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Stepped-heating experiments on martian meteorites Allan Hills 84001 (ALH84001) and 
Elephant Moraine 79001 (EETA79001) revealed low-temperature (200 to 430 degrees 
Celsius) fractions with a carbon isotopic composition 613C between -22 and -33 per 
mil and a carbon-14 content that is 40 to 60 percent of that of modern terrestrial carbon, 
consistent with a terrestrial origin for most of the organic material. Intermediate-tem- 
perature (400 to 600 degrees Celsius) carbonate-rich fractions of ALH84001 have 613C 
of +32 to +40 per mil with a low carbon-14 content, consistent with an extraterrestrial 
origin, whereas some of the carbonate fraction of EETA79001 is terrestrial. In addition, 
ALH84001 contains a small preterrestrial carbon component of unknown origin that 
combusts at intermediate temperatures. This component is likely a residual acid-insol- 
uble carbonate or a more refractory organic phase. 

Las t  year, McKay et al. (1)  reported on a 
number of pieces of evidence pointing to 
the possibility of hiogenic fossils in the or- 
thopyroxenite ALH84001. This meteorite, 
together with EETA79001 and other mar- 
tian meteorites, fortn a class of rare achon- 
drites that were apparently ejected from the 
surface of Mars (2). Most of them crystal- 
lized frotn magmas between 180 million 
years ago (Ma) and 1.3 billion years ago 
(Ga) and have shock ages of about 180 Ma 
(2). With an age of crystallization of about 
4.5 Ga (3) and a shock age of 3.9 to 4.3 Ga,  
ALH84001 is much older than other recog- 
nized martian meteorites (4) .  Thus, the re- 
sults of McKay et al. ( I )  suggest that 
ALH84001 not onlv mav contain evidence 
of life on Mars but ~~'ould'itnply evidence for 
the evolution of life earlv in the historv of 
our solar system. Since the paper of ~ c ~ a y  
et al. (1 ), there has been tnuch discussion as 
to the nature and origin of the organic 
material found in martian tneteorites, par- 
ticularly that found in ALH84001 and 
EETA79001. Here we used "C and I3C as 
tracers to determine the origin of the car- 
bonate mineral and organic carbon cotnno- 

while the tneteorites were in space (14, 15). 
Snallation nroduction of "C from nuclei 
heavier than oxygen is not sign~ficant (14). 
The same nrocess nroduced a sienificant 
although substantially smaller atnount of 
"C in carbonate tninerals (16, 17) that 
were present in the meteorites possibly as a 
result of auueous alteration on Mars 12). In 
contrast, organic material originating frotn 
Mars should contain a negligible atnount of 
"C from either spallation or thermal neu- 
tron capture reactions occurring in space 
(18). Thus, the indigenous organic cotnpo- 
nents of ALH84001 and EETA79001 are 
expected to have had low "C activities 
when they fell to Earth. Once on Earth, 
however, if these meteorites Incorporated 
either organic contaminants or terrestrial 
carbonate weathering products, the initial 
"C composition of these cotnponents may 
have increased. This effect would he great- 
est for recent contamination. Alteration oc- 
curring since 1955 could produce especially 
large "C concentrations due to the incor- 
poration of bomb radiocarbon (19). Thus, 
"C can he used as a label to support inter- 

a hlch potentlallv represent tnartlan a eath- 
erlng (6 ,  7, 20) hut ma7 Instead be terres- 
t r~a l  ueatherlng products (1 7) 

Organlc mater~als are knonn to cotnbust 
between 200" and 40Q0C, helo\\ the tvplcal 
breakdo\\ n temperatures of u eatherlng car- 
bonate ~nlnerals of 450" to 600°C (7 ,  8 ,  
I 1 )  Obvlousl\, some overlap 15 posslble 
depending on comhust~on cond~tlons 
Wr~gh t  and co-a orkers ( I  I ) prev1ousl7 re- 
ported 8°C values (21 ) of sotne organlc 
materials released bl stepped combustion of 
EETA'i9001 and a prel~mlnar\ studv of 
ALH84001 (12) We  a111 cotnpare our re- 
sults to expected "C and 8°C for var~ous 
possible terrestrial contaminants. 

