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Mapping of the protein import
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of translocation intermediates
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MITOCHONDRIA contain a complex machinery for the import
of nuclear-encoded proteins'. Receptor proteins exposed on the
outer membrane surface are required for the specific binding of
precursor proteins to mitochondria, either by binding of cytosolic
signal recognition factors or by direct recognition of the precursor
polypeptides'~>. Subsequently, the precursors are inserted into the
outer membrane at the general insertion site GIP (general insertion
protein)®~'°. Here we report the analysis of receptors and GIP by
crosslinking of translocation intermediates and by coim-
munoprecipitation. Surface-accumulated precursors were cross-
linked to the receptors MOM19 and MOM?72, suggesting a direct
interaction of preproteins with surface receptors. We identified
three novel mitochondrial outer membrane proteins, MOM7,
MOMS, and MOM30 that, together with the previously identified
MOM38, seem to form the GIP site and are present in the
mitochondrial receptor complex.

The precursor of the ADP/ATP carrier, the most abundant
protein of the mitochondrial inner membrane, was synthesized
in rabbit reticulocyte lysate in the presence of *>S-methionine!’.
To accumulate the precursor at the mitochondrial outer mem-

1 Present address: Rockefeller Research Laboratory, Sloan-Kettering Institute, New York, New
York 10021, USA.
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brane (receptor stage and GIP stage), isolated Neurospora crassa
mitochondria were incubated with the precursor in the presence
of ATP, but in the absence of a membrane potential across the
inner membrane''""*. The mitochondria were incubated with
the homobifunctional crosslinking reagent DSS (disuccinimidyl
suberate) or the heterobifunctional crosslinking reagent sul-
pho-MBS (m-maleimidobenzoyl- N-hydroxysulphosuccinimide
ester), followed by SDS-PAGE and fluorography. Figure 1a
shows the crosslink products and their assignment to com-
ponents of the import machinery as outlined below (the products
containing MOM72 have slightly different apparent sizes
depending on the crosslinker used; significant crosslinking to
MOM30 was only observed with sulpho-MBS, and to MOM19
with DSS). When the mitochondria were pretreated with a low
concentration of protease (leading to a degradation of surface
proteins, but not of the membranes) only nonproductive
unspecific binding of the precursor was possible*’'""'* and none
of the crosslink products was generated (not shown). As MOM7,
MOMS8 and MOM30 are not degraded under these conditions
(see below), the formation of these crosslink products must
depend on the specific association of ADP/ATP carrier with
mitochondria.

When isolated mitochondria and precursor were incubated
at low levels of ATP and in the absence of a membrane potential,
the precursor only bound to the mitochondrial surface and the
insertion into the GIP site was inhibited. The exposure of this
precursor on the mitochondrial surface was evidenced by its
accessibility to proteases and to antibodies directed against the
ADP/ATP carrier*”!'"**, The precursor was on the correct
import pathway, as it followed the further import steps on
addition of ATP and generation of a membrane potential®’'"'%.
With this surface-accumulated precursor, only the crosslink
products to MOM19 and MOM?72 were formed (Fig. 1b, d).
These products were identified by immunoprecipitation with
specific antibodies. The apparent relative molecular masses of
about 50,000 (M, 50 K) and 100 K of the crosslink products fit
to crosslinks between one molecule of ADP/ATP carrier (30K)
and one molecule of MOM19 (19K} or MOM72 (72 K), respec-
tively. The crosslink product of 170 K probably consists of
ADP/ATP carrier and a homodimer of MOM?72, as a fraction
of MOM?72 is present as a noncovalent homodimer which is
stable enough to survive the heating in SDS-containing sample
buffer (Fig. 2; T. S. and N. P, unpublished data). As controls,
none of the crosslink products was precipitated with preimmune
antibodies or antibodies against porin, the most abundant outer
membrane protein, whereas all were recognized by antibodies
directed against ADP/ATP carrier as expected (Fig. 1b). The
selective crosslinking of ADP/ATP carrier arrested at the
mitochondrial surface to MOM19 and MOM72 agrees with our
previous finding that both proteins are involved in the import
of ADP/ATP carrier’ and provides strong evidence that these
import receptors function by direct interaction with the precur-
sor polypeptide. The receptor-mediated import of a chemically
pure preprotein into purified mitochondria in the absence of
cytosolic cofactors'® supports this conclusion.

