ty of the reaction but did allow the acqui-
sition of reproducible data for the rate
constant. The reaction followed a second-
order dependence on the concentration of
2b, consistent with a mechanism wherein
two discrete catalyst molecules cooperate
to activate both the electrophile (ep-
oxide) and the nucleophile (water). Com-
pelling evidence for a similar bimetallic
mechanism has been obtained in the
asymmetric ring-opening of epoxides by
azide nucleophiles catalyzed by related
chromium-containing catalysts (14). [t is
noteworthy that bimetallic catalysis is
apparently operative with such distinct
classes of reactions, and it hints at the
possible generality of such a mechanism.
The HKR is an attractive procedure for
the preparation of optically enriched ter-
minal epoxides and 1,2-diols. The criteria
for evaluating the practicality of chemical
processes such as this one have become
increasingly stringent. High standards of
yield and selectivity in product formation
must be met, but additional issues such as
reagent cost, volumetric productivity,
waste generation, reagent toxicity, and
handling risks weigh more heavily than
ever before. With these criteria positively
met, the HKR appears to hold significant
potential for large-scale application (15).
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Protein Transport by Purified Yeast Sec
Complex and Kar2p Without Membranes

Kent E. S. Matlack, Kathrin Plath, Benjamin Misselwitz,
Tom A. Rapoport*

Posttranslational protein translocation across the endoplasmic reticulum membrane of
yeast requires a seven-component transmembrane complex (the Sec complex) in col-
laboration with the lumenal Kar2 protein (Kar2p). A translocation substrate was initially
bound to the cytosolic face of the purified Sec complex in a signal-sequence—dependent
but Kar2p- and nucleotide-independent manner. In a subsequent reaction, in which
Kar2p interacted with the lumenal face of the Sec complex and hydrolyzed adenosine
triphosphate, the substrate moved through a channel formed by the Sec complex and
was released at the lumenal end. Movement through the channel occurred in detergent

solution in the absence of a lipid bilayer.

Protein transport across the membrane of
the endoplasmic reticulum (ER) occurs
through an aqueous channel (1) whose
major component is the Sec61p complex
(2-6). In posttranslational protein trans-
port in vyeast, the Sec6lp complex
(Sec6lp, Sbhlp, and Ssslp) associates
with the tetrameric Sec62-63 complex
(Sec62p, -63p, -71p, and -72p) to form the
Sec complex (7, 8). A lumenal domain of
Sec63p (the ] domain) interacts with the

Department of Cell Biology, Harvard Medical School, 240
Longwood Avenue, Boston, MA 02115, USA.

*To whom correspondence should be addressed. E-mail:
rapoport@bcmp.med.harvard.edu

adenosine triphosphatase (ATPase) KarZp
(BiP) (9). Posttranslational protein trans-
port occurs in distinct steps (2, 3, 10, 11)
and can be reproduced with reconstituted
proteoliposomes that contain only the pu-
rified Sec complex and KarZp (8). We
have now developed a-soluble system
made up of these components that elimi-
nates many of the problems inherent in
reactions that involve membranes and al-
lows in-depth analysis of the molecular
mechanism of the translocation process.
To develop a soluble system, we first
tested whether an interaction between
translocation substrates and the Sec com-
plex would be maintained in detergent
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solution. In vitro synthesized [>*S]methi-
onine-labeled prepro-a-factor (ppaF) was
added to proteoliposomes containing the
purified Sec complex, the membranes
were solubilized with digitonin, and the
complex was immunoprecipitated with an-
tibodies to Sec62p (12). A large percent-
age of ppaF was immunoprecipitated (Fig.
1A). Binding, although less efficient, also
was observed with a second translocation
substrate, proOmpA. Only background
binding was observed with liposomes that
lacked protein. Antibodies to Sbhlp and
Ssslp also coprecipitated the bound pre-
cursor, although less efficiently than anti-
bodies to Sec6Zp (Fig. 1B). Antibodies
that react only poorly with Sec61p in the
heptameric complex (13) did not recover
precursor. Because only a small percentage
of the ppaF was translocated in the ab-
sence of Karlp, and proOmpA was not
translocated at all (8), binding is not the
result of translocation. Binding of ppaF to
the Sec complex was much reduced with a
signal sequence mutant defective in trans-
location into native microsomes (3, 14)
(Fig. 1C).

