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ABSTRACT: Cystic fibrosis transmembrane conductance regulator (CFTR) is a member of the ATP-binding
cassette (ABC) transport superfamily. CFTR folding and assembly appear to involve several events occurred
in the cytosol and ER. Misfolding of CFTR causes cystic fibrosis, and thus, understanding the folding
mechanism of CFTR is extremely important. Recently, detailed study of membrane insertion process
suggests that the first two transmembrane (TM) segments of CFTR have two distinct but independent
mechanisms to ensure the correct membrane folding of its amino terminal end [Lu, Y., Xiong, X., Helm,
A., Kimani, K., Bragin, A., Skach, W. R. (1998) Biol. Chem 273 568-576]. To understand how other

TM segments are ensured to insert into membranes correctly, we investigated the topogenesis of TM3
and TM4 of CFTR in a cell-free expression system. We found that the correct membrane insertion of
TM3 and TM4 of CFTR was ensured by their flanking amino acid sequences and controlled by the correct
membrane insertion of their preceding TM1 and TM2. Thus, correct membrane insertion and folding of
TM1 and TM2 play an essential role in the membrane insertion and folding of the subsequent TM segments

of CFTR.
Integral membrane proteins that have one or multiple Charge
transmembrane (TM)segments are known as bitopic and N CCN
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olytopic membrane proteins, respectively. They acquire their
polytop P P y yacq CFTR -1 +4 +5[TM3 | ELLQ [TM4 |RMMMKYRDQRAGKIS

membrane topology during or immediately after synthesis

on the rough endoplasmic reticulum (ER). For bitopic 635k 2 +4 *2 R-—K [IM4 === ————mmmmmmmm
membrane proteins, “positive inside rule” has been used to R242E -1 +2 +3 B I T S
explain the formation of topology. It was predicted that these ¥4 -1 +1 + e——— [TM4& ]--=~N=E-—————m
membrane proteins orient themselves with the most positively r2sie -1 +2 +3 R I Y )  pE—

charged end in the cytoplasri)( For polytopic membrane  pigure 1: Sequence comparison between CFTR and Pgp. Amino
proteins, it was suggested that only the charged amino acidsacid sequences flanking TM4 of Pgp and CFTR are shown in single-
flanking the first TM segment are important in determining letter code. The net charge difference—(8) across TM4 was

the overall membrane topology of the protein. The remaining calculated by subtracting the charges at the amino terminal side

. ) (N) from that of the carboxyl terminal side (C) of TM4. The dashed
™ Segrr.1en_ts simply follow the lead of the first or ). line indicates amino acid residues that are the same as in the wild-
ATP-binding cassette (ABC) membrane transporters are type CFTR.

polytopic membrane proteins that transport a wide variety

of structurally unrelated substrates. Members of this super-investigated. More than one topological folding was found

family of transporters include cystic fibrosis transmembrane with Pgp 6—9) but not with CFTR 10, 11). One of the

conductance regulator (CFTR) and P-glycoprotein (Pgp) ( variations found in Pgp topology is located in the region

5). The topological folding of both CFTR and Pgp has been including TM3 and TM4 12). Positively charged residues

in the loop between TM3 and TM4 have been shown to
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that CFTR has two independent but redundant membranewas released from CF-TM3,4R and used to replace the amino
translocation pathways to ensure correct topological folding terminal-encoding sequence in CFTR-N4R(R242E) and
for TM1 and TM2. In this study, we analyzed the biogenesis CFTR-N4R(K246N/R248E). The resulting constructs were
of TM3 and TM4 of CFTR and tested whether the charged named CF-TM3,4R(R242E) and CF-TM3,4R(K246N/R248E),
residues flanking TM segments are responsible for the respectively.

topogenesis difference between CFTR and Pgp. We found To replace TM1 and TM2 of CFTR with that of Pgp,
that the topogenesis of TM3 and TM4 of CFTR is determined CFTR-N4R(8) was linearized withXba, treated with

by their flanking amino acid sequences and is controlled by Klenow DNA polymerase supplemented with dNTP in the

the correct folding of their preceding TM1 and TM2. absence of dGTP to avoid filling at the G position, and then
digested withHindlll. The Xba—Hindlll fragment from
MATERIALS AND METHODS CFTR-N4R(8) and arEcaRI-Ncil fragment encoding TM1

and TM2 of Pgp from pGPGP-N3 (12) were ligated into a
pGEM-4z vector digested witlEcdRl and Hindlll. The
resulting construct was named P1,2CF3A4B)