Our experiments were designed to iso- 
late carbon from the organic, carbonate, 
and silicate fractions of these two meteor- 
ltes and to cotnpare the stable isotope and 
"C cotnposltions of each cotnponent by 
tneans of stepped heating experitnents. We 
performed four separate stepped co~nhustion 
experitnents (22). The first two used 
crushed bulk material of EETA79001, and 
the thlrd used s~eved bulk materlal (>250 
ptn) frotn ALH84001 For the fourth exper- 
Iment, u e  attempted to remove the carbon- 
ate frotn the noncarbonate fractions In 
ALH84001 1.7 etchlng the sample a ~ t h  
85% phosphoric a c ~ d  for 16 hours at 50°C 
before the stepped heatlng The resldue 
frotn thls etch mas uashed n l th  d~s t~ l led  
aater, d r~ed ,  and cotnbusted In the same 
manner as the other three experllnents 

T a o  stepped cotnbust~on experlments 
mere perfortned on different samples of 
EETA79001 (experlments E47 and E49, see 
Table 1 and Flg 1)  In E47, u e  used three 
u lde tetnperature steps of -200°C, u hereas 
In E49, u e  used lncretnents of about 100°C 
Results frotn the tn o experlments are slmllar, 
although E49 lnd~cated release of 33 parts 

nents of and E E ~ A ~ ~ ~ ~ ~  Table 1. Results from stepped-combustion experments on marban meteor~te EETA79001 For exper- 
These have been t~ be im- ~ments 47C and 49F, spaogen~c 14C was released. BP, before present. 
portant tools for detertnining the prove- 
nance of carbonates (5-10) and organic E ~ ~ ~ ~ ~ .  ~~~~~~~t~~~ c C 6'"C Fract~on 14C age 
phases (1 1-1 3)  in previous studies. merit range (cc) (kg) ( P P ~ )  (per m )  modern14C (ka BP) 

ALH84001 and EETA79001 fell to 
Earth 13 2 1 and 12 i- 2 thousand years 0.401 g of powder 

47A 190-422 79 197 -27.77 z 0.01 0.583 + 0.031 4.34 2 0.43 
ago (ka), respectively, based on the level of 47B 422-600 15 38 -2.96 z 0.03 0.444 2 0.074 6.53 ? 1.35 
cosmic-ray-produced "C extracted frotn 4 7 ~  600-830 30 74 -16.78 I 0.08 1.67 ? 0.01 3 Spallogenc 14C 
silicate minerals found in these rocks (9 ,  0.297 g of powder 
14, 15). This "C was produced principally 4 9 ~  76-200 10 33 -19.4 0.228 + 0.075 11.9 2 2.7 
by spallation reactions on 160, which oc- 49B 200-320 30 100 -28.4 0.471 2 0.023 6.1 + 0.4 
curred during irradiation by cosmic rays 49C 320-410 24 81 -26.7 0.493 2 0.032 5.7 + 0.5 

49D 41 0-500 9 30 -12.3 0.41 1 -t 0.090 7.2 ? 1.8 
Natona Scence Foundat~on-Ar~zona Accelerator Mass 49E 500-635 13 44 -5.3 0.593 + 0.063 4.2 -t 0.9 
Spectrometer Faclty. Unversty of Ar~zona. Tucson, AZ 4 9 ~  635-760 11 37 -27.6 1.595 2 0.066 Spallogefllc 14C 
85721. USA. 
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per lnillion (ppm) of "old" carbon with a 
6°C of - 19.4 per mil and a "C age of -12 
ka in the lowest temperature step (75" to 
200°C). The correspol~ding temperature step 
was not collected during E47. Material re- 
leased at these low temperatures cannot be 
unequivocally identified as indigenous to the 
meteorite (8, 1 1 ,  23), so we cannot interpret 
its origin. 

