An intermediate in the assembly of a pore-forming protein
trapped with a genetically-engineered switch
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Background: Studies of the mechanisms by which
certain water-soluble proteins can assemble into lipid
bilavers are relevant to several areas ot biologyv mcluding
the blosvnrhesis of membrane and secrered proteins, viras
membrane fusion and (he action of Tmmune proteins
such as complement and perforin, The o-hemolyvan
(ML protein, an esotoxtn secreted by Staphylococis
sireus that forms heprameric pores in lipid bilayers, 152
wetul madel for studying niembrane protein assembly. In
addizion, madified ol U1 might be useful as i component
of biosensors or i drug delivery We Tave therefore tsed

profein engineering o produce variants ol HL that
contain moiccular wriggers and switches with which pore-
formimg activiey can be modulated at will, Previoushy, we
showed that the conductance of pores formed by the
mutant hemolysin gHL=115, which contins o Zn(ll}-
binding pentahistidine sequence, is blocked by Zndl)
from cither side ot the Tipid bilaver, suggesting that
restdues from the penmbindine sequence Tine the lumen
of the transmemnbrane channel
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Results: Here we show that Zn{lTy can arrest the assemnbly
ot aHL-H3 bhefore pore tormanon by preventing an
impereable oligomeric prepore rom proceeding o the
fully wssetnbled stawe, The prepore s a heptamer, Lunieed
proteoly<as shows that, unlike the functional pore, the
prepore contains sites near the amino terminus ot the
polvpeptide chain taat are exposed to the agqueous phase.
Upon removal of the bound Zn(iT) with EDTA, pore for-
mation is completed and the sites near the amino termins
become aceluded. Comversion of the arepore to the active
pore is the rate=derermining step e assenibly and cannot
be reversed by the subsequent addition of cicess Zn1.
Conclusions: The maoducnon of o snople Zn{lf)-
binding motit it 1 pore-forming protein has aiowed
the isolation of o defined intermediate in asembly,
Genetically-enginecred switches for erapping and releas-
ing intermudiates that are actuared by meal coordination
or other chenmstries might be generlly usetal for analyz~
g the assembly ot membrane proteins and  other
supratolecular structures,
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Introduction

Staphylococcal a=-hemolvsin (oHL) [1] 15 a0 293-residue
polypeptide that forms heptameric pores [2] in lipid bilay-
ers. 0HL 1 both an excellent model for investigating how
water-soluble protem assembles into biological membranes

[1] and o wsetul target for protein engineering studies
intended to produce new materials [3.4]. oHL can also
contribute to the pathogenicity of Staphylococas wrens [1].

A working scheme tor the assembly ot al 1L (Fig. la). s
supported by an accumulation of biophysical and bio-
chemical evidence, including that presented here. The
GHL monomer consists of two domains of approximately
equal mass commected by a glyeine-rich loop {see Fig, 1a,
structure 1) [5.6]. The foop becomes resistant to proteo-
lvais when aHL binds to membranes {5.7] and is likely to
line a segment ol the Tumen of the transimembranc
channel in the fullv-assembled pore { Fig, Ta, structure 4}
[+.8]. The pore  might contin
Iestranded B barrel, by analogy with the porins, which
contin  16-sanded barrels (9], Such a barrel could
acconnnodace | 10] the essentally nonselective channel of
1=2 m internal dinmeter [11.72]. Tive intermediates n

fullv-assembled

asembly have been proposed [7]: 2 membranc-bound
manomer {structure 23 and an impermeable oligomeric

prepore’ (tructure 3). Funetionally-mactive ohgomers,
suggestive of a prepore, are formed by wild-type aHI
after cleavage by trypsin [13], amino-terminal tuncation
mutanes of CHL |7]. mutants in which the central loop is
grossly altered [14] and certain: pomt muants, notably
those i which His35 s substituted [15-17]. In cases

where it has been examined. the putative prepore possesses
('llill'LlL'[Cl']\[iL‘ protemase K L"]Cll\\lglﬁ stes near f]lC AT
rerminus (Fig. 1h) |7.17].

