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T1-T1 Interactions Occur in ER Membranes while Nascent Kv Peptides Are Still
Attached to Ribosomés
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ABSTRACT: For voltage-gated K channels (Kv), it is not clear at which stage during biosynthesis in the
endoplasmic reticulum (ER) oligomerization occurs, specifically whether it can begin while nascent peptide
chains of individual subunits are still attached to ribosomes. Kv channels possess a T1-recognition domain
in the NH,-terminus, which confers subfamily specificity for intersubunit assembly and forms a tetramer.
Using pairs of cysteines engineered into the-TL interface and cross-linking methods, we show that
specific residues in the FAT1 interface of different Kv1.3 subunits come into close proximity in the ER,
both in microsomal membranes andXenopusoocytes. Furthermore, using translocation intermediates
containing pairs of engineered cysteines in the T1 interface, we demonstrate that specific residues in the
folded T1 domain interface can approach witli A of each other and form tetramers while the nascent
Kv1.3 peptides are still attached to ribosomes and have translocated across the membrane. ER membranes
are required for this interaction, and ¥T1 interactions occur inter-polysomally. Thus, folding of the T1
domain and intersubunit interaction may represent the first assembly event in channel formation.

Tetrameric voltage-gated potassium channels (Kv) origi- That is, at the earliest time that protein was detected,
nate as nascent monomeric peptides. The intervening se-heteromers were formed, as determined by co-immunopre-
quence of events holds clues to the molecular mechanismscipitation. However, the antibodies used in this study were
underlying channel formation, but unfortunately this se- directed at the C-terminus of the Kv proteins so that only
quence is not understood in detail. Conventional scenariosfully synthesized protein was detected, thereby precluding
of these events suggest the following order: first, the resolution of the protein domains involved and of the timing
monomeric protein is synthesized and integrated into the of the oligomerization steps. The authors comment, however,
membrane, followed by oligomerization to form mature “It is possible that assembly begins early in translation,
tetrameric structures, which then exit the endoplasmic perhaps via the interaction of N-terminal sequences as
reticulum (ER) and migrate to the plasma membrane. previously suggested by Li et al. (1992)". Although they
However, these processes could overlap in time or beconclude that heteromeric assembly is perhaps co-transla-
coordinated or cooperative. tional, their results only indicate that association is rapid and

The first evidence that tetrameric channels form in the ER coincident with the appearance of protein, but do not exclude
membrane came in 1992 from the work of Rosenberg and a series of rapid and nonoverlapping steps between synthesis
East (), who showed thaShakertranslated in vitro in and association.
microsomal membranes and reconstituted into bilayers  Specific tetramer (vis-ais heteromer) formation in the
produced functional channels. At about the same time, it WasER in vivo was clearly shown foBhakerKv channels by
shown that Kv channels contain an N-terminal domain that Nagaya and Papaziab)( but no temporal assignment was
is responsible for subfamily specific co-assembly of subunits made. The same group demonstrated that tetramer formation
(2). Moreover, for Kv1.1, Pfaffinger and co-workers reported in the ER requires T1, that folding of the voltage-sensor and
that subunit-subunit interactions occurred in the ER, tet- pore formation require T1, that ands subunit association
ramers were held together by noncovalent interactions, andrequires T1 (also see re® and 7), and that prefolded
subunits lacking this N-terminal domain could not homo- monomers are not required for oligomerizati@h However,
multimerize @). This N-terminal region was thought to be a  these findings do not demonstrate direct-Tl interactions
tetramerization domain and was therefore christened the “T1jn the ER. These authors place tetramerization after protein
domain” @). None of these studies addressed the questionsynthesis, glycosylation, and insertion into the membrane.
of when during biogenesis tetramer formation occurs. The This temporal assignment was not based on simultaneous
firstimplication came from the finding that Kvl.1 and Kv1.4, measurement of the time course of these events, but rather
when translated together, form heteromultimers within 15 on |ogical inference.
min of the start of translation in microsomal membran®s ( Two recent studies present evidence in support of a T1

- : tetrameric structure in the full-length, mature Kv channel in

T Supported by National Institutes of Health Grant GM 52302.

* Corresponding author: Carol Deutsch, Department of Physiology, the plasma membran®,(10). But when, in the ontogeny of

University of Pennsylvania, Philadelphia, PA 19104-6085. Phone: 215- KV channels, is this structure formed? Is it already formed
898-8014; fax: 215-573-5851; e-mail: cjd@mail.med.upenn.edu.  in the ER membrane and how early in biogenesis? For

10.1021/bi010763e CCC: $20.00 © 2001 American Chemical Society
Published on Web 08/21/2001




T1-T1 Interactions in the ER Biochemistry, Vol. 40, No. 37, 2001.0935

homooligomers, it might make sense to take advantage ofas C3-C5" in the text and figures when used BstEll-cut
the natural proximity of neighboring nascent peptide chains translocation intermediates lacking the C-terminus) contained
as they are being synthesized from nearby ribosomes on anutated C+C2 (C26S and C31S) as well as mutated-C6
polysome. To test whether Kv nascent peptides attached toC9 (C200V, C250S, C265S and C412A). pSP/Kv1.3tC1
ribosomes are close enough to interact with each other, weC27/C3—C47/C5"/ C6—C9/C10-C12" (referred to as
generated translocation intermediates that remain attachedC1/C2/C5 in the text and figures when used BstEll-cut
to ribosomes and used bifunctional cross-linkers or oxidizing translocation intermediates lacking the C-terminus) contained
agents to cross-link engineered pairs of cysteines at putativemutated C3-C4 (C49S and C50S) as well as mutated-C6
interaction sites in the folded FT1 interface of Kv1.3 C9 (C200V, C250S, C265S, and C412A). pSP/Kv1.3/C1
channels. These sites are predicted by the crystal structureC9/C10-C12" (referred to as Cys-free in the text and
of the T1 domain 11-13) and have been experimentally figures when used iBstEll-cut translocation intermediates
tested by Miller and co-workers for matusdakerchannels lacking the C-terminus) contained mutated-€15 (C26S,
expressed in oocyteS) The region crystallized is virtually  C31S, C49S, C50S, and C71S) as well as mutated @
identical to the T1 region of Kv1.3, the Kv protein used in (C200V, C250S, C265S, and C412A). Engineered cysteines
this study. were also introduced using QuikChange site-directed mu-
In this paper, we present evidence of early, close proximity tagenesis kit. pSP/Kv1.3/ ¢X10/C11-C127/ R118C/
between neighboring subunits while the nascent peptides ard?126C is referred to as R118C/D126C in the text and figures
still attached to ribosomes and have translocated across th&vhen used inKpnl-, BstEIl, or Afel-cut translocation
membrane, suggesting that tetramers can form prior to intermediates lacking the C-terminus. pSP/Kv1.3+CB™/
polypeptide exit from the ER translocation channel. Fur- C10-C127/ R116C/E130C is referred to as R116C/E130C
thermore, this proximity is specific for residues in the folded in the text and figures when usedstEll-cut translocation

T1 domain interface. Thus, folding of the T1 domain and intermediates lacking the C-terminus. pSP/Kv1.3/-CB/
intersubunit TET1 interaction may represent the first C10-C12"/ R62C/E64C is referred to as R62C/E64C in the

assembly event in channel formation. text and figures when used iBstEllcut translocation
intermediates lacking the C-terminus. pSP/Kv1.3/CE/
METHODS AND MATERIALS C6—C9"/C10-C12/R118C/D126C/Flag, pSP/Kv1.3/€1