Both experiments show the same trend of 
light (low 813C) carbon being released at 
200" to -400°C, with a 813C of about -25 
per mil, similar to that expected for terres- 
trial organic carhon. As mentioned above, 
the carbonate mineral fraction should typi- 
cally combust between 450' and 600°C (8, 
1 I ,  23). The C02 released between 400" and 
630°C in these two experiments show 8°C 
values of -3 to -12 ner mil, which is Inore 
negative than values previously reported for 
carbonate fro111 acid dissolution of 
EETA79001 (6, 7, 17). This result may im- 
ply some isotopic heterogeneity in the car- 
bonate ~ninerals or that some orpanic mate- 
rial is still cornbusting in this temperature 
range. Nevertheless, the 8I3C and the 
amount of carbon released between 400" and 
630°C suggest that it was mostly derived 
from the degradation of carbonates. At high- 
er teruperatures (above 600" to 700"C), the 
spallogenic carbon component from silicate 
minerals is expected to be released (14, 24); 
the increased "C abundances in these frac- 
tions is consistent with this oriein. 

The carbon dioxide from the organic 
and carbonate fractions of EETA79001 is 
co~nposed of carbon that is 40 to 60% mod- 
ern. This composition is equivalent to a 

Temperature ("C) 

Fig. 1. Combust~on exper~ments on marban me- 
teor~te EETA79001: total carbon released per 
temperature step, ?ii3C, and fract~on of modern 
4C. The fled symbols represent the frst experl- 

ment (E47), wh~ch used 200°C temperature 
steps, and the open symbols, the second (E49), 
whch used - 1 OOcC temperature steps. 

conventional radiocarbon age (which as- 
sumes an initial terrestrial atmospheric 
composition) of 4 to 7.3 ka. Because the 
terrestrial age of EETA79001 was reported 
to be 12 ? 2 ka (15), the only reasonable 
source of the organic fraction is more recent 
terrestrial contamination 19. 17). At this 
time, we cannot identify n:hether the con- 
tamination occurred continuously since its 
fall to Earth or as one or several discrete 
contamination events. 

For ALH84001, we designed two differ- 
ent experlluents In the f~rst (E50), a e per- 
formed a stepped cotnbust~on procedure on 
a 0 25-g al~quot of bulk s~eved ~nater~al  
(>250 pm) (Table 2 and Fig 2) L~ke 
EETA79001 In E49. ALH84001 released a 
small amount of carbon at low temperatures 
175" to 200°C) with a 6I3C of -19.3 ner 
mil. This sample was too stnall for an acdel- 
erator mass spectrometer (AMS) measure- 
ment. Material cornbusting at temperatures 
of 200" to 430°C released carhon of light 
6I3C (-33 to -22 per mil), which is con- 
sistent with that found for colnbustion be- 
tween 200" and 450°C in another study, 
identified as being derived from organic 
matter (12). One other combustion exper- 
iment 125) of ALH84001 renorted carbon , , 

with depleted isotopic cornpositions (-54.9 
per mil to -60.6 per mil), although the 
authors were uncertain whether contamina- 
tion from the storage container occurred. 
Thus, it is unclear whether the organic 
material of ALH84001 is heterogeneous 
with resnect to its stable carbon isotonic 
colnposltlon In an1 event, the 613C of the 
organic carbon In ALH84001 appears to be 
~sotoplcall~ llght, n ~ t h  8I3C bet\% een - 19 
per mll and -33 per t n~ l  

Further heat~ng from about 430°C to 
600°C resulted ~n the release of a heavv 
carhon component n ~ t h  613C between 
+32 25 and +40 per In11 T h ~ s  component 
IS consistent with 6I3C measurements In 
carbonates from acld etch~ng of ALH84001 

carbonates (9, 10, 26) and ion-probe mea- 
surements of the carbomate grains of 
ALH84001 (27). The lower 813C of +32.25 
per mil for the 430" to 500°C step lnay be 
the result of a residual refractory organic 
phase or may represent isotopic heterogene- 
ity in the carbonates. The highest temper- 
ature fraction in this experiment (600" to 
700°C) may represent a mixture of carbon- 
ate and spallogenic carbon released from 
the silicate minerals. 