The crosslink products with MOM7, MOM8 and MOM30
were not generated to an appreciable extent with the precursor
accumulated at the receptor stage (Fig. 1b, d), suggesting that
those crosslink products may be related to the GIP stage. To
test this directly we made use of the observation that the precur-
sors accumulated at the GIP site were protected against exter-
nally added protease, whereas the receptor-accumulated precur-
sors (and the receptors themselves) were degraded by low con-
centrations of protease®’'!"'*>, ADP/ATP carrier was accumu-
lated at the outer membrane, the mitochondria were treated with
protease and then subjected to crosslinking. As expected, the
crosslink products with MOM72 or MOM19 were not formed
after a treatment with low protease concentrations. By contrast,
the crosslink products with MOM7, MOMS8 and MOM30 could
still be generated (Fig. 1¢, d), demonstrating that these three
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FIG. 1 Identification of mitochondrial outer membrane proteins close to the
precursor of the ADP/ATP carrier. 8 Crosslink products of the ADP/ATP
carrier accumulated at the outer membrane in the absence of a membrane
potential (receptor stage +GIP stage). b, Identification of MOM19 and MOM72
in the crosslink products on the mitochondrial surface by immunoprecipita-
tion. ¢, Identification of MOM7, MOM8 and MOM30 in the crosslink products
at the GIP stage (+PK). d Stage-specific formation of crosslink products at
the mitochondrial surface (—ATP) or at the GIP stage (+PK). AAC, ADP/ATP
carrier; (MOM72),, homodimer of MOM72; PK, proteinase K; *, products
between AAC and mitochondrial outer membrane proteins.

METHQDS. a, Rabbit reticulocyte lysate (4 ul) containing °S-labelled precur-
sor of AAC was incubated with isolated N. crassa mitochondria (25 ug
mitochondrial protein) in the absence of a membrane potential for 20 min
at 25 °C as described*®1%* The mitochondria was reisolated by centrifuga-
tion through a 500 mM sucrose cushion and washed in SEM-buffer (250 mM
sucrose, 1 mM EDTA, 10 mM MOPS, pH 7.2). Crosslinking was done in 1 mM
SEM with DSS (Pierce) or sMBS (Pierce) for 30 min at 0 °C. After addition
of 100 mM tris(hydroxymethyl)aminomethane (pH 7.4) or 100 mM glycine
(pH 7.2) plus 0.1% (v/v) B-mercaptoethanol, respectively, and incubation for
30 min at 0 °C, the proteins were analysed by SDS-PAGE and fluorography*.
b, Isolated mitochondria and reticulocyte lysate containing precursor of AAC

components are close to the GIP site. The highest efficiency of
crosslinking was observed for the formation of the products
with MOM7 and MOMS (up to 15% of the accumulated
ADP/ATP carrier). ADP/ATP carrier accumulated at the GIP
site was extracted from the membranes at pH 11.5, suggesting
that it was embedded in a hydrophilic environment®. The cross-
link product with MOM30 was not extracted at pH 11.5, indicat-
ing that MOMB30 is anchored in the outer membrane. The
crosslink products with MOM?7 and MOMS were extractable at
pH 11.5 (see legend to Fig. 1), suggesting that these proteins
are not integral membrane proteins; they are probably associated
with the outer membrane through interaction with other pro-
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were pretreated with apyrase (5Umi™?) as described****2, incubated for
7 min at 25 °C and further treated as described above. The samples were
dissolved in buffer containing 2% SDS. The first two samples (‘total’) were
directly subjected to SDS-PAGE, whereas the other samples were diluted
20-fold with buffer containing 1% Triton X-100 and 300 mM NaCl and
immunoprecipitations with the indicated antibodies were done®'°1, Minor
bands of noncrosslinked precursor were occasionally found in some precipi-
tates independently of the type of antiserum used, apparently representing
unspecific precipitation of a very minor fraction of the large amount of
labelled precursor. ¢, The experiment was done as described for a with the
following modifications. After accumulation of AAC at the outer membrane,
treatment with proteinase K was as indicated®**. For the crosslinking, DSS
(200 wg mi~1) and sMBS (25 ug mi™*) were used. d The experiment was
done as in b and ¢ (10 ug mi~* proteinase K). The crosslink products were
quantified by laser densitometry using a calibration curve®®. The amount of
each crosslink product obtained with AAC accumulated at receptor plus GIP
stages was set to 100% (middle column of each set) (MOM72* includes
the homodimer). The crosslink products with MOM7 and MOM8 were extrac-
ted (>95%) from the membranes at pH11.5 (100 mM Na,C0,)**, whereas
the product containing MOM30 was carbonate-resistant (>95% in the peilet).