C57/ C6—-C9Y/C10-C12/ R116C/E130C/Flag, and pSP/

Recombinant DNA TechniqueStandard methods of  Kv1.3/C1-C57/C6-C9/C10-C127/ R62C/E64C/Flag are
plasmid DNA preparation, restriction enzyme analysis, referred to as full-length R116C/D126C, R118/E130C, and
agarose gel electrophoresis, and bacterial transformation wereR62C/E64C in the text and figures. They were generated
used. All isolated fragments were purified with “Geneclean” from a pSP/Kv1.3/Flag template.
(Bio 101 Inc., La Jolla, CA), recircularized using T4 DNA | Vitro Translation.Capped cRNA was synthesized in
ligase and then used to transform Dkd%r JM 109  vyitro from linearized templates using Sp6 RNA polymerase
competent cells (Promega, Madison, WI). The nucleotide (Promega, Madison, WI). Full-length Kv1.3 linearized
sequences of all mutants were confirmed by restriction template was generated usifgcoRI enzyme digestion;
enzyme analysis or by automated cycle sequencing per-linearized templates for Kvi1.3 translocation intermediates
formed by the DNA Sequencing Facility at the School of \vere generated usirBstEll, Kpnl, or Afel enzyme digestion
Medicine on an ABI 377 Sequencer using Big dye terminator to produce NH-terminus-StS2—S3, NHx-terminus-St
chemistry (ABI). S2-S3-S4-S5, or NH-terminus-S+S2-S3-S4-S5-S6-

Plasmid ConstructsAll mutant DNAs were sequenced proximal C-terminus, respectively. Proteins were translated
in the region of the mutation. Additionally, for cysteine-free in vitro with [3S]methionine (2L/25 uL translation mixture;
and engineered R118C/D126C, R116C/E130C, and R62C/~10 uCiluL Express, Dupont/NEN Research Products,
E64C, the entire open reading frame of the gene wasBoston, MA) for 15-120 min at either 22 or 36C in the
sequenced. pSP/Kv1.3/cysteine-free was generated by steppresence of canine microsomal membranes in rabbit reticu-
wise removal of all 12 native cysteines from the pSP/Kv1.3 locyte lysate according to the Promega Protocol and Ap-
template using QuikChange site-directed mutagenesis kitplication Guide.
(Stratagene, La Jolla, CA) and the relevant sense and Sucrose Gradientdwenty-five microliters of translation
antisense oligonucleotides. This procedure also generatedroduct (containing membranes) were centrifuged through
constructs with intermediate numbers of cysteines. The a sucrose cushion (1Q0_; 0.5 M sucrose, 100 mM KCI, 5
mutations are in order from the first cysteine in the sequencemM MgCl,, 50 mM Hepes, 1 mM DTT, pH 7.5) for 5 min
(C1) to the last (C12): C26S, C31S, C49S, C50S, C71S, at 55 000 rpm at 4C. The pellet was resuspended in Hepes
C200V, C250S, C265S, C412A, C453S, C504S, and C513S.buffer (200-300 uL) containing 200 mM NacCl, 2 mM
pSP/Kv1.3/C+C5/C6—C9/C10-C12" (referred to as  EDTA, 1 mM DTT, 20 mM Hepes, pH 8:08.4, and 0.05%
C1-C5" in the text and figures when used BstEllcut dodecylmaltoside (GM), and kept on ice for 1 h. The
translocation intermediates lacking the C-terminus) containedsolution was centrifuged at 60 000 rpm for 60 min and the
mutated C6-C9 (C200V, C250S, C265S and C412A). pSP/ supernatant loaded on the top of aZD% sucrose Hepes
Kv1.3/C1-C4 /C5"/ C6—C9/C10-C12" (referred to as buffer gradient column, spun at 36 000 rpm in a SW40T
C5" in the text and figures when used iBstEll-cut rotor for 20 h at 4°C. Fractions (0.35 mL) were collected
translocation intermediates lacking the C-terminus) containedand precipitated with trichloroacetic acid and analyzed by
mutated C+C4 (C26S, C31S, C49S and C50S) as well as SDS-PAGE. The fractional migration was calibrated using
mutated C6-C9 (C200V, C250S, C265S and C412A). pSP/ molecular weight standards: carbonic anhydrase (M\29
Kv1.3/C1-C2/C3—C5"/ C6—~C9/C10-C12" (referred to kD), bovine serum albumin (MW 66 kD), fumerase (MW
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= 206 kD), and catalase (MW= 250 kD). In those (data not shown) to maximize multimer formation. The
experiments designed to detect both ribosomesBsigl- conditions used in all the experiments w&rh for translation
cut nascent peptide, translations (2€ for 2 h with at 22°C, cross-linking witho-PDM at 0.5 mM for 60 min
membranes) were quenched with either puromycin (1 mM) at 4 °C. In some cases, the translation mixture was first
or cyclohexamide (3@g/mL) and incubated for an additional  pelleted through a sucrose cushion, resuspended, and cross-
15 or 10 min, respectively, at 2Z, then diluted into buffer  linked with o-PDM. When oxidants were used, the same
containing 50 mM NaCl, 20 mM Hepes, pH 7.3, 0.05% procedure was followed, except that GSSG (2mM)OH
Ci2M, 1 mM MgCl,, 1 mM DTT, 0.1 mM phenylmethane- (0.2%), or air was mixed into the PBS solution and incubated
sulfonyl fluoride (PMSF), 1@g/mL bovine serum albumin,  at room temperature (GSSG for 60 min®4 and air for 20
incubated on ice for 30 min, and loaded onto an 11-mL min). In these cases, loading buffer did not contain any
5—30% sucrose gradient. The gradient was centrifuged for reducing agent, nor did the running buffer in the LBS
3 hat4°C at 36 000 rpm in a Beckman L-80 ultracentrifuge. NUPAGE system.
Fractions (0.5 mL) were collected, measured for absorbance Cross-linking of oocyte membrane preparations was car-
at 254 nm to detect RNA and also precipitated with ried out as follows. Oocyte membrane pellets 416
trichloroacetic acid and analyzed by LBSIUPAGE to  oocytes/reaction) were resuspended in PBS (pH 7.6) and
detect protein. rapid cross-linking was induced by treatment with 0.19@}

Gel Electrophoresis and Fluorographilectrophoresis  for 2—5 min at room temperature. The reactions were
was performed using the NUPAGE system and precast Bis-terminated by addition of 20 mM NEM.

Tris 10% or 4-12% gels. Gels were soaked in Amplify — pyromycin Experimentdo release the Kv1.3 peptide from
(Amersham Corp., Arlington Heights, IL) to enhan®  pNA, we added puromycin (Sigma Chemical Co., St. Louis,
fluorography, dried, and exposed to Kodak X-AR film at  \10) to the translation reaction at a final concentration of 1
—70°C. Typical exposure times were 380 h. Quantitation .\ and incubated the mixture for 250 min at 22°C.

of gels was carried out directly using a Molecular Dynamic Thege experiments were conducted in both the absence and
Phosphorimager (Sunnyvale, CA), which is very sensitive ,resence of microsomal membranes in the translation mixture

and detects cpm that are not necessarily visualized ingnq the subsequent analyses used ENSIPAGE gels, run
autoradiograms exposed for-180 h. Thus, some bands, at | nder both alkaline and neutral conditions.

the level of 5-10% of the protein, are not visible but are

detected by Phosphorimaging. . .