To test whether the bound precursor
could be translocated, ppaF was bound to
proteoliposomes containing the Sec com-
plex and lumenal KarZp. In one-half of the
reaction mixture, binding was assessed by
coimmunoprecipitation after solubiliza-
tion; in the other half, adenosine triphos-
phate (ATP) was added and, after incuba-
tion, protease protection was used to de-
termine whether translocation had oc-
curred (Fig. 1D). The large majority of the
precursor was both initially bound and
later translocated.

We then determined whether one of
the two subcomplexes of the Sec complex
has independent binding activity. The
subcomplexes were reconstituted separate-
ly or together, ppaF was added, and bind-
ing was examined. Each subcomplex
showed weak binding, but together they
were as efficient as the intact complex
(Fig. 2A). If ppaF was first bound to the
intact complex and the subcomplexes
were then separated (8), no specific copre-
cipitation occurred with either (Fig. 2B)
despite their quantitative recovery (15).

Precursor did not bind well to the Sec.

complex in digitonin (15) or deoxyBig-
CHAP (Calbiochem) (Fig. 3A). However,
when phospholipids were added (16),
efficient binding occurred. To demon-
strate that the Sec complex was complete-
ly soluble, we examined accessibility of
the carbohydrate moiety of Sec7lp to
added glycosidase (Fig. 3B) (17). In deter-
gent solution supplemented with phospho-
lipid, the carbohydrate moiety was as ac-
cessible as it was after complete denatur-
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Fig. 1. Binding of secreto-
ry precursors to reconsti-
tuted Sec complex. (A) In
vitro synthesized [*°S]me-
thionine-labeled ppaF or
proOmpA (POmpA) was
incubated with liposomes
containing either no pro-
tein (iposomes) or purified
Sec complex (SecC), and
binding was assessed by
coimmunoprecipitation
with antibodies to Sec62p
after solubilization with
digitonin (72). Percentage
of total input precursor
coprecipitated with the
Sec complex, determined
by analysis with a Phos-
phorimager, is shown (%
recovery); 40% of total in-
put precursor is shown in

Input (40%)
Liposomes
SecC

>

o input (40%)
| Liposomes

-ppaF

Antibody

REPORTS
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Translocation

§
c Antibody
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% recovery 40 11 04 14
% recovery 1 2 3 45
D

[Time (min)

Input

7.4
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5.8

lanes 1 and 4. (B) Coimmunoprecipitation of bound ppaF with antibodies to various components of the Sec
complex. (C) Binding reactions were done with wild-type ppaF or a signal sequence mutant. (D) Bound ppaF
can be subsequently translocated. ppaF was bound to protecliposomes reconstituted with the Sec complex,
10 mM creatine phosphate, creatine phosphokinase (0.1 mg/ml), and ~1.9 uM Kar2p, prepared as
described (8). Binding was assessed by coimmunoprecipitation with antibodies to Sec62p after solubilization
(lane 2). Samples were incubated after the binding reaction with or without 2 mM ATP for O or 60 min, as
indicated. Translocated protein was determined after treatment with proteinase K (0.5 mg/ml). Pro-a-factor
(paF) produced by contaminating signal peptidase is indicated.

Fig. 2. Requirement of an intact
Sec complex for precursor binding.
(A) ppaF was incubated with pro-
teoliposomes containing intact Sec
complex (SecC); Sec61p subcom-
plex (61); Sec62-63 subcomplex
(62/63), both prepared as de-
scribed (8); the two subcomplexes
together (61 + 62/63); or neither
complex. Binding was assessed by
immunoprecipitation with antibod-
ies to Sec62p or Sbhip (anti-
Sec62p or anti-Sbh1p) after solubi-
lization in digitonin. (B) After binding
of ppaF to liposomes containing ei-
ther intact Sec complex (SecC) or
no protein (liposomes), solubiliza-
tion was done with either digitonin
or Triton X-100 (TX-100), which
separates the two subcomplexes
(8). Immunoprecipitation was with
antibodies to Sec62p or Sec61p.