teins. The 38 K protein MOM238 has previously been identified
as part of GIP (ref. 10). A crosslink product between ADP/ATP
carrier at the GIP-stage and N. crassa MOM38 represented only
a minor band, whereas a more efficient crosslinking was found
with Saccharomyces cerevisiae mitochondria (T. S and N. P,
unpublished data). The considerable difference in the efficiency
of crosslinking of precursors to MOM38 (=ISP42) was also
observed previously®'® and is obviously due to the tightly folded
structure of native MOM38 (ref. 10).

Thus, at least four proteins, MOM7, MOMS§, MOM30 and
MOM38, seem to be close to a precursor arrested at the GIP
site. On the other hand, the purified mitochondrial receptor
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complex that contained ADP/ATP carrier bound to GIP con-
sisted of the four proteins MOM19, MOM?22 (a surface protein
of unknown function'®), MOM38 and MOM72. MOM]19,
MOM22 and MOM72 are protease-accessible in intact
mitochondria, leaving MOM38 as the only candidate for the
GIP site'>. How can this apparent controversy be resolved?
Because the mitochondrial receptor complex is a very labile
complex that can be partially or completely dissociated under
relatively mild conditions'®, some components of the complex
may have been lost by the purification procedure used (whereas
the interaction of MOM38 with precursors arrested at the GIP
stage apparently is stable enough to keep these precursors associ-
ated with the complex during the purification). When glycerol
was included in the isolation buffer, the complex purified with
an affinity matrix carrying anti-MOM19 antibodies contained
three proteins of 7K, 8K and 30K in addition to the four known
components (Fig. 2). With highly purified mitochondrial outer
membranes (no detectable amounts of inner membranes), about
25 different polypeptides are resolved by SDS-PAGE*®. As
expected, the three new proteins found in the receptor complex
of the outer membrane represent previously unassigned outer
membrane proteins (Fig. 2). Under the various conditions that

‘“(MOM72)2"’ i
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Ppranm

—
<+— MOM30 —>

| <— MOM22 —»
| <— MOMiy —»

<+ MOMS —»
<+— MOM7 —»

QOuter

SDS Dig.
Ly
membrane

Anti-MOM19

FIG. 2 ldentification of three novel proteins, MOM7, MOM8 and MOM30, in
the mitochondrial receptor complex. Lane 1, purified mitochondrial outer
membrane®*, Lane 2, reactivity of anti-MOMA19 antibodies with mitochondrial
proteins under stringent conditions (denaturation in SDS followed by dilution
in Triton X-100 buffer®*©). Lane 3, purified receptor complex (Dig., digitonin-
containing buffer).

METHODS. The purification of the mitochondrial receptor complex was done
as described™® except that 10% (v/v) glycerol was included in the digjtonin-
containing buffer and the anti-MOM19 antibodies were covalently coupled
to CNBr-activated Sepharose 4B (Pharmacia).

led to the identification of the three new components, no pro-
teolytic degradation of proteins was observed. Proteins that are
very sensitive to various proteases, in particular MOM?72 and
loosely folded precursor proteins, were fully stable at these
conditions>*%*° excluding that the new components are pro-
teolytic breakdown products.

