta l D ata .

A C C E S SI O N N U M B E R S

C oord inate s and structure fa ctors for psTo c34 G M P P N P, atTo c33 G D P, and
atTo c33 G M P P N P have b e en d e posite d in the Prote in D ata B ank und er ID c od e s
3 B B 1, 3 B B 3, and 3 B B 4, resp e ctive ly.

S U P P L E M E N T A L D A T A

Sup p le m enta l D ata inc lud e seven figures and Sup p le m enta l E x p erim e nta l Pro-
c e dures and c an b e found w ith this artic le online at http://w w w .structure .org/
c gi/c ontent/full/16/4/585/D C 1/.
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Supplemental Experimental Procedures  

Calculation of the Solid Phase Binding 

Equation  

 [Bound] = – sqrt[ (K+S+E)2 / 4 – S*E] + (K+S+E)/2 (E1)  

is derived from 

 K = [E]*[S]/[Bound] (E3) 

where [S] is the free concentration of spotted protein, [E] the free concentration of added protein 

(normalized), [Bound] is the concentration of complexes formed and K the dissociation constant in a 

not normalized situation and an apparent dissociation constant after normalization. Considering the 

two relations  

 [E] = E – [Bound] (E4)  

and [S] = S – [Bound] (E5)  

where S is the total concentration of spotted protein, and E the total concentration of added protein 

(normalized), equation (E3) can be written as 

 K = (E – [Bound])*( S – [Bound])/[Bound] (E1’)  

which can be rewritten as   

 [Bound] = ± sqrt[ (K+S+E)2 / 4 – S*E] + (K+S+E)/2 (E6)  



The decision for the negative algebraic sign in equation (E1) comes from the following simple con-

sideration: suppose S is zero, then [Bound] must be zero as well, which satisfied with negative alge-

braic sign.  

 
Calculation of the Hydrolysis Rate  

The apparent rate constants determined for different concentrations of the receptor can be analysed 

by equation (E2) for the following reason. The hydrolysis kinetic can be analyzed by  

 FH(t,T) = D/T * (1-exp(-kD*t)) + (T-D)/T * (1-exp(-kM*t)) (E7)  

with FH fold hydrolysis, D the concentration in dimeric conformation, T the total concentration of 

the GTPase, kD the rate constant of the protein in dimeric conformation and the kM rate constant in 

monomeric conformation. The apparent rate constant was determined at a given concentration by 

 FH(t)= 1-exp(-kapp*t) (E8)  

can be written as  

 1-exp(-kapp*t) = D/T*(1-exp(-kD*t))+(T-D)/T*(1-exp(-kM*t)) (E9)  

Hence, the following three transformations lead to the relation of the apparent rate constant 

 exp(-kapp*t) = 1 – (D/T*(1-exp(-kD*t))+(T-D)/T*(1-exp(-kM*t))) kapp 

 = - ln(1 – (D/T*(1-exp(-kD*t))+(T-D)/T*(1-exp(-kM*t))) / t 

  (E10)  

Using the two approximations that ln(1-x) ~ - x and exp(x) ~ 1+x (both true since x<1), equation 

(E10) can be written as 

 kapp= D/T * kD + (T-D)/T * kM   (E2) 

 

 

 



 

Figure S1. Nucleotide Binding State of psToc34 GTPase 

(A) Elution profile of a 1 mM mixture of GMP, GDP and GTP standards. Retention times are 3.8 

min, 4.5 min and 5.6 min, respectively. (B) Elution of nucleotides from freshly purified atToc33, 

showing a mixture of GDP and GTP loaded protein. (C) Elution profile of a 1 mM GMPPNP stan-

dard. The peak observed at 5 min originates from GMPPNP, while the peak at 4.0 min represents a 

known impurity resulting from of the production process (GMPPNP from Sigma Aldrich has a certi-

fied purity of > 85%). (D) Elution profile of GMPPPNP loaded atToc33 using the nucleotide ex-

change protocol. GMPPNP is detectable as a single peak at 5 min retention time; the impurity ob-

served with the GMPPNP standard in (C) at 4 min retention time is not seen in the GMPPNP ex-

changed protein sample. In all experiments a volume of 20 µl of injected on the column, the protein 

concentration was adjusted to 50 µM, the flow rate used was 1.0 ml/min. 