Oocyte Expression and Electrophysiolo@ocytes were ?fgggnogcﬁtgﬁd%g,lsinpiroé;r(])%)uvze(;? ﬁggggt?ﬁf:‘é?d(l%%der
isolated fromXenop_us laeis females (Xenopus I, Michigan) mM Hepes-NaOH, pH 7.6, 1 mM EDTA, 5 mM DTT, PMSF
2;:;23:5?rrf)i::ergzﬁfc!}ég)\./visﬂggglenv_;{lcF(Z(l)\l?tgﬁcc\;vdei:le 100 ug/mL) and kept at £C during all subsequent steps.
for wild-type or mutént Kvl.3 K cugrrents from cRNA(—J Following centrifugation (300§ 10—15 min), the superna-

L T . tant was collected and the pellet was vigorously resuspended
injected oocytes were measured by two-microelectrode in 100—-200uL HEDP. Centrifugation was repeated and the
:/oltage clargpmg u|_s||ngda OC(;Z_ZSCﬁooEZ)Qg Elamp (r\1/}l?1rner supernatant (206400 uL) combined with the previous
t?niglé?rfgrtﬂs Svrgré Qlacgn AenE'Iectr.()) daese(i M Q),cﬁzgir:g d supernatant. The homogenate was overlaid on a 15% sucrose
3 M KCI. The currentg Were filtered at 1 kHz. The bath cushion prepared in 100 mM Hepes-NaOH (pH 7.6) followed
Ringer sé)lution contained (in mM): 116 NacCl .2 KCI, 1.8 by centrifugation (55008 75 min at 4°C). The mgmbrane
CaCh, 2 MgCh, 5 Hepes (pH 7 6). The holdiﬁg pote'ntiél p'elllet was resuspended in PBS (pH 7.6). For immunopre-
;100 m\z/’ SR erimer%ts. in which inactivation cipitation, membrane pellets were diluted into 1 mL of buffer

‘Ii‘fas. - For experime . A (0.1 M NaCl, 0.1 M Tris (pH 8.0), 10 mM EDTA, 1%

inetics were determined, we fit the dataef0 mV using Triton X-100, and 1 mM PMSF) and incubated on ice for
the simplex algorithm (Clampfit, Axon Instruments). 1-2 h. Following centrifugation (550@) 60 min), the

For membrane protein assays, oocytes were injected W'thsupernatant was collected and mixed wit ouse IgG-
60 ng of cRNA encoding pSP/Kv1.3/ €L5/C6—C9"/ ] beads (Siama Chemical C S]!tLEL is MO) and
C10-C12/R118C/D126C/Flag along withS-methionine ~ 23370se beads (Sigma Chemical Co., St. Louis, MO) a
incubated at £C for 60 min. After centrifugation (14000g,

(20 uCi). 2—5 min), the su i i
o . : . ) , pernatant was collected and incubated with
Cross-Linking.Translation reaction was diluted (1:100) <o anti-Flag-M2-agarose beads 16 uL; Sigma

into PBS (pH 7.3, no DTT) and ortho-phenyldimaleimide Chemical Co., St. Louis, MO) at4C on a rotator overnight.
.(O'PDM’ 0.5 mM; Sigma, St. Louis, MO) added and The samples were centrifuged, the pelleted beads washed
incubated for 60 min at 4C. The mixture was quenched 3% with buffer A and twice with 0.1 M NaCl. 0.1 M Tris

with DTT (5 mM) and centrifuged through a sucrose cushion
(120 4L, 0.5 M sucrose, 100 mM KCI. 50 mM Hepes, 5 (P 8:0). and then analyzed by LBSIUPAGE gel

mM MgCl,, 1 mM DTT, pH 7.5) at 50009 for 7 min. The RESULTS

pellet was collected and solubilized in loading buffer and

run on LDS-NUPAGE gel (Bis-Tris, 412%). For samples Cross-Linking Full-Length K1.3. We created Kv1.3
generated in the absence of microsomal membranes and irclones lacking cytosolic N- and C-terminal native cysteines
the presence of puromycin or detergent, protein was pre-(see Materials and Methods) and introduced cysteine pairs
cipitated with trichloroacetic acid and then solubilized for into the intersubunit T2 T1 interface. Using these constructs,
LDS—NUPAGE analysis. To determine the optimum condi- we tested whether these pairs could be cross-linked in
tions for these cross-linking experiments, we varied the time tetrameric Kv1.3 that was translated in vitro and integrated
of translation,0-PDM concentration and incubation time into microsomal (ER, endoplasmic reticulum) membranes.

Oocyte Membrane Preparation and Coimmunoprecipita-
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Although the intersubunit distance between the side chains
of substituted cysteines need not have the same proximity
as the native residues, we assumed that a bifunctional cross-
linker might still be capable of cross-linking each pair of
engineered cysteines. The engineered full-length R118C/
D126C was translated in vitro to give protein that appears
as a broad band containing a doublet on HENJPAGE
gels (unglycosylated and core glycosylatell’)j at the
predicted molecular weight of the monomer, 58 kD. The
translation reaction was then treated with the bifunctional
cross-linker ortho-phenyldimaleimide-PDM, Sigma, St.
Louis, MO) (18). The distance between the functional
maleimide groups is~6 A. As shown in Figure 2A,
significant cross-linking was obtained such that the fraction
B. C. of protein detected as dimers and trimers/tetramers was 22
101, N prar— and 47%, respectively. These results suggest that the side
et || e chains within each pair approach each other withiA and

RBCIEI300 081 | that the T1 structure may already exist in full-length Kv1.3
06 | in the ER membrane. Could these residues be even closer
than 6 A? We therefore treated these pairs with hydrogen
peroxide (HO,, 0.2%) or oxidized glutathione (GSSG, 2
mM) and then treated the final samples with either reducing
00 { 00 {e-& (50 mM DTT) or nonreducing (no addition) loading buffer
o 1 2 3 4 5 0 5 10 15 20 25 and analyzed them by LDSNUPAGE. GSSG was included
Time (=) Fraction Migration because it is the principal redox buffer in the ER under
Ficure 1: Engineered cysteines in mutated, full-length Kv1.3 in normal physiological conditions and obviates free radical-
ER membranes. (A) Ribbon representation of two adjacent subunitsinduced misfolding and aggregatiot9j. GSSG supports

at the THT1 interface, R132/D140, R130/E144, and R76/E78 in concentrations (220 mM) without “overoxidation”, which

Kv1.1a, are depicted as spacefilling molecules and labeled as the; o o
equivalent Kv1.3 residues R118/D126 (red), R116/E130 (yellow), IS @common problem of other artificial oxidizing agents (e.g.,
and R62/E64 (green), respectively. Distances between indicatediodine, diamide). Both reagents cross-linke@0—40% of

residues are given in angstoms. The last 10 amino acids on eachpotg| full-length R118C/D126C to give dimers and multimers

subunit are omitted for clarity. (B) Function and assembly assays. ;: : : .
Xenopusoocytes were injected with cRNA for full-length R118C/ (Figure 2A). The fraction of protein detected as dimers and

D126C, R116C/E130C, and R62C/E6AC and recordings were madeCOmbined  trimers/tetramers is, respectively, 20 and 21%
24—48 h postinjection. Peak current-#60 mV was measured to  using HO, oxidation, and 21 and 15% using GSSG. These
give the current trace shown on the left. The inactivation time results suggest that the side chains of residues R118C and
constants (750, 700, and 840 ms, respectively) are similar to thosen126¢ can approach one another within 2 A. For both

of wild-type Kv1.3 6£5). (C) Fractional migration of engineered R .
Kv1.3 constructs in a sucrose gradient. Full-length R118C/D126C, ©PDM and oxidizing experiments, control constructs con-

R116C/E130C, and R62C/E64C were each translated in vitro taining only one cysteine of the engineered pair did not cross-
(Materials and Methods) and solubilized in 0.05%Ng, sedimented link to produce oligomers (data not shown, but see Figure 5
through a 5-20% sucrose gradient at°€ for 20 h at 36 K rpm. below).