The stable carbon isotope measurements 
from E50 reveal an apparent difference of 
55 to 75 per mil in 6I3C between the or- 
ganic and carbonate components of 
ALH84001. This disparity may be even 
larger if the results of Wright et al. (25) can 
be validated. It is difficult to produce such a 
large difference in isotopic co~nposition be- 
tween two coexisting phases through most 
known mechanisms, although it is thermo- 
dynamically possible by equilibrium frac- 
tionation between CH4 and COZ at low 
temperatures ( 1  3,  28). Isotopic equilibrium 
between organic phases and COZ has a 
smaller isotopic fractionation factor, and 
the isotopic difference between the organic 
component and C 0 2  would be correspond- 
ingly lower (1 3).  The coexistence of organ- 
ic and carbonate phases with such different 
values of 613C strongly implies that they 
may not have the satne source of carbon. 

The "C measurements from E5O reveal 
that, as for EETA79001, the low-tempera- 
ture (200" to 300°C and 300" to 430°C) 
steps containing the organic carbon exhibit 
evidence of terrestrial contamination, with 
radiocarbon ages of 8.0 and 5.2 ka, respec- 
tively. This age range is younger than the 
terrestrial fall age of 13 + 1 ka, implying that 
the bulk of the organic material it1 
ALH84001 is conta~nination acquired since 
arrival on Earth. The radiocarbon age of the 
carbon frotn the 500" to 600°C step is older, 
with a radiocarbon age greater than 28.9 ka. 
Frotn our criterion, this material can only be 

Table 2. Results of aepped-combuston experments on mart~an meteor~te ALH84001 

Experl- Temperature C C 8l3C Fract~on 14C age 
merit range (kg) ( P P ~ )  (per ml) modern14C (ka BP) 

0.268 g of powder, size >250 pm 
75-200 8 30 1 9 . 3 2  I 0.06 

200-300 27 101 -32.89 i 0.01 0.372 i 0.023 8.0 i 0.5 
300-430 30 112 -23.43 Z 0.01 0.524 i- 0.01 9 5.2 I 0.3 
430-500 38 142 +32.25 i 0.01 0.127 z 0.021 16.6 i 1.3 
500-600 68 254 +39.96 r 0.03 c0.027 >28.9 
600-700 33 123 +22.48 t 0.05 0.125 i 0.028 16.7 i 1.8 

0.297 g of powder after treatment with 85% phosphoric acid 
76-200 7 24 3 1 . 9  & 0.1 0.398 i 0.056 7.4 i 1.1 

200-300 13 40 2 5 . 2  Z 0.1 0.226 i 0.061 11 9 i 2 . 2  
300-400 33 111 2 6 . 0 7  i- 0.01 0.245 t 0.025 11.3 i 0.8 
400-500 15 47 1 4 . 7  i 0.1 <0. 106 >18.0 
500-600 -3 13 8 . 1  t 0.1 - 
600-700 -4 <3 - - 
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estraterrestr~al ( I  ti). T h ~ s  age 1s consistent 
\vith our prerlous n.ork (9. 1P) on 
XLHSLII?I'l carlwnateb n i th  a 613C of +4? 
per In11 [see also (26. 27)] and our est~matecl 
l-C c ~ ~ l i p ~ ~ s i t i e ~ n  ot car l :~nate  ~rrad~atecl in 
space. 