Because evidence for the
prepore 1s based on the examination of detective f [L
polypeptides, 1 has not been determined whether the
}“]AL‘P(H‘(" i< a 1\111c‘r1\‘;1]1}7—(‘0111}\,eh‘l)[ l”ff‘l'l”(\dh]“’ 1N ass¢n-
blv. rather than a dead end product. FHere we demonstrate
that the former is the case by mapping the intermediate
with a genetically-engineered switeh located 1 the central
loop of the mutant ol IL-H5. which contains a pentahisti-
dine sequence (residues 130-134) that acts as a binding
site for divalent metal 1ons [4.18].

Results and discussion

In(l) blocks assembly of oHL-H5 as an oligomeric prepore
We showed carlier that channels formed by aHL-H3 in
planar Iipid bilavers are blocked by Zn(ll) added from
cither the @y or the rans side of the membrane 4], The
siniplest explanation of this result is a direct channel block
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Fig. 1. Structural models for staphylo-
coccal  a-hemolysin.  (a)  Working
scheme for assembly of the transmem-
brane porc. The amino- and carboxy-
terminal  domains  (amino-terminal
domain, N, blue; carboxy-terminal
domain, C, red) of soluble monomeric
oHL (structure 1) are separated by a
glycine-rich loop (pink). oHL first binds
to the bilayer as a monomer (struclure
2}, which aggregates to form an
oligomeric prepore complex (structure
3). The prepore converts to the fully-
assembled heptameric pore (structure
4}, which allows molecules of up to
3 kDa (blue spheres) to pass through it.
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(b) Positinns of cleavage by proteinase
K in the primary seguence of o-
hemolysin as deduced previously [7]
and as reported here. The color scheme
matches that in fig. 1a. Site 1, in the
central loop, is exposed only in the
monomer in solution (a, structure 1).
Site 2 is exposed in the monomer in
solution and the monomeric  and
oligomeric assembly intermediates (a,
structures 1-3), but not in the fully
assembled pore (a, structure 4).
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(Fig. 2, structure 4 — structure 3), although reversal of the
proposed final step of assembly (Fig. 1a, structure 4 —
structure 3) could not strictly be eliminated. We have now
made a definitive examination of this issue by determining
the conformadon of oligomeric structures on rabbit
erythrocytes (fRBC) by limited protealytic digestion.
oHL-H5 was allowed to assemble on rRBC for 1 h at
20 °C in the presence of 100 pM Zn(ll), which prevents
hemolysis. Under these conditions at least 75 % of the
polypeptides form oligomers as determined by nondena-
turing SDS-PAGE (oHL oligomers are stable in SDS if not
hcated). A portion of the sample was subjected to limited
proteolysis with proteinase K, while another portion was
treated with an excess of the Zn(Il) chelator EDTA (500
UM). After 1 h, during which lysis of the rRBC occurred,
the latter portion was further subdivided. One part was
treated with proteinase K, while Zn(Il) was added to the
other part for a total concentration of 600 pUM. After a
further 1 h, this last portion, which had now been taken
through a Zn(Il) = EDTA — Zn(II) cvcle, was also treated
with proteinase K. Proteinase K, acting at site 2 (Fig. 1b,
and see below), removed fragments of ~1.3 and 1.8 kDa
from otHL-HS5 assembled in the presence of Zn(Il) (Fig. 3,
top, lane 2), whercas wild type oHL assembled under the
same conditions was completely protected from digestion
(Fig. 3, bottom, lane 2). The addition of EDTA to
OHL-H5 assembled in the presence of Zn(ll) resulted in
the formation of a proteinase K resistant species (Fig. 3, top,
lane 3), with the mobility of undigested ®HL-H5 (lane 6).
Subsequent addition of excess Zn(Il) did not lead to the
regeneration of proteinase K sensitivity (Fig. 3, top, lane 4).
OHL-H5 treated with 100 uM Zn(11) alone for the 3-h
duration of the experiment did not become resistant to
proteolysis (Fig. 3, top, lane 1). Neither did aHL-H5