Only odd-numbered fractions (0.35 mL) are shown in the figure L .
and fractional migration is plotted as cpm normalized to the  TO test whether these in vitro observations reflect N-

maximum cpm for each construct. The fractional migration was terminal proximity in the ER in vivo, we performed a similar
C&'\i/?lratezdg lf(%r)‘gb?\?i'ﬁgl;':rru"r‘r’]eggbr?qt;”(d'\?\ﬁséec%%o?&% Z"r“;é’graseexperiment usinglenopuocytes injected with full-length
gMW — 206 kD), and catalase (MW 250 kD). Predicted fractional R118C/D126C and harvested at the times indicated in Figure
migration for Kv1.3 monomer are fractions-3 and for the ~ 2B. The left panel (lanes-i4) shows a time course of
tetramer, fractions 1719. expression. The sharp band at 58 kD is full-length core
glycosylated Kv1.3, which was made in the ER and can be
Kv1.3 forms tetramers in ER membranek5,(16). The detected as earlysa3 h (also see ref20). Longer times
engineered pairs we selected were R118C/D126C, R116C/produced a higher molecular weight specieZ@ kD), which
E130C, and R62C/E64C (Figure 1A). The equivalent resi- represents further processing by other compartments after
dues of these pairs iBhakerwere also chosen by Miller  Kv1.3 exits the ERZ0). Brefeldin A (BFA, Sigma Chemical
and co-workers9) to show the existence of 8hakerT1- Co., St. Louis, MO; 5ug/mL) blocks exit of Kv1.3 from
structure in the plasma membraneX#nopusocytes. The  the ER (lane 5). The right panel shows the results gdH
intersubunit distance between native side-chains in each pairoxidation (0.1%). Virtually all of the protein is cross-linked
is within 2.5-3.2 A, as derived from crystallographic to give tetramers+232 kD; lanes 6, 8, and 9), which can
determinations of Kvl.1l&hakerand Kv1.2 (1—-13). Each be reduced with DTT (50 mM, lanes 7 and 10). Trace bands
of the Kv1.3 constructs containing engineered pairs gave are detectable at the dimer and trimer molecular weights
functional channels when expressed Xenopusoocytes (~116 and 174kD, respectively; lanes 8 and 9). Even the
(Figure 1B) and tetramers in sucrose density gradient 3-h postinjection measurement indicates DTT-reducible
measurements (Figure 1C). tetramers are present. Neither full-length R118C nor full-
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A Kv1.3 Translocation Intermediated/e have hypothesized
: that NH-termini of nascent subunits associate early in
OTT - - - + - + biogenesis, perhaps while the nascent subunits are still
HOp  _  _ &+ - attached to ribosomes. To test this hypothesis, we used the
GSSG - - - - 4 + engineered pair R118C/D126C to construct a translation
NEM - o+ _ intermediate, i.e., a truncated Kv1.3 fragment that lacks a
POM  + o+ —  _ - stop codon and remains attached to ribosomes. The fragment
w was made using the restriction enzymBstEll to create
(kD) linearized R118C/D126C/Kv1.3 DNA templates for making
200- ' «— Tetramer the in vitro transcribed cRNA. The resulting Kv1.3 segments
o Timer retained in the construct are depicted in Figure BAtEI-
116-| * | #— Dimer cut R118C/D126C/Kv1.3 was translated and solubilized in
97- either pH 8.6 (Figure 3B, lanes 1 and 2) or pH 7.0 (lanes 3
and 4) loading buffer and run on LBSNUPAGE (respec-
66- ; tively, with running buffers of pH 7.7 or 7.3) at4C for 2
w 4— Monomer h (125 V). At both pHs, the monomeric peptide band appears
as a doublet at the predicted molecular weight of 43 kD.
1 2 3 4 5 &8 The upper band is due to ER core glycosylation; the lower
one is unglycosylated Kv1.2{). Thus, this protein trans-
B. locates across the membrane. An additional band appears at

~60 kD, which, with good gel resolution, also presents as a
doublet of glycosylated and unglycosylated species. The

BFA + ot ~17-kD higher bands are consistent with them being
orr ¢ -t peptidyl-tRNA complexes, which are pH-sensitive and
HpOp + + *+ 4 F dissociate more readily at alkaline pH. This assignment is
2 . s cg ce oSy confirmed by the collapse of these higher molecular weight
€ 5 d 9 20 N bands into a single 43-kD band after incubation (60 min, 22
“ Tetramer °C) with puromycin (1 mM), which releases the peptide from
200- 200- ' the tRNA 22, 23). This band is absent in control translations
1161 ‘;g-_ in which mRNA is absent (lane 5), and this band disappears,
concomitant with an increase in the peptide band, when the
Ga_Lt:ﬁiggﬁ 8- : sample is treated with RNase (lane 7). For comparison with
5. . | Monomer the BstEll-cut Kv1.3, a full-length control R118C/D126C/
Kv1.3 construct that contains a stop codon does not have
T2 3 45 such a peptidyl-tRNA band (Figure 2A, lanes 1 and 2).
6 7 82910 Finally, almost all of the nascent peptide is attached to

Ficure 2:  Cross-linking of engineered cysteines in mutated, full- the ribosome as shown by the following two experiments.

length Kv1.3 in ER membranes. (A) In vitro, full-length R118C/ ; _ ; _
D126C was translated and incubated with either 0.5 meDM | 1ansiation ofBstEllcut R118C/D126C/Kv1.3 in the ab
(lanes 1 and 2), 0.2%4@, (lanes 3 and 4), or 2 mM GSSG (lanes S€NCce of microsomal membranes gives a product that pellets

5 and 6). Samples cross-linked withPDM were pretreated with ~ With high-speed centrifugation (700§)0of the translation
nothing (lanes 1) or with NEM (20 mM; lanes 2). Samples subjected reaction (Figure 3C, lanes 1 and 2). Under these conditions,
to oxidants were solubilized in Ioading buffer containing either no 0n|y po]ysomes will pe”et Free pep“de or free pep“dy]-

DTT (lanes 3 and 5) or 50 mM DTT (lanes 4 and 6). (B) Full- - {pNA will remain in the supernatant. The pelleted fraction

length R118C/D126C expressed Xenopusoocytes and cross- . .
linked under oxidizing conditions. Left: Time course of full-length  contains 95% of the R118C/D126C/Kv1.3 protein. In

R118C/D126C expressed Kenopusoocytes. RRL indicates in  contrast, the translation product generated in the absence of
vitro translation of full-length R118C/D126C in rabbit reticulocyte  membranes but in the presence of puromycin is mostly (60%)
lysate and microsomal membranes. Only core glycosylation occursjn the supernatant (lanes 3 and 4). To confirm BstE|-

in this case. BFA indicates that oocytes were incubated with S g
Brefeldin A (5ug/mL; lanes 5), which prevents protein exit from cut R118C/D126C/Kv1.3 nascent peptide is still attached to

the ER. Consequently, protein only exhibits core glycosylation and [1b0somes in the presence of membranes, we subjected the
not higher glycosylation. Right: Membranes were isolated and translation product to sucrose gradient centrifugation, moni-
exposed to 0.1% ¥D, as described in the Materials and Methods.  toring the fractions for absorbance at 254 nm to detect RNA
Some °°°yt|esfwere Jnlgui’aéte.d ;:r?ntiEnFL;mlely "‘gth f':'g‘.@mé-)ﬁ and for migration on LDSNUPAGE to detect nascent
::%rg;g?ngg Vgi%/hec;rrq:)eDT'lyo.r SI(? ml\(/ni DTT,( gg?nd?éatgg allrt])%veuegtr:h peptide (Figure 3D). All of ,the peptide com.igrates with RNA
lane. (both peaks occur at fractions +34) and displays a strong
peptidyl-tRNA band at~60 kDZ! In contrast, puromycin-
length D126C injected alone produced any cross-linked released peptide migrates in fractions4 (displaying no
products (data not shown). In BFA-treated oocytes, the peptidyl-tRNA band) while RNA still appears only at
expressed full-length R118C/D126C is clearly an ER-resident fractions >11. Moreover, the peptide that comigrates with
protein. Thus, in vivo in the ER, residues R118C and D126C
in neighboring subunits already approach each other within 1 This suggests that the monomer band was generated from peptidyl-