Materials pGEM-4z, Taq DNA polymerase, SP6 and T7
RNA polymerases, RNasin, ribonucleotides, deoxyribonucle-
otides, RQ1 DNase, rabbit reticulocyte lysate (RRL), and .
dog pancreatic microsomal membranes were obtained from To replace the [oop between TM;; and TM4 Of CFTR V\."th
Promega. FS]Methionine and Amplify were purchased from  that of Pgp, we did two PCR reactions. In the first reaction,
DuPont/NEN and Amersham, respectivelyG(5)ppp(3)G the universal T7 primer and the specific prim&@GCACA-

cap analogue was obtained from Pharmacia Biotech. PeptideG AAGGCAGACGCGGTTAGCTTCCAGCCTC-

N-glycosidase F was purchased from Boehringer MannheimG‘A—G;—CCﬁGATT'AI‘GC(I“’_Ckc,:'3 (the unéjerlined sequen(ée
and restriction endonucleases were obtained from either€nc0des the Pgp loop linking TM3 and TM4) were used to

GIBCO-BRL or New England Biolab. All other chemicals amplify CF-TM3,4R and C_F'TM3'4R(8)' The PCR prod-_
were obtained from Sigma or Fisher Scientific. ucts were then used as primers, together with the SP6 primer

. o . . to amplify the remaining sequence of CF-TM3,4R and CF-
Mutant Construct Engineeringite-directed mutagenesis /4 AR(~8). These new constructs were named CF3PL4R

in ICFTR'N4F; (_:onstrutc_:t 1) FY?S plerIﬁrn;_edt Igggg WO and CF3PL4R(8), respectively. All constructs were se-
polymerase chain reactions (PCR). In the firs » PMIMETS ¢ 1enced to confirm the designed mutations and to eliminate

carrying mutations and a universal primer (T7 or SP6) and ossible errors aenerated durind DNA manipulation
CFTR-N4R template were used. PCR products were isolatedp : 9 - 9 . . P B
In Vitro Transcription and Translatiorin vitro transcrip-

n rimer, together with another universal primer . L : . . X
and used as a primer, togethe another universal prime tion and in vitro translation using rabbit reticulocyte lysate

(SP6 or T7), to amplify the remaining sequence in CFTR- . . :

N4R. The second PCR product was digested witial and was performed as previously describ&§l Posttranslational

Bglllland theXba —Bglll cassettes carrying mutations were tregtmlents ?jf membrane—associe:jted nascent proteins usling
_ — endoglycosidase PNGase F and proteinase K were also

then used to replace txbal ~Bglll fragment in wild-type performed as previously describet). Translation in the

CFTR-N4R DNA. Primers carrying various mutations are )
5-AATCTGGAGGTTGTTAAAGGCGTC-3 (E217R/Q- presence of glycosylation acceptor NLT (Bz-Asn-Leu-Thr,