Tlie preterresrrial nature of the 
XLHS4Wl  car l~onates  1s alsci clear fro111 
their petriilogy ( 2 9 ) .  T h e  earl-on rele,ueil 
iti the  430" to  SNcC step has a higher 
le1-el of '-C of 12.7'0 moilern ca r l~on .  C3n 
the  basis of the  6 - ' C  of this gas, it was 
pri3bai~ly generateil mostly troll1 combus- 
t ~ u n  of the  ca r l~ona te  phases, l7ur may also 
conra i~ i  a small ~ ~ r c i t ~ o r t i o n  of carlion fro111 . L 

refractory organic materials. T h e  interme- 
iliate radiocarhi~n age is cc>ns~atent n-it11 
this interpretation. L ~ k e ~ v ~ s e ,  the  fraction 
that  n.ds collecteil trolli the  6911' t c  7L?aCC 
step appears to  1.e a mixture of carbon 
J e r ~ v e d  from carbonat? minerals 1v1t11 low 
"C and liigli 6 '  'C, and possibly by release 
ot sollie ~ ~ a l l o g e n i c  I4C from the silicate 
or nlinor mineral pliaseb (see Table 2 ). An 
alternative esr,lanation is that some snlall 
amount of organic material comhustz a t  
r h ~ s  relariv?ly high temperature. .i small 
release i ~ t  spallogenic "C trom tlie silicate 
or other phases below ;L?L?"C iz possible. 
1711t eviilence tor r h ~ s  has nor I e e n  ob- 
serl-ed (14 .  24 ) .  

C3ne issue not  resolved in ESL? was 
nlietlier the  organic c a r l ~ o n  could he sep- 
arated troni the  .ALHY4L?L?1 car l~onate  
~riineral f r a c t ~ o n  in a s tepped-heat~ng ex- 
periment. Thus,  we pertormed a secunil 
esperlment ( E l )  ivit1-i .ALHH4L?i'l, in  
~ v h i c h  n.e t ~ r s t  treated a .ample of cruslieii 
niereorite po~vder  n.1t1-i phosplhor~i a c ~ i l  in  

order to  remove the  carbonate m~nera l s  
before comllust~on. T h e  CO, released bv 
aciil frching gave 337 p'm of ca rbo~ i  a5 
carbonate, with a 6°C oi -37.1 per 11111 

(Tallle 2 and Fie. 3 ) .  T h ~ s  n e l d  can 1.e 
f a\oralily . compa'eil t o  the  367 ppm of 
carbon released I~e t \ r een  43C0 and 62c?"C 
111 E59; the  6°C is s lm~la r  to the  +32.25 
and -39.96 per 11111 oli ta~neil  t r ~ m  the  
43C0 to  j,?,?'C and 5 X 0  t o  6L?QCC steps. 
respect1.i-el\-, in E59. Tlhe values are also 
51milar to  the  + 3 9  ru +45 per mil for a c ~ d  
ciissoh~tion of the  coarse car l~onate  frac- 
t ion of .iLHS49L?l ( 9 .  I:, 2 6 ,  27 ) .  These 
results support the  argument tliar, a t  least 
to tirat c~rder, stepped comi~ust ion can be 
used as a means of separat~ng the  organic 

c a r l ~ o n  and carbonate fractions of cariwn 
1n .iLHS4L?I?l, as slio\rn previously ( 1  1 
1 2 ,  23 ) .  

Tlie resulri of ES1 conf~rnl  the prevlouh 
ol~servation that the  orgalilc mater~al  corn- 
busting between 75" and 4P2"C 1s i.otopi- 
call7- liyht, ivirh 6°C of -31.9 to -25 per 
mil. and lhas radiocarbon aces consistent 
with a primarily terrestrial origin. No 
cliang? i ~ i  stable isotopic comp(.slrlon ot 
thehe lo\\--temperature fracr~ons n-as oh- 
ser\.eLl as a result o t  the  acid etchin?: hon-- 
e1 er. tlie rad~ocarlion ace. tor the ori.anic 
f r ac t~o~i s  are somealhat older than those 111 