2 A, thereby supporting the validity of the in vitro microso-  {rNA by electrophoresis. If free monomer were present in the reaction
mal membrane preparation. mixture, it would have migrated at the top of the gradient.
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Ficure 3: Validation of the translocation intermediates. (A) Schematic of translocation intermediates generated by restriction enzymes
Kpnl, BstEll, andAfel. For reference, wild-type Kv1.3 is shown with its 12 native cysteines, labeledd22 in circles. R118C/D126C,
containing only two engineered cysteines (diamonds) is showKgat-, BstEll, andAfel-cut intermediates. The last amino acid in each
construct is G292, V387, and S488, respectively. The boxes represent the transmembrane segnffitéBPRelease of nascent peptide

from tRNA. R118C/D126C was translated as described in Materials and Methods, then incubated either in the absence (lanes 1 and 3) or
presence of 1 mM puromycin (lanes 2, 4), and then solubilized in either pH 8.6 or pH 7.0 (lanes 1, 2, and 3, 4, respectively) loading buffer,
and run on LDS-NUPAGE. The right panel shows the results from a control translation reaction in which mRNA is absent (lane 5) and
one containing R118C/D126C mRNA (lane 6) that was treated witlg/B\L RNase for 15 min at 37C (lane 7). The gels are-412%

gradient BisTris gels. (C) Ribosome-attached nascent pestEll-cut R118C/D126C was translated in the absence of membranes, incubated

in the absence (lanes 1 and 2) or presence (lanes 3 and 4) of 1 mM puromycin and centrifuged gt P&lt&Qrotein (P, lanes 1 and

3) was solubilized directly in loading buffer; supernatant protein (S, lanes 2 and 4) was first precipitated with trichloroacetic acid and then
dissolved in loading buffer. (D) Sucrose gradient sedimentatioBsbEI-cut R118C/D126C. Translations &stEll-cut R118C/D126C

were quenched with either puromycin (1 mM) or cyclohexamidey&@nL), solubilized in G:M, and run on a 530% sucrose gradient,

as described in Materials and Methods. The RNA concentration (right ordinate, curves) and fraction of total protein (left ordinate, bar
histogram) are plotted as a function of fractional migration in the gradient (abscissa) for puromycin (gray bars for peptide) and cyclohexamide
(filled black circles for RNA, yellow bars for peptide). The 80S ribosome peak occurs at fraction 13. This was verified by RNase-treatment
(filled red circles) and puromycin-treatment (not shown), each provides a marker for a single, 80S ribosome. The faster migrating RNA
peaks (fractions 1:622) represent polysomes. Inset: LBSUPAGE gel (10%, MOPS buffer) of sucrose gradient fractions for cyclohexamide-
guenched translation. Nascent peptide appears as a doublet at 43 kD and peptidyl-tRNA appears as a d@@bkd.at

ribosomes is glycosylated (note doublet of bands at 43 kD, translation intermediate, but also a translocation intermediate
inset), indicating that this peptide was in contact with both (24), and that 95-100% of it is still attached to the ribosome-
the ribosome and the ER membrane. It is also noteworthy tRNA complex in the absence or presence of membranes,
that polysomes (24 ribosomes per RNA) are present respectively.

(fractions 16-22), as well as single-ribosome mRNA strands

(fraction 13, 80S ribosome peakJ.aken together, the results 2 Puromycin-treatment provides a marker for 80S ribosomes. RNase

of Figure 3 suggest that translation B6tEIl-cut R118C/  cleaves the mRNA holding multiple ribosomes together, thereby
D126C/Kv1.3 generates a nascent peptide that is not only aproducing only single ribosomes.
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A. one at 90 kD, approximately twice the molecular weight of
BstEll-cut monomer, as well as bands at the molecular
NEM - - 4+ weights corresponding to trimer (130 kD) and tetramer (172
POM - o+ 4 kD). Pretreatment with NEM prevents multimer formation
MW (lane 3). Similar results were obtained (cf. lanes 2 and 4)
(kD) when cross-linking was performed in the same buffer used
200- to demonstrate that the nascent translocation intermediate
. +— tetramer —» remains attached to both ribosome and membrane (Figure
116- :: trimer :: 3D). Thus, cross-linked products are derived from peptide
97- - - Pep‘éfi’l}’n'e‘f“'“ - originally attached to a tRNA/ribosome/membrane complex.
To establish that these higher molecular weight bands
66- - e |e— peptiy-RNA —>| . reflect pure Kv1.3 multi_mers and not a cross—linke_d product
of a Kv1.3 monomer with another unrelated protein present
) in the reaction mixture, we used a mass-tagging strategy as
® -‘ <+ moromer . —>| 8 follows. In addition toBstEllcut Kv1.3, we created Kv1.3
1 2 3 y translocation intermediates of shorter and longer C-terminal
lengths usingKpnl and Afel restriction enzymes to create
linearized R118C/D126C/Kv1.3 DNA templates for making
A 2 0 the in vitro transcribed cRNA. The Kv1.3 segments retained
B E g ® in the resulting constructs are depicted in Figure 3A. The
S E E predicted molecular weights of the shorter and longer
E o & E E g peptides are 32 and 54_kD, respectively. Bands correspond_mg
to these molecular weights were observed upon translation
MW of the cRNA derived from th&pnl-cut andAfel-cut cDNA
(kD) templates (Figure 4B, lanes 1 and 3, respectively). For clarity,
200- ia . these samples were treated with RNase before loading on
the gel in order to eliminate the peptidyl-tRNA bands and
15?_— it facilitate a more accurate assessment of the shifted molecular
} dimers weight of the dimers. Also, note that each monomer appears
66- as a doublet of unglycosylated and core glycosylated peptide.
Treatment oKpnl-, BstEll, andAfel-cut Kv1.3 witho-PDM
45. i e produced cross-linked productsa68, 88, and 110 kD, as
— — } monomers well as at higher molecular weights (116, 130, 160, corre-
" sponding to trimer foKpnl-, BstEIl, andAfel-cut; 130, 180,

200, corresponding to tetramer, respectively, for each
1 2 34 5 86 construct; lanes-46). For each construct, the dimer band is
Ficure 4: Cross-linking of engineered translocation intermediates always located at a molecular weight that is twice that of
in ER membranes. (ABstEllcut R118C/D126C was translated " ot ;
(lane 1) and cross-linked with 0.5 mBtPDM (lanes 2). Pretreat- .the monomer, therehy confirming that the cross Imked. dimer
ment with NEM (20 mM, 2 h, 4°C) blocked formation of IS notaprodgct of Kv1.3 anql another, unrelated_protem.The
multimeric species (lane 3). Lane 4 shows cross-linking of latter scenario would result in a constant gel shift regardless
membrane-associated intermediates solubilized jpMC(same of the molecular weight of the Kv1.3 monomer. Two
buffer used in the experiment shown in Figure 3D). &)nl-cut ; ; ;
(lanes 1, 4)BstEllcut (lanes 2 and 5), amifelcut R118C/D126C different 'protocols were usied n thgse ex'perlments. In one,
(lanes 3 and 6) were translated and cross-linked @ABDM. For we centrifuged the translation reaction mixture to pellet the
each construct, the band corresponding to the dimer occurs at theibosome-attached membranes containing the nascent Kv1.3,
predicted dimer molecular mass, i.e., 64, 90, and 116 kIXfurl- resuspended the membranes and addB®M. In the other

cut, BstEl-cut, andAfel-cut R118C/D126C, respectively. RNase method, we took an aliquot of the translation reaction mixture
(5 ug/mL) was added to the samples after cross-linking to remove