220K), B-CATCATTTCCCCTAGCCC-3(R242E), 5CT- Linall cor:cei\ntratio_P of 0|.7t_mM) W(;is ?erformed as dtesC;:ribed
GATCTTCGTANTICATCATCAT-3 (zddnRzase) and D10 E110%, Tansaton prodts e seprated o 3
5-TCCCAGCTTCCTGATCT-3 (R251E). To make the - "' vid for 30 rr?in and treated with Amplify for 30 min
CFTR-N4R(8) and CFTR-N4R{S) mutants, two PCR "o vas finally dried and exposed to Fe)m X-ray film at
reactions were performed as described above using CFTR-_80 %C The imayes were di itip;ed using a HPyScanJet
N4R(E217R/Q220K) or wild-type CFTR-N4R as templates oo~ " dobegphotosho %10 9
and the mutant primer AGGGGAAATGATGATGGAG- p 4.0
TACGAAGATCAGGAAGCTGGGGATATCAG-3. The re- RESULTS
sulting constructs were named CFTR-N4R(E217R/Q220K),
CFTR-N4R(R242E), CFTR-N4R(K246N/R248E), CFTR-N- Previously, it has been shown that the positive charges
4R(R251E), CFTR-N4R{8), and CFTR-N4R(5). between TM3 and TM4 of Pgp is important for regulating
To remove TM1 and TM2 from CFTR-N4R, CFTR-N4R- the topogenesis of Pgp and responsible for generating more
(E217R/Q220K), CFTR-N4R{8), and CFTR-N4R(5), than one topology13). Sequence comparison shows that
PCR was performed using a primeeGAGACCATGCA- CFTR does not have positive charges in the loop between
GATGAGAATAG-3' containing Kozak translation initiation =~ TM3 and TM4 (Figure 1) which may be responsible for
codon and a primer'SCACTTTTGCCAACCAG-3 in the generating only one topology for CFTR. To test this
glycosylation reporter sequence on templates CFTR-N4R, hypothesis, two amino acids between TM3 and TM4 were
CFTR-N4R(E217R/Q220K), CFTR-N4R§), and CFTR- mutated to mimic the charge distribution in Pgp (Figure 1).
N4R(—5), respectively. The PCR products were cloned and Effects of this mutation on the topogenesis of TM4 in CF-
propagated using a TA cloning kit (Invitrogen). The cDNA TM3,4R (14) were examined in a cell-free expression system.
fragments were then released BgoR| andBglll digestion Charged amino acids at the C-terminal side (within 15 amino
and ligated into a CFTR-N4R vector containing a reporter acid range) of TM4 were also mutated to test their effect on
cDNA digested witfEcoR| andBglll. The final DNA clones ~ TM4 biogenesis (Figure 1).
were named CF-TM3,4R, CF-TM3,4R(E217R/Q220K), CF-  The mutant molecules used were CF-TM3,4R(E217R/
TM3,4R(—8), and CF-TM3,4R{5), respectively. To engi- Q220K), CF-TM3,4R(R242E), and CF-TM3,4R(K246N/
neer R242E and K246N/R248E mutations into CF-TM3,4R, R248E). All mutant molecules have a glycosylation reporter
an EcaRI-EcoNI fragment encoding TM3 and part of TM4  linked to the C-terminal side of TM4 (14) (see also Figure
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Ficure 2: Translation and membrane orientation of wild-type and FIGURE 3: Translation and membrane orientation of wild-type and
mutant CF-TM3,4R. (A and B) Schematic presentation of the linear mutant CFTR-N4R. (A and B) Schematic presentation of the linear
structure (A) and topology (B) of wild-type and mutant CF-TM3,- structure (A) and topology (B) of wild-type and mutant CFTR-
4R. Solid and open bars represent TM segments and their linking N4R. The symbols are the same as described in Figure 2. (C and
loops, respectively. The hatched bar represents the glycosylationD) In vitro translation and endoglycosidase treatment of wild-type
reporter sequence. The branched symbol indicates the potentialand mutant CFTR-N4R. Wild-type and mutant CFTR-N4R were
glycosylation sites in the reporter. (C and D) In vitro translation translated in the absence (panel C, lanes 1, 3, 5, 7, and 9) or presence
and endoglycosidase treatment of wild-type and mutant CF-TM3,- (panel C, lanes 2, 4, 6, 8, and 10) of RM. Proteins translated in the
4R. Wild-type and mutant CF-TM3,4R were translated in the presence of RM were then treated with endoglycosidase PNGase
absence (panel C, lanes 1, 3, 5, and 7) or presence (panel C, lanek (PNG) (panel D, lanes 2, 4, 6, 8, and 10). Lanes 1, 3, 5, 7, and
2, 4, 6, and 8) of RM. Proteins translated in the presence of RM 9 in panel D are control samples treated in the absence of PNGase
were then treated with endoglycosidase PNGase F (PNG) (panelF.

D, lanes 2, 4, 6, and 8). Lanes 1, 3, 5, and 7 in panel D are control

samples treated in the absence of PNGase F. protein now has a net charge difference-&8 across TM4

of CFTR (Figure 4A). Translation of CF-TM3,4R@)