Fig. 3. Precursor bind-
ing to soluble Sec com-
plex. (A) ppaF was incu-
bated with purified Sec
complex in detergent
with or without phos-
pholipids. Binding was
assessed by coimmuno-
precipitation with anti-
bodies to Sec62p. (B)
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Purified Sec complex (SecC) was treated with N-glycosidase F (N-glycF) to probe the accessibility of the
carbohydrate moiety of glycosylated Sec71p (Sec71p-CHOQO) under the conditions used in (A) (deter-
gent/lipid; lanes 7 and 8) (17). SDS-denatured material (lanes 5 and 6) or proteoliposomes with or
without solubilization by digitonin (Dig) or SDS (lanes 1 to 4) were used for controls.
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ation of the complex in SDS. With the
reconstituted complex, however, only
about 50% was accessible unless the mem-

brane barrier was broken by digitonin or
SDS. Thus, precursor binding to the Sec
complex occurred in solution and required

Fig. 4. Kar2p uses ATP A B

hydrolysis to break the [T =] Detergent % 2 8 Eg
precursor-Sec complex S Kar2p _E 2 5 il 3 s
interaction. (A) ppaF was howe _—

bound to reconstituted

| -ppaF -ppaF

Sec complex and one-

half of the reaction mix-

turs was treated with. . B o eh B 46,6 50

digitonin. To both halves 7 53 4 5

was added either 2 mM

ATP, 10 mM creatine phosphate, creatine G Before IP After 1P
phosphokinase (0.1 mg/ml), and ~1.9 uM

Kar2p (lanes 3 and 5) or buffer (lanes 2 and 4). 100 140
After a 10-min incubation at 22°C, all reaction g 80 g 1201 )
mixtures were placed on ice, digitonin was B s T 100
added to those that had not initially receivedit, 3 : 3 80
and Sec complexes were recovered by immu- 8 40 = 60
noprecipitation of Sec62p. (B) ppaF was add- 3 o g 40
ed to reconstituted Sec complex, digitonin & o 28

was added, and release of bound precursor
by wild-type (wt) Kar2p or by Kar2p mutants
defective in the ATPase cycle was tested (78).
(C) Reaction mixtures were as in (B). On the left [before immunoprecipitation (IP)], release was caused by
addition of Kar2p, ATP at the indicated concentrations, and an energy-regenerating system in the
absence (filled symbols) or presence (open symbols) of 2 mM AMPPNP. On the right (after IP), release
was done after immunoprecipitation. Bound ppaF was determined and normalized to that in the
absence of Kar2p.
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Fig. 5. Precursor release
on the lumenal face of the-
Sec complex by Kar2p.
(A) Sec complex from
sec63-1 cells, carrying a
mutation in the J domain
of Sec63p, was analyzed
by SDS-PAGE and stain-
ing with Coomassie blue.
wt, wild-type complex;
M, molecular size stan-
dards (kilodaltons). (B) c
ppaF  (triangles) and