peptidyl-tRNA bands. and diluted it, 26, 50x, or 100x, into a phosphate-buffered
saline buffer and addestPDM. In all cases, the same cross-
Cross-Linking Ribosome-Attached Intermediaé¥s. could linked multimers were detected in the same relative ratios

now address the question of whether amino-terminal interac- (data not shown), consistent with the cross-linked peptides
tions occur between independent nascent peptides on dif-originating on the same membrane vesicle and/or polysome,
ferent ribosomes. We used the same strategy as for the full-and engaged in true Kv1.3 self-association. These results
length Kv1.3 tetramers, namely, a bifunctional cross-linker confirm that we are cross-linking Kv1.3 monomers, most
to trap interacting amino-termini of neighboring Kv1.3 likely attached to polysomes. Moreover, these results suggest
translocation intermediates (Figure 48)stEll-cut R118C/ that the proximity of the N-termini and the ability to cross-
D126C/Kv1.3 was translated in the presence of membraneslink them are independent of chain length in the range of 32
(lane 1), incubated with-PDM (lane 2), quenched, and run to 54 kD of the protein. The minimum length has not yet
on LDS—-NUPAGE gels to give the results shown in Figure been determined; however, a minimum of-@D amino

4A. The monomer appears as a band at an apparent moleculaacids is necessary for the nascent peptide to emerge from
weight of 43 kD (monomer). Lane 2 shows additional bands, the ribosome Z5).
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Ficure 5: Residue specificity of PDM-cross-linking. (A) Schematic diagranBsfEll-cut translocation intermediate constructs. Native
cysteines are shown as circles; @25 indicate the native cysteines in Kv1.3, other numbers (in diamonds) indicate the position of the
native residue that has been mutated to a cysteine. The absence of native cystei@8dritlicates that they have been mutated to alanine,
valine, or serine, as stated in Materials and Methods. The last amino acid BstB#-cut constructs is V387. (Bp-PDM-mediated
cross-linking ofBstEllcut constructs. Each construct was translated in the presence of microsomal membranes and cross-linked with 0.5
mM o-PDM as described in Materials and Methods. d§DM-mediated cross-linking @stEIll-cut constructs containing a single cysteine.
R118C (lane 4), D126C (lanes 3), R116C (lane 2), E130C (lane 1) were translated and cross-linked with@PBD#WM(D) The percent

of total BstEIl-cut Kv1.3 that is monomer (gray bar), dimer (black bar), or trimer plus tetramer (white bar). Data are-r8& for those

data represented with error bars. For@5", R118C/D126C, R116C/E130C, and R62C/E64C, the number of experiments=was25,

6, and 7, respectively. For the other constructs, the data represent one experiment or the average of two experiments.

Specificity of TET1 InteractionsHaving shown that the  only the respective two cysteines (indicated by diamonds).
N-termini of Kv1.3 nascent peptides can be cross-linked in  As shown in Figure 5Bp-PDM-treatment produced strong
the ER while attached to ribosomes, we asked whether thebands at the dimer, trimer, and tetramer positions for R118C/
proximity of the N-termini is due to specific HT1 D126C and R116C/E130C (lanes 6 and 7). This was true
interactions. For a number of constructs containing different even for the similar construct, R118C/D126C/core cysteines
numbers of cysteines in different positions in the Kv1.3 C6—C9", which contains the engineered pair of cysteines
N-terminus (Figure 5A), we conducted identical cross-linking plus native C6, C7, C8, and C9 in the transmembrane
experiments. All of the constructs were made in a cysteine- segments S1S6 (data not shown). All other constructs
free background and contain only the indicated cysteines. exhibit <18% of the protein as dimer bands and only trace
Some of these constructs contain native Kv1.3 cysteinesamounts of higher molecular weight multimers. Peptides
(numbers in circles), others were engineered (numbers incontaining only the single mutation of an engineered pair
diamonds), including the three paired-cysteine mutations did not produce significant cross-linking (Figure 5C). These
shown in Figure 1A. These constructs were cross-linked, asresults were quantitated using Phosphorlmager analysis
were several control peptides containing only one of the (Figure 5D) and indicate that cross-linking either R118C/
paired residues. The engineered pairs, R118C/D126C, R116CD126C pair or R116C/E130C pair produce5% of the
E130C, and R62C/E64C, contain no native cysteines andprotein as dimers and 30% as a mixture of trimers and
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tetramers, whereas even those peptides containing three A.

cysteines (constructs €5" and C1/C2/C5) or five

cysteines (construct GAC5") produce<15% of the protein

as dimers and&7% as a mixture of trimers and tetramers. ;':;0 -t -
The Cys-free peptide produces only monomer. Although (kD)
cross-linking appears to be specific for interfacial T1 200-
residues, the corollory is not true, i.e., not all pairwise 'I <«— tetramer
residues at the T1 interface can be cross-linked, similar to 116- - g;ﬁ;ggyl_m
the observations reported by Miller and co-workes Eor o W v |e— dimer
example, R62C/E64C produces only 15% of the protein as 66-
dimers and 7% as a mixture of trimers and tetramers. To

summarize, the cross-linking observed for R118C/D126C and -1 mm Pemss [ «— monomer
R116C/E130C is specific, and these paired residues can
approach withi 6 A of each other while still attached to the

ribosome. This suggests that cross-linked residues are located B
at the interface of a folded T1 domain, rather than arising '
by cross-linking of random cysteines in an unfolded NH
terminus.

Intrinsic T1—T1 InteractionsThe propinquity of these T1

residues could be due to intrinsic interactions between the n‘;)

side chains or to ribosomes and/or membranes holding the 200-

side chains in close proximity. To distinguish these pos-

sibilities, we added puromycin to the complet@stEll-cut iy

translation reactions and cross-linked the products as previ- 6.

ously described. As shown in Figure 6A, regardless of S “8ece-

whether the peptidyl-tRNA complex is cross-linked first (lane 45-

3) or the peptide is released first (lanes 2 and 4) and then

cross-linked, the oligomeric products are the same (lanes 3 12345678

and 4). Note that the peptidyl-tRNA band@OkD) is absent  Ficure 6: Dependence of-PDM-cross-linking on the presence

when cross-linking is preceded by puromycin treatment, yet of ribosomes and membranes. (BjtEll-cut R118C/D126C was

the cross-linked bands remain (cf. lanes 3 and 4). Theselranslated, incubated in the absence (lanes 1 and 3) or presence
. - (lanes 2 and 4) of puromycin (1 mM), and then cross-linked with

results suggest that the ribosomes do not hold the N-termini_pp (1anes 2 and 4). No RNase was added to the samples, so

together, but rather that the N-terminal interaction persists the peptidyl-tRNA band is still visible in the samples without

even after the peptide is released from the ribosome. puromycin (lanes 1 and 2). (BBstEll-cut R118C/D126C was
. . . translated in the absence or presence of membranes (mm), cross-
Is it possible that the membrane holds the N-termini of |ihked in the absence or presencecsPDM (0.5 mM), or in the

nascent peptides together? To address this issue, we invesabsence or presence of GSSG (2 mM) as described for Figures 2
tigated the role of the membrane in permitting N-termini of and 4 and in the Materials and Methods.
nascent chains to come within efficient cross-linking distance
of each other. Translations and cross-linking experiments close proximity require the complete tetrameric channel
were carried out in the presence and absence of microsomastructure found at a later biogenic stage in the Kv channel
membranes (Figure 6B). The extent of cross-linking is Of the plasma membran@)@ To explore this possibility,
considerably greater in the presence of membranes (lanedVe subjected theBstEll-cut translocation intermediate to
1—4 versus lanes-58) for both the bifunctional cross-linker ~ ©xidation conditions and analyzed the results using nonre-
and an oxidant, GSSG (see below, Figure 7)). This suggestsducing LDS-NUPAGE. The three oxidizing agents were
that membrane attachment facilitates inter-ribosomal nascent®SSG, HO,, and air (no DTT present). Each of these agents
peptide interactions. was tested with respec_t to t|me_<'_ind concentration to obtain
A final experiment confirmed that neither ribosomes nor optimum, nonaggregating _cond|t|ons (data not shown). The
o o . results are presented in Figure 7; @®PDM control, done
memk_)rgnes hpld N-term!m in close prOX|m|ty. Peptlde- simultaneously is shown in Figure 4A. Each of the oxidizing
contalnm_g vesicles were isolated, suspenQed in a high Saltagents produced bands corresponding to cross-linked mul-
(0.5 M)/high EDTA (25 mM) buffer containing &M, and timers (lanes 1, 3, 5), and each was reduced with DTT to