We have thus identified three new proteins located in the
outer membrane by the following methods: (1) crosslinking to
ADP/ATP carrier arrested at the GIP site; (2) an improved
procedure for the purification of the receptor complex of the
outer membrane; and (3) comparison of the apparent sizes of
the proteins with that of the components of purified outer
membranes. The ADP/ATP carrier arrested at the GIP site of
the outer membrane is exclusively accumulated at this stage,
because a dissipation of the membrane potential completely
blocks its further transport into the inner membrane and the
treatment with protease degrades all precursor molecules at the
receptor stage™®"'!2 As the purified receptor complex contains
the GIP site'®, the three new components identified by crosslink-
ing are most likely to represent the three new proteins found in
the receptor complex. With MOM?7 and MOMS this is also
evident from their apparent size as all other outer membrane
proteins resolved have apparent sizes of at least 12K. MOM?7,
MOMS, MOM19, MOM22, MOM30, MOM38 and MOM?72 are
present in the mitochondrial receptor complex in molar ratios
of about 1:1:1:0.6:0.4:1:0.5 (+0.15), respectively. Mitochon-
drial proteins of about 30K (28K-32K) were identified by their
affinity to mitochondrial presequences'’~*°. The relation of the
30K proteins to each other and to MOM30 is unknown.

Our study leads to the following key conclusions on the
functioning of the protein import apparatus in the mitochondrial
outer membrane (Fig. 3). (1) MOM19 and MOM72 act as direct
receptors for the precursor polypeptides, representing the first
stage of binding of precursors to mitochondria. (2) Precursor
proteins are inserted into the outer membrane at the general
insertion site GIP that seems to be formed by (at least) four
proteins, MOM7, MOMS8, MOM30 and MOM38. The relatively

OM

FIG. 3 Hypothetical model of the mitochondrial machinery for recognition
and membrane insertion of precursor proteins. The receptor complex in the
outer membrane (OM) consists of the two preprotein receptors MOM72 and
MOM19, four proteins (MOM38, MOM30, MOM8 and MOM7) close to the
general insertion site GIP, and MOM22 (with unknown function). The binding
of preproteins to MOM72 seems to occur outside the complex, and MOM72
subsequently associates with the complex'®, indicating a dynamic nature
of the receptor complex. Preproteins accumulated at the GIP site are exposed
to the intermembrane spacezl. Translocation into or across the inner
membrane (IM) requires a membrane potential AW (ref. 22) and the heat
shock protein hsp70 in the matrix!®2%24. MOMy, mitochondrial outer mem-
brane protein with an apparent size of yK.
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high efficiency of crosslinking of GIP intermediates to MOM?7
and MOMS would fit to a participation of these proteins in
the formation of an insertion pore in the outer membrane.
(3) The receptors and GIP are assembled in a high M, complex
of the outer membrane that consists of (at least) seven
proteins. O
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Allosteric underwinding of DNA is
a critical step in positive control
of transcription by Hg-MerR

Aseem Z. Ansari*, Mark L. Chael*
& Thomas V. O’Halloran*+z
* Department of Biochemistry, Molecular Biology and Cell Biology and

T Department of Chemistry, 2145 Sheridan Road,
Northwestern University, Evanston, lllinois 60208-3113, USA

POSITIVE control of transcription often involves stimulatory pro-
tein—protein interactions between regulatory factors and RNA
polymerase’. Critical steps in the activation process itself are
seldom ascribed to protein-DNA distortions. Activator-induced
DNA bending is typically assigned a role in binding-site recogni-
tion?, alterations in DNA loop structures® or optimal positioning
of the activator for interaction with polymerase®. Here we present
a transcriptional activation mechanism that does not require a
signal-induced DNA bend but rather a receptor-induced untwisting
of duplex DNA. The allosterically modulated transcription factor
MerR is a repressor and an Hg(I1)-responsive activator of bacterial
mercury-resistance genes® . Escherichia coli RNA polymerase
binds to the MerR-promoter complex but cannot proceed to a
transcriptionally active open complex until Hg(11) binds to MerR
(ref. 6). Chemical nuclease studies show that the activator form,
but not the repressor, induces a unique alteration of the helical
structure localized at the centre of the DNA-binding site®. Data
presented here indicate that this Hg—MerR-induced DNA distor-
tion corresponds to a local underwinding of the spacer region of
the promoter by about 33° relative to the MerR—operator complex.
The magnitude and the direction of the Hg—MerR-induced change
in twist angle are consistent with a positive control mechanism
involving reorientation of conserved, but suboptimally phased,
promoter elements and are consistent with a role for torsional
stress in formation of an open complex.