proOmpA (squares) were

bound to proteolipo-

somes containing either

wild-type Sec complex

(open  symbols) or

Sec63-1 Sec complex

(filed symbols), and re-

lease by Kar2p was in--
duced after solubilization

with digitonin. The same

experiment was done with ppaF bound directly to the soluble wild-type (open circles) or mutant (filled
circles) Sec complex. Precursor remaining bound to the Sec complex was normalized to that bound in the
absence of Kar2p. (C) Ribosome-nascent chain complexes containing ppaF lacking five amino acids from
the COOH-terminus (ppaF/RNC) were produced by translation of truncated mRNA and sedimentation of
the ribosomes (3). Resuspended ppaF/RNC or full-length ppaF was mock treated or treated with 1 mM
puromycin for 30 min at 35°C and then brought to 8 M urea to denature the ribosomes. Samples were
diluted 1:10 into a binding reaction mixture with reconstituted Sec complex. Digitonin was added and
release was induced with Kar2p. Sec62p immunoprecipitates were treated with SDS sample buffer (pH
7.2) at 30°C for 5 min. ppaF:tRNA and ppaF:pur refer to ppaF with an associated tRNA or puromycin
molecule, respectively. Release of these species as well as of full-length ppaF was quantitated individually.
(D) Urea-treated ppaF/RNC was bound to proteoliposomes containing Sec complex, digitonin was
added, and reactions were done with or without Kar2p as in (C). One-half of each reaction mixture was
treated with 1 mM DSS for 35 min at 0°C; 10 mM ethanolamine was added, followed by 1% SDS; and
samples were boiled and diluted to 1% Triton X-100 and 0.1% SDS. After immunoprecipitation with
antibodies to Sec61p, the samples were boiled in SDS sample buffer (pH 10.5).
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lipids but not an intact bilayer.

We then tested whether Kar2p would
release precursor from the Sec complex. In
a primary incubation, ppaF was bound to
proteoliposomes containing Sec complex;
digitonin was then added to solubilize the
membranes. In a secondary incubation,
KarZp and an ATP regenerating system
were added. Substrate still bound to the
Sec complex was detected by coimmuno-
precipitation with antibodies to Sec62p.
The presence of Kar2p and ATP in the
second incubation caused loss of ~80% of
the bound substrate (Fig. 4A). Release did
not occur if Kar2p and ATP were added
to the nonsolubilized proteoliposomes,
which suggests that, to effect release,
KarZp must gain access to the face of the
Sec complex opposite that on which sub-
strate is presented.

To determine whether ATP hydrolysis is
required for release, we used purified mu-
tant Kar2 proteins that were unable to per-
form various steps of the ATPase cycle.
Mutants Gly?*?" — Asp?*7 (G247D), Thr*®
— Gly*® (T59G), and Thr?¥® — Gly*#
(T249G) are defective in ATP binding, a
conformational change after ATP binding,
and hydrolysis after the conformational
change, respectively (18, 19). None of
these mutant proteins supported release
(Fig. 4B). The nonhydrolyzable ATP ana-
log adenylyl-imidodiphosphate ( AMPPNP)
did not support release but inhibited the
ATP-dependent reaction (Fig. 4C). These
results indicate that KarZp must hydrolyze
ATP to release bound substrate from the
Sec complex. Release also occurred when
Kar2p and ATP were added after immu-
noprecipitation and extensive washing of
the complex with a detergent solution
(Fig. 4C).

To determine whether release requires
an interaction between KarZp and Sec63p,
we prepared the Sec complex from a yeast
strain that carries a mutation in the ]
domain (sec63-1) (20). The mutant com-
plex contained all the components of the
wild-type complex in the same apparent
stoichiometries (Fig. 5A) and bound ppaF
and proOmpA with the same efficiency as
the wild-type complex (15). However, in
the release reaction, the mutant complex
was significantly less active, even at very
high concentrations of Kar2p (Fig. 5B). A
similar observation was made when the
precursor was bound directly to the soluble
Sec complex (Fig. 5B). We conclude that
Kar2p must interact with the ] domain of
Sec63p to release the substrate from the
Sec complex.