2A). Glycosylation status of the reporter therefore serves asgenerated an interesting observation. As shown in Figure 4C,
an indicator for the sidedness of the reporter and thus thein comparison with a single band of 49 kDa generated in
membrane orientation of TM4. In vitro translation of wild- the absence of RM (lane 1), a doublet of proteins around 49
type and the mutant CF-TM3,4R transcripts was performed kDa were generated in the presence of RM (lane 2). The
in RRL in the absence or presence of RM. As shown in lower band (indicated by an arrowhead) of the doublet was
Figure 2C, protein products of identical size were generatedreduced to 44 kDa by endoglycosidase treatment (compare
for all CF-TM3,4R constructs in the absence and presencelanes 2 and 3). These results suggest that about 50% of
of RM. This observation suggests that no glycosylation nascent CF-TM3,4R{8) proteins inserted into membranes
occurred to the nascent proteins. This is confirmed by in an inverted orientation with the reporter located in the
endoglycosidase PNGase F treatment of the proteins generRM lumen and glycosylated (Figure 4B, models Il and I1).
ated in the presence of RM. The sizes of all protein products It is possible that inversion of TM4 orientation revealed a
were not changed by PNGase F treatment (Figure 2D).site for cleavage by an unknown mechanism in the RM
Therefore, the reporters of all mutant CF-TM3,4R proteins lumen (see Discussion). Thus, the reporter in the RM lumen
were not glycosylated and, thus, located in the cytoplasm. was modified by glycosylation and was also cleaved off from
This conclusion is confirmed by proteolysis analysis which TM4 (Figure 4B, models Il and Ill). It should be noted that
did not reveal any protected reporter from the mutant CF- both models Il and Ill are possible and cannot be differenti-
TM3,4R (data not shown). Similar results were observed with ated based on the above results.
the mutant CFTR-N4R1(Q) proteins that contain all four Proteinase K digestion of the membrane-associated nascent
TM segments (Figure 3). Thus, mutation of the positively CF-TM3,4R{8) indicates that the glycosylated proteins are
charged amino acids surrounding TM4 of CFTR does not also protected from protease digestion by the membranes
affect its membrane orientation. (Figure 4D). This observation further confirms the inversion

The above studies suggest that the biogenesis propertie®f TM4 orientation and cleavage. The remaining 50%
of CFTR TM4 are different from that of Pgp. However, molecules (upper band of the doublet) apparently have the
examination of the overall charge flanking TM4 indicates model | orientation (Figure 4B) since they are not glycosy-
that the net charge difference across TM4 of Pgp-B lated and can be removed by proteinase K digestion. To
whereas that of wild-type and mutant CFTR are all positive further differentiate the molecule with model | topology and
(Figure 1). To determine whether the net charge difference the one with cleaved and glycosylated reporter, we performed
plays any role in CFTR TM4 topogenesis, we engineered a a translation of CF-TM3,4R¢8) in the presence or absence
dramatic charge mutation into CF-TM3,4R and the new of a glycosylation acceptor peptide (NLT). As shown in
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Ficure 4: Translation and membrane orientation of CF-TM34BYand CF-TM3,4R{5). (A and B) Schematic presentation of the linear
structure (A) and topology (B) of CF-TM3,4R8) and CF-TM3,4R{5). The symbols are the same as described in Figure 2. The amino

acid sequence flanking TM4 is shown with charged amino acids indicated. Note that the reporters in model 1l and Il (panel B) are located
in the RM lumen and were modified by addition of two-oligosaccharide chains and by signal peptidase cleavage. (C) In vitro translation
and endoglycosidase treatment of CF-TM34RB). CF-TM3,4R(-8) was translated in the absence (lane 1) or presence (lane 2) of RM.
Endoglycosidase PNGase F (PNG) treatment was performed with the proteins translated in the presence of RM (lane 3). (D) Proteinase K
digestion of CF-TM3,4R{8). Membrane-associated CF-TM3,4Ry) was treated by proteinase K in the absence (lanes 1 and 2) or presence

of Triton X-100 (TX-100) (lane 3). Samples in lane 2 were further treated with endoglycosidase PNGase F (PNG). (E) In vitro translation
and endoglycosidase treatment of CF-TM3,4B). CF-TM3,4R(8) (lanes 1 and 2) and CF-TM3,4R5) (lanes 3 and 4) were translated

in the presence of RM and treated without (lanes 1 and 3) or with endoglycosidase PNGase F (PNG) (lanes 2 and 4). The asterisk and
arrowhead indicate glycosylated and deglycosylated proteins, respectively. (F) Inhibition of glycosylation by glycosylation acceptor peptide.
In vitro translation of CF-TM3,4R{8) (lanes 1 and 2) and CF-TM3,4R¥%) (lanes 3 and 4) was performed in the absence (lanes 1 and 3)

or presence (lanes 2 and 4) of glycosylation acceptor peptide NLT and membrane associated proteins were separat@tNGESDBe

asterisk and arrowhead indicate glycosylated and deglycosylated proteins, respectively. Note that2aaed %4 are from different

gels.