treated for 3 h with 600 pM Zn(II)/500 pM EDTA (Fig.
3, top, lane 5}, the samnc final concentrations of Zn{Il) and
EDTA that are obtained after the Zn(Il) > EDTA -»
Zn(ll) cycle, which establishes considerable resistance to
proteinase K (Fig. 3, rop, lane 4). These data suggest that
oHL-H5 assembled in the presence of Zn(ll) forms the
proposed nonlytic prepore (Fig. 1a, structure 3), which is
converted to the fully-assembled pore (structure 4) upon
the additon of EDTA. Further, the addition of Zn(ll) to
the assembled pore results in simple channel block (Fig. 2,
structure 4 = structure 5) [4] rather than conversion back
to the prepore.

Control experiments showed that the enzymatic activity of
proteinase K was unaftected by the various concentrations
of Zn(ll) and EDTA. In particular, wild-type OFIL was
resistant to proteinase K under all the conditions examined
(Fig. 3, bottom). By contrast, and in keeping with the pro-
posed scheme for assembly (Fig. 1aj, the nonlytic mutant
His35Asn (B.W. and H.B., manuscript in preparation) was
digested at site 2 (Fig. 1b) under all conditions (Fig. 3,
center). Similar results were obtained when the experiment
with ¢HL-H5 was carried out on rRBC membranes, or
on intact tRBC in 30 mM dextran (M, ~4000), in which
the cells are protected from lysis [19]. Therefore, the
integrity of the cells does not affect the activity of pro-
teinase K. When unheated samples of wild-type oHL or
OHL-H5 are subjected to SDIS-PAGE after assembly on
rRBC membranes and limited proteolysis, oligomers and
monomers are observed, in a ratio of about 3:1. As
expected, the proteolytic fragments that we observed with
heated samples (Fig. 3) were largely derived from oligomer,
because similar results were obtained when oligomers were
isolated from proteolyzed samples by electrophoresis,
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Fig. 2. Working schemc for blockade of the aHL-H5 pore by
Zn{ll). The formation of the fully-assembled pore (structure 4) pro-
ceeds in an identical manner to that of wild-type aHL (see Fig.
1a). The five histidine residues {yellow) introduced into the pro-
tein at residues 130-134 probably form part of the transmem-
branc pore (structure 4). Hence, the pore can be reversibly
blocked istructure 5) by Zn{ll) (yellow spheres) added from either
the cis or trans side of the membrane.

heated and rerun in a second gel (data not shown). By con-
trast, the monomers that remained after assembly were
cleaved at site 2 under all conditions examined (data not
shown), i keepmg with the assembly scheme (Fig. 12).

The amino terminus of oHL becomes occluded during the
final step in assembly

The position of the site 2 cleavage in ¢HL-H5 was con-
firmed by limited proteolysis of 0HL-H3/Ser3CamCys
and oHL-H5/Thi292CamCys, which are single Cys
mutants of GHL~H5 derivatized with iodoacetamide. These
polypeptides were labeled with [*S]Cys or |[¥S]Met. The
latter is incorporated at seven positions throughout the
polypeptide chain, After assembly on rRBC membranes in
the presence of 100 UM Zn(I1), treatment with proteinase
K cleaved both polypeptides at site 2, as determined hy
examining the [¥S]Met polypeptides by SDS-PAGL. The
label was cleaved from [*S]Cys oHL-H35/Ser3CamCys,
but not from [S]Cys GHL-H5/Thr292CamCys under
the same conditions, demonstrating that site 2 is near the
amino terminus. The predilection of proteinase K for cleav-
age at hydrophobic residues suggests that the 30.8 and 30.3
kDa bands (Fig. 3 are tormed by cleavage after Ile7 and
Tle14 respectively. Lhese data firmly establish that the amino
terminus of ol IL becomes occluded during the final step in
assembly (Fig. 1a, structure 3 = structure 4).