E5,7 (7 to 12 ka versus 5.4 to . L 1  ka).  This 
difference .;ugTests that some of the  voung- 
eyr organic carbon ma>- also have l x e n  
remoreil 1.v a c ~ i i  etching, n . h ~ c h  iuggests 
that  the  contamination of XLHS41721 
n.irh terrestr~al organic carbon iiid not  
occur as a s ~ n g l e  discrete event ,  hut rather 
as C O ~ ~ ~ ~ L I O L I S  c o n t a m i ~ i a t ~ ~ n  s111ce it> fall 
to Earth or as qeveral d~sc re te  events 

For the temperature steps a b o ~ e  4c7CCC, 
300 
250- e-~ the "C-enriclied carl~onate was large1~- re- - 

E 200- ' moved 1-v a c ~ d  etching. X relat~relv snlall 
3 150- - x- - amc~unt of carbon i l ~ i l  lhowe\-er rellial~i to 1.e 
0 100- @--I C 3 I  

2+ 

i combuateJ 111 the 4 X C  to SL?L?"C and 5L?CC to 
50 - 
04 w-- 

OL?GcC steps, .i~.hich hacl 6 I i C  vah~es  of 
I 

1 .o 
0 j 8 -204 -+ 

$ : - -- y -4O--... v--- 
u - 
o - 0.5 
E 0.5; 4 
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Temperature ('C) Fig. 3. Co,i-bust~cn expervents on ac~c:-etchec: 
Fig. 2. Corbust  on experivents on ALH81001 rescue 3f bulk ALH8i001 iE52:: tcta caPbon *e- 
:>250 / J . ~ I  ;:50:', ;eta caFbol- reeasec pep teni- easec: per ;eniperature step, 6 ;C, a,-c: 'rac;o? cf 
peFature step K 2 C ,  al-c fPacticn cr iicdern ' 'C,  tnoc:er,- ' C .  

-14.7 anil -8.1 per 11111, respectively. Not 
enough carbon was generated tci measure a 
''C age at the 5L?L?" to 6L?a°C \rep, I-ut 
enough mas collected trom the 4L?a0 to 
SL?L?"C step to show tliat it hail a m i n ~ m u m  
age ot greater than 16 lca. T h e  origin ot this 
residual carlion from thew two steps remains 

unclear. O n e  po>sibilit\- is that it represents 
an acid-insoluble carlxxiare phase, or ~r may 
altertiar11-el\- represent a n o r e  refi-actor\- or- 
ganic earl-on compcinent with a lheavy stal~le 
carbon isotopic compositic~n. In either case, 
this material is prohabl\- preterrestrial in or- 
i p ~ n ,  baaed on its radiocari7an content. If t h ~ s  
particular acid-insoluble component 1s or- 
ganic earl-on, then it represents less tlhan 
2i?'?b ot :he total organic nlaterial found In 
.ALH&4L?L? 1. 

Ano the r  ~nteres t ing phenomenon ob- 
serl-ed in the  experiments on .ALH&4L?L?l 
is a shift t o  comliust~cin at lo'irer tempera- 
ture for the  acid-etched mate r~a l .  I t  is 
possible tliat the  acid etching generateil 
acr1vation sites o n  the  1-arious compo- 
nents,  ~r11icl-i l o~re red  the  a c t ~ r a t i o n  ener- 
gv for os~ i l a t ion  reactions. In  atiy case, t h ~ s  L ,  