To test whether release of the substrate
occurred on the cytosolic or the lumenal
face of the Sec complex, we used as trans-
location substrate a fragment of ppaF,
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only five amino acids shorter than full
length, which contains a tRNA at the
COOH-terminus (ppaF:tRNA). If release
occurs by passage of ppaF through a trans-
location channel, the bulky tRNA moiety
should cause stalling of the translocating
polypeptide chain and prevent its release
from the Sec complex. If release occurs on
the cytosolic side, it should be unaffected.
ppaF:tRNA was synthesized in vitro by
translating a truncated mRNA (3), re-
leased from the ribosomes with 8 M urea,
and diluted into a reaction mixture con-
taining proteoliposomes with Sec com-
plex. Detergent was added and binding
was assessed by coimmunoprecipitation.
The attached tRNA did not prevent bind-
ing to the Sec complex (Fig. 5C). Upon
addition of Kar2p, little if any release of
ppaF:tRNA was detected (Fig. 5C). In the
same reactions, the ppaF fragment pro-
duced by spontaneous removal of the
tRNA by hydrolysis was released by Kar2p.
Release was not as efficient as with full-
length ppaF, probably because some hy-
drolysis occurred during immunoprecipita-
tion. When the tRNA at the COOH-
terminus of ppaF:tRNA was removed by
treatment with puromycin before binding
to the Sec complex, release was as effi-
cient as with normal ppaF. Residual ppaF:
tRNA remaining after the puromycin re-
action was still unaffected by Kar2p.
These data indicate that release occurs by
Kar2p-dependent transport through the
channel. Similar results were obtained
when ppaF:tRNA was used with intact
proteoliposomes (21), which suggests that
tRNA-tethered substrates can be used to
generate intermediates in posttransla-
tional translocation.

We used crosslinking to verify that
Kar2p moves ppaF:tRNA into a stalled
position within the solubilized transloca-
tion channel. Addition of the lysine-di-
rected bifunctional reagent disuccinimidyl
suberate (DSS) to bound ppaF:tRNA pro-
duced crosslinks to Sec61lp only in the
presence of Kar2p (Fig. 5D). These results
are consistent with the COOH-terminal
region of ppaF, containing all the lysines
in the protein, having been moved into
the Sec6lp channel by the action of
Kar2p. Crosslinks were not observed with
full-length ppaF or with the ppaF frag-
ment from which tRNA had been re-
moved (15).

When ppaF:tRNA was bound to the
soluble, nonreconstituted Sec complex di-
rectly, release by Kar2p was as efficient as
with normal ppaF (15). It is unclear wheth-
er under these conditions the pore size of
the channel is increased or its stability is
decreased, either possibility allowing pas-
sage of tRNA, or whether release occurs
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toward the cytosolic side.

Our results indicate that posttransla-
tional movement of a protein through the
ER membrane can be reproduced with pu-
rified components in detergent solution in
the absence of a lipid bilayer or even bulk
lipids. Blockage of translocation by a
bulky group at the COOH-terminus of the
substrate provides direct evidence that the
Sec complex forms a protein-conducting
channel of limited pore size. A functional
signal sequence, but neither Karlp nor
nucleotide, is needed to bind the translo-
cation substrate to the Sec complex. Both
Sec62-63 and Sec61 subcomplexes must
be present. Possibly, signal sequence rec-
ognition requires oligomerization of the
Sec61p complex by the Sec62-63 complex
(6). Because initial binding of the trans-
location substrate required lipids but
maintenance of the interaction did not,
the signal sequence appears ultimately to
interact with the Sec complex through a
protein-protein interaction. In the second
phase of translocation, Karlp interacts
with the ] domain of Sec63p to move the
substrate through the channel. The inter-
action of Kar2p and Sec63p is probably
direct, because it occurs in the absence of
other proteins. Our results indicate that
the recently observed Kar2p-dependent
release of ppaF from proximity of the
Sec62-63 complex may have been com-
plete translocation rather than aborted
transfer into the Sec61 subcomplex (11).
We found that release through the chan-
nel occurred even though the signal se-
quence was not cleaved, which suggests
that Kar2p weakens binding of the Sec
complex with the signal sequence. Be-
cause translocation occurs in vivo despite
a high concentration of lumenal Kar2p, it
is possible either that Kar2p can associate
with the ] domain only after a signal se-
quence is in contact with the Sec complex
or that the nucleotide state of a prebound
Kar2p molecule is affected by signal se-
quence binding. The ensuing dissociation
of the signal sequence would be coupled
with transfer of Kar2p to the translocation
substrate. ATP hydrolysis by KarZp may
occur upon binding of Kar2p to the Sec
complex or upon its interaction with the
substrate, and it is likely the source of
energy for translocation.
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