The oligomeric prepore is a heptamer

The oligomeric state of the prepore complex was inves-
tigated by gel-shift electrophoresis [20] of SDS-resistant
oHI. oligomers contaming two classes of subunit, The
heteromers were generated by chemical modification of

a single-cysteine mutant with mixtares of iodoacetamide
(TAM) and 4-acetamido-4'-((iodoacetyl)amino)stilbene-
2.2-disulfonate (IASD) [2]. Each polypeptide chain
modified with the dianionic sulthydryl reagent TASD
increases the electrophoretic mobility of an oHL
oligormer in SDS, while [AM modification has no effect
[2]. The single cysteine mutant aHL-H5/Thr292Cys
was allowed to assemble on rRBC in the presence of
100 pM Zi{fl). Samples were modified with various
ratios of JAM to TASD. The resultant oHL heteromers
were then separated by extended SDS-PAGE. If each
oligomer contained n subunits, one would expect wo see
n + 1 bands, representing all possible combinations of
the two classes of subunit. The 0HL-TI5 heteromers
yielded eight bands, whether they were prepared in the
presence of Zn(IT)y (Fig. 4) or EDTA (data not shown).
suggesting that the prepore (Fig. la. structure 3), like the
fully-assembled pore (structure 4), contains seven sub-
units. A similar result was obtained when ¢HL-H5 and
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Fig. 3. Limited proteolysis of aHL-H5 (H5], the His35Asn
mutant {(H35N) and wild-type oHL (WT) after assembly on rRBC
under various conditions. Top, aHL-H5; center, His33Asn;
bottom, wild-lype aHL. 37S-labeled aHL was digested with pro-
teinase K on membranes after assembly in the presence of: lane
1, 100 uM Zn(l for 3 h; lane 2, 100 uM Zn{ll) for 1 h; lane 3,
100 M Zn(ll) for 1 h, followed by 500 um ENTA with 100 uM
Zn{i) for 1 h; lanc 4, 100 pM Zn{ID for 1 h, then 500 uM EDTA
with 100 uM Zn(ll) for 1h, and finally 500 pM EDTA with
600 UM Znill) for a further 1 h; lanc 5, 500 uM EDTA with
600 uM Zn(llj for 3 h; lane 6, undigested aHL polypeptides. The
masses of the polypeptides. determined by comparison with
11C-labeled standards, are indicated: uncleaved oHL, 32.1 kDa;
proteolytic fragments, 30.8 and 30.3 kDa.
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Fig. 4. 1he nonlytic oligomer formed by aHL-H5 in the presence
of Zndl) is a heptamer. oHL oligomers were penerated on rRBC
from *55-labeled ol iL-H5/Thr292Cys in MBSA containing
100 uM Zn(ll). The cells were lysed and portions of the recovered
membrancs were subjected to modification with iodoacetamide
(1AM} and 4-acetamido-4'-(iiodoacetylaminolstilbene-2,2'-disul-
fonate (1ASD) that had been premixed in the ratios indicated
above cach gel lane. tach IASD modification introduces two
additional negative charges and thereby causes an increase in
clectrophoretic mobility of the aligomer [2]. The heteromers
were separated by non-denaturing SDS-PAGE and visualized by
autoradiography. For an oligomer with n subunits, n + 1 elec-
trophoretic species arc expected [21. Eight species are seen, indi-
caling thal the aHL-H5 oligomers contain seven subunits when
they are assembled in the presence of Znill).

OHL-H5/Th292Cys were mixed in various ratios,
allowed to assemble on rRBC and then modified with
[ASD) alone,

The assembly of the His35Asn mutant is arrested at the
prepore step (Fig. la, structure 3 and Fig. 3). Accordingly,
the analysis of heteromers formed from the His35Asn
mutant and the double mutant His33Asu/ Thr292Cys in
the absence of Zn(Il) or ENTA also suggested heptamer
formation (data not shown).