phenalliena ili~e.; nor chalige our overall 
i~iterpretation of t h e ~ e  experiments: T h e  
cJrganlc material 111 EETX79L?L?1 and 
XLHd49Cl i\ yreilominantl\- terrestrial con- 
tamination. The  apparent radiocarbon ages 
ot 4.2 to 11 ka are consistent ~vltl i  sel-era1 
discrete c o ~ i t ~ ~ m ~ n a t i o n  event. over the lair 
11 to 13 ka producing a mixture. Contan11- 
liarloll by petroleum proJucts such as from 
Teflon (25) ur plastics d u r ~ n c  h a n d l i n ~ s  
unl1kel\-. 1-ecause these ~xaterlals \roulJ not 
colitain "C. 011s results also support the 
earlier conc l~ l s~on  of Jull e t  nl. (1  7 )  tlhat the 
carhonares In EETX79C91 are terrestrially 
altered anil that, inileeii, these sari-onates 
are of silriilar vintage to the  terrestr~al 
organic contamination. In the  c a e  of 
hLHS4L?I?1, there ib a refractory preterres- 
trial ca rbo~ i  component ,  w h ~ c h  it organic. 
represents about 2L?"b of tlie organic car- 
bon in the  rock. T h ~ s  p h a v  is ~ilenrified ds 
I i e~ng  ~ndigenous on the  b a ~ s  of lon. I'C. 
In  aii i l i t~on, it is undibputed, l~aseii  o n  
ea r l~e r  work, that  the  carbor,are spheroids 
in XLHSqL?L?l are preterresrrial. o n  the  
hasis of petrography and  isotop~c C O I I ~ ~ O -  

bition ( I ? ,  26 ,  27 ,  29) .  
r\-1cKa~- e t  al. ( 1  ) sruLiied oreanic mate- 

rial in .iLHS4L?L?l only ~n the  for111 (if 
polycycl~c aromatic hyilrocarbons, ~ r h i c h  
represents less than  1 weight ?G cit t he  
organic material in this metec~rite.  T h e  
small sire ot tlhis fraction precludes "C 
~ l l e a \ ~ ~ r e ~ l l e n t s .  HoLrever, our results tenii 
to support the  lnterpretatlon (it Wriyht c t  

a/ (1 11 ,  Recker 2t 0 1 .  (311), anil Rada e t  al. 
(31)  tliar organic nlaterial in  thebe X n t -  
arctic meteorltes 1s preilominantly a con- 
taminaric~n effict. 
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Import of Mitochondrial Carriers Mediated by 
Essential Proteins of the Intermembrane Space 

Carla M. Koehler, Ernst Jarosch, Kostas Tokatlidis, 
Karl Schmid, Rudolf J. Schweyen, Gottfried Schatz* 

In order to reach the inner membrane of the mitochondrion, multispanning carrier pro
teins must cross the aqueous intermembrane space. Two essential proteins of that 
space, Tim1 Op and Tim12p, were shown to mediate import of multispanning carriers into 
the inner membrane. Both proteins formed a complex with the inner membrane protein 
Tim22p. Tim10p readily dissociated from the complex and was required to transport 
carrier precursors across the outer membrane; Tim12p was firmly bound to Tim22p and 
mediated the insertion of carriers into the inner membrane. Neither protein was required 
for protein import into the other mitochondrial compartments. Both proteins may function 
as intermembrane space chaperones for the highly insoluble carrier proteins. 

Most proteins imported to mitochondria 
are synthesized with a cleavable NH2-ter-
minal targeting sequence and are sorted to 
their correct intramitochondrial location by 
the dynamic interaction of distinct trans
port systems in the outer and inner mem
branes (1). The TIM system in the inner 
membrane consists of two integral mem
brane proteins, Timl7 and Tim23, which 
make up the inner membrane import chan
nel Complete translocation into the matrix 
is coupled to adenosine triphosphate (ATP) 
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hydrolysis and is mediated by Tim44, 
mHsp70, and GrpE. However, some of the 
most abundant inner membrane proteins, 
such as the metabolite carriers, are synthe
sized without a cleavable NH2-terminal pre-
sequence and therefore do not engage with 
the Tim23 channel It has been suggested 
that import of these proteins is directed by 
one or more internal targeting signals.(2), 
but the exact mechanism is still poorly de
fined. In the cytosol of the yeast Saccharo-
myces cerevisiae, chaperones escort these in
soluble carrier proteins preferentially to the 
outer membrane receptors Tom37 and 
Tom70 (3). The carriers then move 
through the TOM channel in the outer 
membrane and insert into the inner mem
brane, bypassing the ATP-dependent 
Tim23 system, which transports proteins 
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