 

# interacting monomer symmetry operation interface area [Å2] 

1 blue -y+1/2,x+1/2,z+1/4 674.1 

2 orange y,x,-z 424.8 

3 red -y+1/2,x+1/2,z-3/4 328.5 

4 brown x,y,z-1 138.9 

5 green -x,-y+1,z-1/2 82.3 
 
 
Figure S2. Analysis of Crystal Contacts 
The table shows the relevant interfaces formed in the crystal between the grey monomer and 
neighbouring molecules, as calculated by the program PISA (Krissinel and Henrick, 2007). For 
comparison, the interface observed in the psToc34 dimer has a calculated interface area of 2750 Å2. 



 

Figure S3. Disorder in the G2 / Switch I Element in Dimeric psToc34 

(A) There are subtle changes in the G2 / switch I region, when the eight copies in the asymmetric 

unit are compared. The G2 / switch I region from Gln71 to Arg76 is somewhat flexible, though the 

conformational freedom is partly restricted by presence of the two prolines Pro69 and Pro75. 

(B) Comparison of the G2 / switch I region between Toc34GMPPNP and Toc34GDP. The main differ-

ence between GDP and GMPPNP states is positioning of Glu73 as discussed in the main text, this is 

the nucleotide tracker residue which monitors the nucleotide loading state. 

 

 



 

Figure S4. Mg2+ Coordination in psToc and p21 Ras 

(A) Coordination of the magnesium-ion in the GMPPNP state of psToc34 by Ser52 from the G1 

element, the !- and the "-phosphate and three additional water molecules. 

(B) Coordination of the magnesium-ion in the GDP state of psToc34 by Ser52 from the G1 element, 

Glu73 from the G2 element, the !-phosphate and three additional water molecules. Glu73 takes the 

coordination site of the "-phosphate in Toc34GMPPNP as shown in (A) 

(C) Coordination of the magnesium-ion in the GMPPNP state of p21 Ras. The magnesium-ion is 

coordinated by Ser17 from the G1 element, the !- and the "-phosphate, a Thr from the G2 element, 

which is conserved among GTPases of the TRAFAC class and two additional water molecules. 

(D) Coordination of the magnesium-ion in the GDP state of p21 Ras. The magnesium-ion is coordi-

nated by Ser17 from the G1 element, the !-phosphate and three additional water molecules. 



 

Figure S5. Comparison of psArg133 with Arginine Finger in different GTPase-GAP Complexes 

(A) psToc34 CB-loop carring Arg133 inserted in trans in the nucleotide binding pocket of the 

dimerisation partner. (B) RasGAP-Ras argenine finger (PDB 1WQ1). A similar confirmation of ar-

ginine fingers is observed in the Cdc42:Cdc42GAP:GDP:AlF (PDB 1GRN) and in the 

Rho:RhoGAP:GDP:AlF (PDB 1TX4) structure. (C) Sec23:Sar1:GMPPNP arginine finger (PDB 

1M2O). (D). Cdc42:RhoGAP GMPPNP arginine finger, which is turned away from the nucleotide 

and not in proper conformation for hydrolysis activation (PDB 1AM4). 



 

Figure S6. Binding Sites on Toc34 

(A) Surface of Toc34 colored by the degree of conservation. Conservation is based on the alignment 
shown in Figure S7, using the program Consurf (Glaser et al., 2003). Dark colors show highly con-
served residues, light colors variable regions. The regions around the potential binding site are 
highly conserved. Model of Toc159 as well as E73 compare Figure 6. (B) A PEG molecule is bound 
at a shallow cavity on the surface of psToc34. This molecule, originating from the crystallization 
conditions, binds close to the G2 elements and thus is in a suggestive position for an interaction that 
would occur in the Toc complex. Near the PEG binding site, there is a large cavity between helix α-
1 and helix α0 and the central !-sheet of the GTPase domain. The cavity might be also part of the 
binding site. 
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