The trapped prepore is a kinetically competent intermediate
in the assembly of oHL-H5

To determine whether the prepore might be an
intermediate in the assembly of HL-H3, the kinetics of
formation of the fully-assembled pore (Fig. la, structure 4)
from the prepore (structure 3) were cxamined using the

built-in Zn{ll-dependent swich, oHL-H5 was [irst
allowed o assemble on the surface of rTRBC membranes
in the presence of 100 UM Zn(Il). After 1 h at 20 °C,
when binding and oligomerization is complete [4], excess
EDTA was added (t = 0 min) and the conversion to the
tully-assembled pore was nionitored at room temperature
by vapid proteolysis of samples removed over a series of
timepoints, The transtormation of structure 3 to structure
4 occurred with a t),, of ~8 min (Fig. 5). [n a parallel
expertment, the lysis of fRBC treated 1 the same way was
50 % complete in ~20 min. The transformation of struc-
ture 3 to structure 4 could also be observed for wild-type
oHL, although it could not be triggered with EDTA.
Wild-type oHILL was allowed to bind to rRBC membranes
for | min at 0 °C. The membranes were washed rapidly
buffer at temperature
¢ = Umiu). Samples were removed {or proteolysis as
before. The protease-resistant species appeared with a t)
of ~12 min (Fig. 6). The lysis of rRBC treated in parallel
occurred at ~22 min under these conditions, where less
wild-type HT. is bound to the cell surface than in a stan-
dard assay due to the short initial incubation period. The
His35Asn mutant, which Iyses tRBCs extrencly slowly
(B.W.and H.B., manuscript in preparation), yielded only a
trace  of  protease-resistant  polypeptide  after 24 h
incubation with rRBC (data not shown).

and  resuspended  in room

The oligomeric prepore formed by tHL-H5 in the pres-
ence of Zn{ll) appears to be a bona fide intermediate in
the assembly of aHL-H5 (Fig. 7). Hence, Zn(ll) acts on
OHL -H5 both to prevent progression of the prepore to
the fully assembled pore (the conversion of structure 3 to
structure 4 in Fig. 7) and to block the assembled pore
(structure 4 > structure 3). Only the channel blockade is
reversed by EDTA [4]. Conversion of the prepore to the
fully assemibled pore can be the rate-decermining struc-
cural transition in vitro (Figs 5, 6). Like the fully-assembled
pare (structure 4) |2}, the prepore (structure 3) is an SDS-
resistant heptanier. It differs from the fully- assembled pore

min 1 2 A1 8 16 32
-321

—30.8
—303

Fig. 5. The nonlytic oligomer formed by sHL-H5 in the presence
of Znilli is converted to a lytic pore of altered structure upon
treatment with EDTA. oHL-H3 was allowed 10 assemble in the
presence of 100 pM Zndll) and, al t = 0 min, Ireated with 500
UM EDTA. Samples were removed over a series of timepoints, as
indicated above the gel lanes, and digested with a high concen-
Iration of proteinase K for 1 min. Protease-insensitive ol (L-H5
132.1 kDa) representing the fully-assembled pore (Fig. 1a,
structurc 4} appears with a ty , of ~8 min, whereas the protease-
sensitive fraction representing the prepore (Fig. 1a, structure 3)
decreases with time 30.8- and 30.3-kDa bandsi.
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Fig. 6. A prolease-sensitive species is a transient intermediate
during pore tormation by wild-lype aHE. Wild-type wHL was
allowed to assemble on *RBC membranes for T min at 0°C in
MBSA containing 500 uM EDTA. The membranes were recov-
ered by cenlrifugation and resuspended in buifer at room fem-
perature at L= 0 min. Over a series of timepoints, portions were
removed and digested for T min with proteinase K. The mean rel-
dtive intensity of the protease-insensitive fraction, as determined
Iy phosphorimager analysis of SDS gels from two experiments, is
plotted versus time. The extent of conversion did not ircrease
appreciably after the 64 min timepoint.

s Tack of permeability to smadl molecules, which is
probably due to the failure of the transmembrane channel
to forny. Because che central Joop lines part of ¢he lumen
ot the chanuel 48], and because protease sites at che
amino  terminus become  occluded as the prepore
becomes fully assembled., as shown here, we suggest that
the loop and the ammno terminus cooperate in the struc
tural change required tor the final step of pore assemblv. A
prepore structure with similar properties is a transient
mtermediate in the assembly of wild type oL (Fig. 6)
and  the arrest for mutant oHL
polypeptides. such as the His33Asn mutant.