then cross-linked. The high salt/EDTA buffer detaches no monomer (lanes 2, 4, 6), albeit GSSG was the most
ribosomes, while GM solubilizes membranes. Cross-linked  gfective under the specified conditions. These results suggest
products were detected in the supernatant only, indicating that amino acid side chains in the nascent Kv1.3 peptides,
that free peptides, formerly in a ribosome/tRNA/membrane gpecifically some residues in the FT1 intersubunit inter-
complex, remained associated in solution through-T1 face, can approach one another within@A at early stages
interactions (data not shown; see also Figure 4A, lane 4). of piogenesis in the ER.

Disulfide-Bond Formation between Engineered Cysteines. Intra- versus Interpolysomal Associatiofo investigate
Could these specific T1 residues come as close-&2& as whether these initial T1-T1 interactions are intra- or inter-
is implied by the crystallographic data for mature tetrameric polysomal, we again used the mass-tagging strati€gpl
T1 structures, while still attached to ribosomes? Or does suchandAfel translocation intermediates of R118C/D126C were

- <4— peptidyl-tANA

GSSG - -+ - - -+ -
PDM e - = A = = -

tetramer
trimer

peptidyl-tRNA
dimer

peptidyl-tRNA

E08E - - monomer

Pttt
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DT - + - & - + (lane 7). Cross-linking of the co-translation mixture gave
A - - - w s homodimers at-66 kD (homoKpnl) and 108 kD (homo-
MO _ o+ e L Afel), but additionally a relatively strong band &86 kD,
&5 o+ o+ - - consistent with heterodimer formation (hetdtpnl/Afel).
This band is not present in the cross-linked mixture of
(',f;“} independently translatd¢pnl andAfel peptides (lane 7). Our
200- "  — toramer results show that heteroqllm_ers are formed. H_eterod|mers can
— timer only come from _cross—hnklng nascent peptides that_ were
116- —  peptdyLRNA made on two different polysomes. Hence, cross-linking
-1 — dimer occurs interpolysomally, but this does not preclude intrapoly-
66- somal interactions.
[ peplidyHANA Co-translational T+T1 AssociationFinally, to investigate
45- m | — monomer whether TET1 proximity is initiated during chain elongation
of the nascent protein, we translated BstEll-cut R118C/
D126C and cross-linked it witlo-PDM at the translation

12 3 4 5 6 times indicated in Figure 9. At the earliest time that protein
FIGURE 7: BstEllcut R118C/D126C cross-linked under oxidizing could be detected (15 min) monomer and monomeric
conditions BstEll-cut R118C/D126C was translated and incubated peptidyl-tRNA were present along with a ladder of smaller
with 2 mM GSSG, 0.2% D, or air (absence of DTT), as  mgjecular weight bands, presumably due to shorter, incom-

described in Materials and Methods, and then centrifuged through . ; o
a sucrose cushion and the pellet solubilized in Ioaging buffgr pletely elongated chains (lane 1). This ladder was diminished

containing either no DTT or 50 mM DTT. but still present at 3660 min and absent by 120 min (lanes
' 2—3 and 4, respectively), suggesting that protein continued
Colransiation M to be elongated on the ribosome during this time. Visual

: '+ n detection of cross-linking on the gel was clear at 30 min

Mellug) 1 - .08 .06 04 02 002 and longer, when large amounts of protein were synthesized
Kont(ug) - 2 02 08 14 25 048 (e.g., lanes 6 and 7). All the time points were quantitated
_ _ using Phosphorimager analysis (Figure 9B). The results show

mol rti “P”‘m’ oo aEeS o2 ho1tL®@ that at 15 min BstEll-cut R118C/D126C could already be

cross-linked maximally and the fraction of monomeric 43-
kD protein cross-linked remained relatively constant during
the next 3 h adotal translation increased. Similarly, the

(kD)
200-

116-

< homo-Afe1 fraction of full-length protein cross-linked was already
97- * . .
<— hetero-Kpn1/Afel maximal as early as 15 min and constant as total translated
66- — homo-Kpn1 protein continued to increase over the next 3 h. Regardless
of whether attached intermediates or released full-length
€— ! monomer protein are used, the fraction of monomer chains cross-linked
45- was maximal at 15 min and unchanged at 3 h. These results
- & -“‘“ €— Kpn' monomer are consistent with TAT1 association occurring in an

oligomeric intermediate while the nascent chains are still
attached to the ribosome.

T 2 3 4 5 6 7

Ficure 8: Interpolysomal cross-linking. R118C/D126Kpnl-cut
andAfel-cut, were co-translated in different molar ratios of mMRNA

and cross-linked witto-PDM (lanes 3-6). The ratio ofAfel to .
Kpnl was decreased in the co-translations displayed in lans 3 Although the tetrameric crystal structure of the soluble

Each construct was also separately translated (lanes 1 and 2), mixed 1 domain has been known since 199&)(and corroborated
together, and then cross-linked (lane 7). For clarity, RNase was for several Kv proteinsi2, 13), the question remained as
added after cross-linking to eliminate complicating peptidyl-tRNA  to whether this structure existed in full-length, mature Kv

bands. Dimers are labeled “horignlI” (64 kD), “homo-Afel’ (108 ; :
KD), o *heteroKpnl/Afel’ (86 kD). Monomers appear as bands at channels in the plasma membrane. Recent evidence shows

32 and 54 kD forkpnl andAfel, respectively. The numbers at the ~ that the T1 tetramer exists in the mature, full-len§tiaker
top of each lane are the calculated amounts of mMRNA added to thechannel in the plasma membrarg {0). We now provide
translation reaction; the mol ratios were derived frognof mMRNA direct evidence that folded T1 domains and-T interac-
added, divided by the molecular weight of the construct..N'ise tions are already present in Kv1.3 tetramers in ER mem-

number of methionines iAfel andKpnl differs. TheAfel construct L
contains nine methionines, whereas il construct contains four branes. In addition, we demonstrate that folded T1 tetramers

methionines. Therefore, to compatenl andAfel intensities, the ~ ¢an form prior to polypeptide exit from the translocation
intensities ofAfel monomers and homodimers must be multiplied channel, i.e., self-association of folded T1 domains occurs
by 0.44; heterd<pnl/Afel dimers must be multiplied by 0.72 to  petween ribosome-attached nascent subunits.

compare them t&pnl homodimers. . - . . L
The amino acids involved in N-terminal self-association
translated separately (Figure 8, lanes 1 and 2) or together inappear to be specific for residues at the-T1L interface.
different molar ratios to give nascent peptides of 32 and 54 The initial contact between T1 domains may not be the same
kD, respectively. The co-translated reactions were cross-as the T+T1 interface in the crystal structure or in the
linked with o-PDM (lanes 3-6) and the separately translated mature full-length channel in the plasma membrane. None-
reactions were first mixed together and then cross-linked theless, some of the final interactions of the mature channel