I To whom correspondence should be addressed.
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The mer operator is located directly between the —10 and
—35 hexameric RNA polymerase-binding elements of the Pr
promoter. In both the repressor and activator states, MerR binds
to a site centred 26 base pairs (bp) upstream from the transcrip-
tion start site and in the region footprinted by E. coli ¢’® RNA
polymerase (RNAP)"®. This spacer DNA between the —10 and
—35 hexamers of the Py promoter is 19 bp, two bp longer and
about 70° out of phase relative to a consensus E. coli promoter’.
Genetic studies of deletions in the spacer region by Brown and
coworkers have demonstrated the importance of a 19-bp spacer:
deletion of one or two base pairs results in a stronger promoter
that is no longer dependent on Hg-MerR for activation'®'",
Footprinting results on open complexes in vivo are consistent
with a distortion at the centre of the operator'”.

The role of protein-induced DNA bending in this allosterically
modulated DNA distortion was probed using an electrophoretic
mobility shift assay'*'*. Analysis of the mobility of 151-bp
restriction fragments with a mer operator at various positions
(Fig. 1a) indicates that MerR induces a small bend in the
operator site of 25°+10° (Fig. 1b, lanes 6-10). This bend does
not change on binding of the coeffector Hg(11) (Fig. 1b, lanes
11-15). Similar results were obtained with a circularly permuted
201-bp wild-type operator/promoter fragment.

Because a change in bending did not correlate with the
repressor-to-activator transition, an alternative method for

a Lanes Enzyme
16,11 == L BamHi
2,7,12 32 8¢ Nrul
3,8,13 = s EcoRv
4,9,14 A q ——2 Spel
510,15 b 2 Muwl

——— = 30-bp MerR binding site

ey |
1 2 3 4 5 6 7 8 9 10 11 12 138 14 15
T T T

free DNA MerR Hg-MerR

FIG. 1 Determination of MerR and Hg-MerR-induced DNA bending by circular
permutation. a Five 151-bp restriction fragments used in b indicating the
relative position of the MerR-binding site in relation to the ends of the
fragments. b, The mobility of MerR-DNA complexes using the DNA fragments
listed in a Gel mobility shift assays were done with 5 pM DNA (lanes 1-15),
50 nM MerR (lanes 6-15), and 0.5 uM Hg(i) (lanes 11-15).

METHODS. The plasmid pMB10 was made by inserting the 30-base oligo-
nucleotide duplex: 5'-GCTTGACTCCGTACATGAGTACGGAAGTAA-3' into the
unique Xbal restriction site of the plasmid pBend?2 (ref. 14) after end-filling
the Xbal site with the Klenow fragment of DNA pol. In all, 11 151-bp
restriction fragments were isolated, end-labelled with [y-32P]ATP and T4
polynucleotide kinase and analysed by gel mobility shift assays*®**. Gel
shifts were carried out in 20 w! final volume of 10 mM Tris-HCI (pH 8), 60 mM
KCl, 0.1 mM EDTA (pH 8), 5 g mi~* BSA, 1 mM DTT and 5% gycerol. After
incubation at 23 °C for 45 min, 2 ! 50% gycerol was added and the samples
were loaded onto a 10% (75:1 acrylamide:bisacrylamide), 1 X TBE gel.
Electrophoresis was for 3-5 h at 183 V. The bending locus was graphically
determined using the method of Wu and Crothers™®. The bending angle was
calculated using the equation of Thompson and Landy?®.
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