Figure 4F, in the presence of NLT, the 44 kDa protein was A

translated in addition to the 49-kDa protein (lane 2) whereas H:;:%%r CPPLAR
only the 49 kDa protein was produced in the absence of NLT RGWE LY RMMME Y RDOEALK

(lane 1). Thus, we conclude that the 44 kDa protein PIAY. TR it

represents the cleaved reporter that, when modified by ”:?:Wf ORSLINEL,
addition of two oligosaccharide chains, has the same mobility T

as the 49 kDa protein. B
To determine whether a less net negative charge difference simin o =3
across TM4 will have similar effect on TM4 orientation, we l I . l .

made a new construct that has a net charge difference of

—5 [CF-TM3,4R{5), Figure 4A]. As shown in Figure 4E, Befondid 1 Meaded I1 Pindel T
endoglycosidase treatment of membrane-associated nascent Ci1:23 D123 E1 23
CF-TM3,4R{5) generated only a very small fraction of -
deglycosylated proteins in comparison with that of CF-TM3,- 49 —"' -
4R(—8) (compare lanes 42 with lanes 3-4). This is H= -

confirmed by using the glycosylation acceptor peptide NLT RM- + + RM- + + PNG- + -
(compare lanes 3 with 4, Figure 4F). Thus, a net charge PNG- = + PNG- -+ TX- - +

difference of—5 cannot significantly convert the orientation  Figure 5: Translation and membrane orientation of CF3PL4R and
of TM4 of CFTR and only an extreme charge difference CF3PL4RE8). (A and B) Schematic presentation of the linear

across TM4 can reverse the orientation of TM3 and TM4 to Structure (A) and topology (B) of CF3PL4R and CF3PL4RJ.

; __EN0 . e e di The symbols are the same as described in Figure 2. (C and D) In
a maximum of~50% of the population. This is different vitro translation and endoglycosidase treatment of CF3PL4R and

from TM4 of Pgp of which a net charge difference 62  cr3p|4R¢8). CF3PL4R (C) and CF3PL4RE) (D) were trans-
forced TM4 to adopt the model 11l orientation (Figure 4B) |ated in the absence (lane 1) or presence (lane 2) of RM.

(13). Endoglycosidase PNGase F (PNG) treatment was performed with

We next examined whether the loop between TM3 and the proteins translated in the presence of RM (lane 3). (E) Proteinase

TM4 is important for the correct folding of TM4 in addition < digestion of CF3PLAR(8). Membrane-associated CF3PLAR-
- . (—8) was treated with proteinase K in the absence (lanes 1 and 2)
to the net charge difference. The loop linking TM3 and TM4 ¢ jresence of Triton X-100 (TX-100) (lane 3). Samples in lane 2

of Pgp was used to replace that in both wild-type and mutant were further treated with endoglycosidase PNGase F (PNG). The
CF-TM3,4R (Figure 2A) to generate CF3PL4R and CF3PL4R- minor band in lane 2 represents the incompletely deglycosylated
(—8), respectively (see Figure 5A). As shown in Figure 5C, fragment that still contains one oligosaccharide chain.

no glycosylation of the reporter occurred to the nascent ment. No other protein precursors were produced in the
CF3PL4R, suggesting that CF3PL4R has the orientation of absence of RM (lane 1, Figure 5D). Thus, the top band
model | (Figure 5B). However, a cleaved and glycosylated produced in the presence of RM (lane 2, Figure 5D)
reporter was observed with the nascent CF3PES}( represents the glycosylated reporter cleaved off from the
(Figure 5D). Note that there are two protein bands at the 49 same 49 kDa precursor. The glycosylated CF3PL4%)(
kDa position (lane 2, Figure 5D), and the top one (indicated peptide was also protected from proteinase K digestion
by an arrowhead) disappeared after endoglycosidase treat{Figure 5E). These results suggest that the reporter of
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A and TM2 or by simply the existence of these sequences; (see
L TMEL M TMI TMI i Discussion).
- b mmm.:mwmc ERTRDLE) . To dete_rmine whethgr the inhibition of TM4 to translocate
G i e its C-terminal reporter into the RM lumen by TM1 and TM2

e 5 is sequence sp_eciﬁc, we swapped the amino t(_arminal
N%[? P1L2CF3 AR} sequence including TM1 and TM2 of CFTR-N4Rg) with