point of several

Significance

The structural changes that occur when proteins
pass through or assemble into membranes remain
poorly understood. Examination of this issue is
important for understanding the biosynthesis of
secreted, compartmentalized and integral mem-
brane proteins, the actions of pore-forming
immune proteins, the fusion of viral envelopes
with target membranes and the protecin—protein
interactions on membranes that occur during cell
signaling and vesicle fusion. Many of these events
are facilitated by additional proteins. Nevertheless,
it is unlikely that the assembly of polypeptides
into membranes involves the catalyzed threading
of individual amino acids into the lipid bilayer. 1t
seems more reasonable that domains of proteins
are prefolded and then inserted into the bilayer.
Therefore, there should be much to gain by
studying modecl membrance proteins, such as
o-hemolysin (#HL), that can translocate into the
bilayer spontaneously. One method of dissecting
the assembly process, to allow the examination of
individual steps in assembly in isolation, is
demonstrated in this paper.

Chemical triggers and switches have been used
previously, for example to control the activity of
enzymes by redox reactions [21], metal cation
association and dissociation [22,23] and photo-
chemistry [24,25]. Here we show that a Zn(Il)-
modulated switch, introduced as a pentahistidine
sequence by site-directed mutagenesis, can be
used to control the assembly of the membrane
protein, ¢-hemolysin. Assembly is arrested by
Zn(Il) after the formation of an oligomeric
prepore. Upon the addition of EDTA, pote for-
mation proceeds to completion. As an example of
the utility of the technique, we demonstrate that
the trapped prepore is a heptamer. By using the

Fig. 7. Working scheme fur Lhe effect of
Znillyon the hemolysin mulant, eHL-H5.
Zndl ivellow spherest that is present on
the external tcisi side of the membrane in

the carly slages of pore fomation can
trap oHL H5 in a prepore conformation

(structure 31 by hinding to the His
residues. Removal of Znill by a chelating
agent allows the transformation of the
prepore to the fully assembled pore
tstructure 4 This transition is irreversible,
The fully assembled pore can he
reversibly blocked by the addition of
70k to cither side of the membrane.
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Zn(II)-switch, it may be possible to obtain high-
resolution structural information on the prepore
and to monitor the structural changes that occur
during conversion to the functional pore.
Further, genetically-engineered switches for trap-
ping and releasing intermediates should be gen-
erally useful for analyzing the assembly of
supramolecular structures.

Materials and methods

Conformational changes of al I on red cell membranes
examined by limited proteolysis with proteinase K

S labeled HL was prepared by inr vitro transcription and trans-
lation (IVTT) in an Lscherichia coli S30 system with [*S]methio-
nine at 1200 Ci mmol™ |7,26]. A portion of the mix (10 Jl) was
diluted into [0 mM  3-[N-morphalino|propanesultonic acid
(MOPS). pH 7.4, 150mM NaCl, [ mg ml " bovine serum
albuniin (MBSA bufter), followed by the addition of Zn sulfate
to 100 uM and washed TRBC to 3% (final volume 100 ul).
After 1 hat 20 °C, the cells were washed twice by centrifugation
in MBSA containing 100 UM Zn sulfate and then resuspended
n the same buffer (100 pl). Two portions (20 pl) were now
removed. One was digested immediately (Fig. 3, lane 2) by the
addition of water (4 ) and proteinase K (1 ul, | mg mi™".
Digestion was for 5 min at room temperature, followed by treat-
ment with 20 mM  phenylnethanesulfonyl fluoride (PMSF)
(1 Wl for 5 min at room temperature, the addition of 2x gel
loading buffer [27| and heating for 3 min at 95 “C. The other
portion was incubated for a turther 2 b and then digested (Fig.
3, Jane 1), 10.5 mM EDTA (3 pl) was added to the remaining
solution (60 ). After 1 h at room temperature, a portion (21 L)
was removed and digested by the addition of water (3 pl) and
proteinase K (1 fl, 1 mg mt™"} (Fig. 3. Tanc 3). 11 mM Zn sulfate
(2 W) was added to the remaining solution (42 ul). After a
further 1 hat room temperature, a portion (22 () was removed
and digested by the addition of water (2 pl) and proteinase K
i ul T mg ml ') (Fig.3, lane 4). The remaining solution was not
treated with proteinase K (Fig. 3. lane 6). A separate suspension
of 5 % rRBC was treated with 33S-labeled aH1. in MBSA con-
taining 600 UM Zn sulfate and 300 pM EDTA for 1 hat 20 °C.
The cells were washed twice by centrifugation in MBSA with
600 UM Zn sulfate/300 WM EDTA, resuspended in the same
buffer for 2 b at room temperature and treated with proteinase
K (Fig. 3, lane 5. Samples were subjected to electrophoresis in a
12 % SDS polyacrylamide gel [27], followed by autoradiography.
Control experiments showed that no further cleavage of the
full-length polypeptide (32.1 ka) oceurred ac higher enzyine
concentrations or after extended periods of digestion,