DISCUSSION
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Ficure 9: Cross-linking at various translation times. B$tEllcut R118C/D126C was translated (lanesb) for the times (min) indicated

above each lane, then cross-linked (lanes 6 and 7) as described for Figure 4 and in Materials and Methods, and analyzed by LDS
NUPAGE (4-12% gels). (B) Fraction of protein cross-linked. Protein translated, peptidyl-tRNA, and fraction of monomeric 43-kD protein
cross-linked were normalized at each time point to their respective maximal values and plotted as normalized values for the indicated
translation times. Data were obtained by Phosphorlmaging the Bis-Tris gels. For comparison, similar data (normalized translated protein
and fraction of full-length protein cross-linked) from parallel samples of full-length R118C/D126C are shown. Data are the $fedn

for BstEll-cut R118C/D126C cross-linking at 15, 30, 60, and 120 mir=(3) and the meas: average deviation foBstEll-cut R118C/

D126C translated protein and peptidyl-tRNA at 15, 30, 60, and 120 mina B). The full-length data represent a single experiment.

are manifest at this early stage in biogenesis and require thalN-terminal amino acids precede the first transmembrane
the polypeptide chain fold while still bound to the ribosome. segment (S1) and appear to be exposed in the cytashl (
The membrane bilayer per se is not responsible for continuingA rendezvous of the engineered pairs from two adjacent
to hold N-termini in close proximity. Nor are the ribosomes. unfolded chains would create a bridge of 120 amino acids
Association persists even after the membrane and/or thefor R118C/D126C and R116C/E130C. Although we do not
ribosomes are removed from the complex, suggesting aknow the secondary or tertiary structure of ribosome-attached
direct, steadfast intrinsic interaction between amino acid side T1, this number of intervening amino acids provides a
chains of the T+ T1 interface. maximum total distance of-400 A if the protein were

It appears that T4 T1 interaction occurs early in Kv1.3 unfolded and maximally extended, assuming 3.4 A/amino
biogenesis, although we cannot yet conclude that intersubunitacid for an g-strand. Since these proteins are folded,
T1 tetramerization occurs while the Kv1.3 chain is being ribosome/translocon complexes are likety400 A apart and
elongated. Two recently described precedents exist in non-may even be close enough to tou@e)
channel systems for polysomal cotranslational oligomeriza- Does this T+T1 association occur on the same polysome
tion, i.e., association that occurs while the nascent chains(intrapolysomal) or between polysomes (interpolysomal)?
are being synthesized. The reovirus cell attachment proteinQur data clearly show that interpolysomal association occurs,
forms polysome-associated trimers (26), and the Rel homol-pbut do not preclude intrapolysomal association. Kv1.x
ogy domain of NF¢B1, a mammalian protein, dimerizes co- heterotetramers not only exist in mammalian br&é{35)
translationally (27). In the latter case, a dimer forms between but can also constitute the major population of Kvi1.x
the adjacent ribosomes. Both examples are cytosolic proteinschannels in specific regions of the braB¥. It is not clear
which are generated in the cytoplasm and have no apparentyhether this in vivo distribution is random or preferential
alternative way to oligomerize efficiently using a confining (possibly regulated) assembly. On the other hand, heterolo-
structure such as the ER membrane. The linking polysomegous expression (in oocytes or cultured cells) of two
is the structure that holds the nascent chains in proximity differenﬂy tagged Kv subunits of the same channel protein
and provides the initiation site for efficient oligomerization. results in a binomial distribution of channel compositions
Such mechanisms may also prevail for membrane-integrated(e.q.,36 and37) and suggests that the assembly of subunits
homooligomers such as Kv channels, perhaps facilitating is a random process. However, in these cases it is not clear
tetramer formation. at which stage of assembly the randomness occurs. We

How close do nascent N-termini of Kv1.3 get to each other previously concluded that the four subunits in any given
while attached to neighboring ribosomes? On the basis oftetramer were not translated and preferentially assembled
0o-PDM measurements, the N-termini approach each otherfrom the same polysome3§). This may only hold for
within 6 A. On the basis of multimer formation under heterologous expression, which is done, by definition, at high
oxidizing conditions, N-termini can even approach within 2 expression levels. In this case, the density of polysomes on
A. The observed fraction of protein that can be cross-linked ER membrane may be exceedingly high, and randomness
(=50% for T1-specific engineered pairs of cysteines) pre- could be at the polysome level. Hence, random (interpoly-
cludes this proximity being a rare event. Moreover, general some) versus preferential (intrapolysome) distribution may
protein mobility cannot account for cross-linking as control be dependent on the relative ratios of two different mMRNAs
constructs yield significantly lower amounts of cross-linked or on a specific regulator. Three lines of evidence favor this
oligomers (Figure 5D). In the primary Kv1.3 sequence, 180 hypothesis. First, influenza hemagglutinin trimers in double-
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infected cells are not randomly assembled into mixed trimers eses, demonstrating that T1-linked tetramers, but no higher
when expressed at low levels, in contrast to the results foundorder oligomers, form on membrane-associated ribosomes
at high expression level89, 40). Second, expression of two  prior to polypeptide exit from the translocon. The precise
different IR receptor channel isoforms in COS cells yields temporal relationship between FT1 association and inte-
both homo- and hetero-oligomers, the former being favored gration of the peptide into the bilayer awaits further elucida-
over the latter, and the lag time for synthesis of hetero- tion as some part, but not all, of the polypeptide could have
oligomers is greater than the lag time for synthesis of integrated while translation continued. Nonetheless; T1
homotetramers4(l). Third, several examples of nonrandom interaction may be the first and earliest event in channel
subunit composition or arrangement exié2{44). In some  assembly, occurring during translation and perhaps even
studies where homooligomers may be preferred over heter-before membrane integration. Whether this occurs in vivo
omers, this could be due to a higher probability of successful remains to be shown. In addition to T1 interactions, however,
oligomer formation per collision between like subunits. there must be other mechanisms for effecting tetramer

It appears that membranes facilitate initial association of formayotn, as tTl—deIeteg KVlj supumts fcan e;/el?ltually
membrane-targeted proteins, a feature that could underIie]‘:jbsrf‘(gicc;‘;‘aeI é/;\i\naaer:sr?smsrigge g?tﬁ%?é([rzte%rr;ni :ﬁic(;ai’enc
efficient ER assembly of oligomeric complexes, in general of tetramer formatidn are si nifiéantl lowez(, 53), which y
(45), and of Kv channels, in particulat ). Three scenarios . : : 9 Y ’

. - is clearly manifest in sucrose gradient measuremelfis (

may be considered to account for membrane-facilitated cross- . . i . .
L S . . and electrophysiological studie2Q). High concentrations
linking of the N-termini. First, interaction of nascent peptide ;

. ) . : of T1-deleted constructs are necessary to effect functional
with ER membrane protein translocating machinery (e.g.,

the translocon or lumenal enzymes and chaperones) ma expressionZ0, 54). This is consistent with the interpretation
: : y pero Nhat T1-T1 association precedes and facilitates intersubunit
permit T1s to orient or fold correctly and/or restrict their

L : . . ) transmembrane tetramerization, rather than the reverse
motion in three dimensions. Second, integration of some,

but not all. t b ts into the bil | dsequence of events. We suggest that early Tl interactions

I'Il: not afl, rargsmlertr)l I:ane fegtmeg S _'P 0 de |ay?r (':I'olu of ribosome-attached nascent chains kinetically expedite
ikewise serve 1o globaly restrict subunits and promote oligomerization, bringing nascent subunits into proximity,
T1 interactions. Third, the cytosolic NHerminus could

o : but T1-T1 interactions may not provide all, or even the
adsorb onto the lipid surface and thereby be restricted to themajor, stabilization energy that is responsible for tetramer-
plane of the bilayer. In each case, the consequence would, 01 in full-length Kv channels.

be to concentrate T1 domains and catalyze T1 tetrameriza-
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