Timecourse of pore formation by aHL-H5 and wild-type
aHL monitored by limited proleolysis

35S labeled ol IL-115 was prepared by mixing two IVTT reac-
tions, one carried out with {38 methionine at 1200 Ci mmol™
and the other with [358]methionine at 0.8 Ci mmol™", and
allowed to assemble on rRBC membranes in MBSA containing
100 UM Zn sulfate (rotal volume of 200 ul), us described in the
section above. After | h at 20 "C,EDTA was added to 500 pM
and the sample was brought rapidly to room temperature. At
each timepoint, a portion of the reaction (19 U1 was removed
and treated with proteinase K (1 ul, 10 mg ml ') for 1 min, fol-
lowed by the addition of PMSF and loading buffer (see above).
Heated samples were subjected to electrophoresis in a 12%
SDS polyacrylamide gel [27], followed by autoradiography.

Experiments with wild-type aHL were performed by a similar
procedure with the maodifications noted in Fig. 6 (legend).

Counting the subunits in the oligomeric prepore by gel
shift electrophoresis

The mutant oHL-115/Thr292Cys contains the pentahistidine
sequence at residues 130-134 as well as a single Cys at position
292. The oHL-T15/Thr292Cys gene was prepared by cutting
and pasting the oHT1~H5 [4] and Thr292Cvs [17] genes. 10 %
rRBC were treated with #S-labeled otHI =H5/Thr292Cys (25
Lol IVTT mix) m MBSA containing 100 M Zn sulfate (250
pl total volume) for 1 h at 20 °C. The cells remained intact and
were subsequently lysed by resuspension  in 100mM
N-tris|hydroxymethyl| methyl-3 aminopropanesulfonic acid
(TADS). pH 8.3, containing 100 pM Zn sulfate. After recovery
by centritugation, the membranes were divided into portions
and treated with 20 M TAM/TASD mixtures (from stocks in
water containing a 100 mM totl of the reagents) in 0.25 M
TAPS, pH 8.5, containing 100 UM Zn sulfate). TASIY was
obtained from Molecular Probes (Eugene, OR). After 2 h at
room temperature. SDS was added to 1%, followed by one
volume of 2x loading buffer |27] and EDTA to 230 uM, The
latter improves the clectrophoretic separation. Without prior
heating, the oligomers were separated by SIDS-PAGE i a 5 %
gel according to Tacmmli [27]. with the modifications
described previously (2], and detected by autoradiography. In
the experiment shown, sulfhydryl derivatization is incomplete,
because prereduction with dithiothreitol [2} was omitted to
avoid chelation of Zn(I1). This is most apparent after the treat-
ment with 1ASD) alone (Fig. 4, lane 3). Nevertheless, the bottom
band in lane 5 comigrates with the oligomer formed after com-
plete modification of @HI-H5/Thr292Cys monomer in solu-
tion. Further, there is no scrambling of the subunits after
solubilization of the RBC membranes 1w SDS. This was
demonstrated by mixing membranes carrying oligomers modi-
fied with 1AM alone and membranes carrying IASD-modified
oligomers before solubilizaton, Immediately prior to chemical
modification, the 0HL-H5/Thr292Cys oligomers were in the
form shown as strucrure 3 in Figo la, as qudged by limited
proteolysis of the rRBC membrantes as deseribed above,
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