ELLE EMMWEVEMEAGD that of Pgp (Figure 6A). The newly created molecule is
B C 123 named P1,2CF3,4R@). As shown in Figure 6E, translation
ﬂ_*. of P1,2CF3,4R{8) in the presence of RM generated a
protein of higher molecular weight than that produced in the
RM — + + absence of RM (compare lanes 1 and 2). This suggests that
PNG— — + proteins generated in the presence of RM are glycosylated.
D 1234 E 123435 However, there are three potential glycosylation sites between
— - TM1 and TM2 of Pgp and addition of8 kDa oligosac-
e Lol L 51— B . - charide means that only the sites between TM1 and TM2 of
Frac=r = P & RM=- + + + 1‘ Pgp were used (assuming that each high mannose oligosac-
— : PNG- - 4 B d0mU charide chain weighs-2.5 kDa). Partial deglycosylation
FiGURE 6: Translation and membrane orientation of CFTW4R- analysis (lanes 35, Figure 6E) confirmed that only three

(—8) and P1,2CF3,4R{8). (A and B) Schematic presentation of oligosaccharide chains were added to the nascent P1,2CF3,-
the linear structure (A) and topology (B) of CFTR-N4R§) and  4R(—8). These results indicate that the reporter of P1,2CF3,-
P1,2CF3,4R{8). The symbols are the same as described in Figure 4R(-8) is located in the cytoplasm. Therefore, we conclude

2. (C) In vitro translation and endoglycosidase treatment of CFTR- - .
N4R(—8). CFTR-N4R(8) was translated in the absence (lane 1) that the membrane folding of TM3 and TM4 of CFTR is

or presence (lane 2) of RM. Endoglycosidase PNGase F (PNG)controlled by their preceding membrane-anchorage amino
treatment was performed with proteins translated in the presenceacid sequences (TM1 and TM2) and this process is not
of RM (lane 3). (D) Separation of membrane-associated wild type sequence specific.

(WT) and mutant £8) CFTR-N4R products. Translation was

performed in the presence of RM and centrifuged to separate

membrane pellet (P) from soluble fractions (S). (E) In vitro DISCUSSION

translation and endoglycosidase treatment of P1,2CF3,8RP1,- . .
2CF3,4R(-8) was translated in the absence (lane 1) or presence CF TR folding and assembly appear to involve several

(lane 2) of RM. Endoglycosidase PNGase F (PNG) treatment was €Vents occurring in the cytosol and ER. Misfolding of CFTR
performed with proteins translated in the presence of RM (lanes causes malfunction of CFTR and thus cystic fibrosis.

3-5). Therefore, it is extremely important to understand the folding

CF3PL4R(8) was not only translocated into the RM lumen mechanism of CFTR. It has been suggested that the overall
and glycosylated, but also cleaved off from the TM domain. folding of CFTR depends on ER chaperons such as calnexin
On the basis of these observations, we conclude that the nef17). Recently, detailed analysis of membrane insertion

charge difference across TM4, not the loop linking TM3 and Process suggests that the first two TM segments of CFTR
TM4, is important for the folding of TM4. have two distinct but independent mechanisms to ensure the

To determine whether the amino terminal sequences correct membrane fOIdIng of the amino terminal end of CFTR

including TM1 and TM2 influence the folding of TM3 and  (15). TM2 has a function to direct posttranslational mem-
TM4, we engineered CFTR-N4R8) (Figure 6A). As shown brane insertion to warrant correct topology of CFTR chains
in Figure 6C, translation of CFTR-N4R@) generated a that fail to translocate via TM1. To.unders_,tand how other
protein of 63 kDa both in the absence and presence of RM TM segments were ensured to insert into membranes
(compare lanes 1 and 2). Endoglycosidase PNGase pcorrectly, we investigated the topogenesis of TM3 and TM4
treatment did not Change the size of the protein (CompareOf CFTR. We found that the correct membrane insertion of
lanes 2 and 3, Figure 6C). These results suggest that thel M3 and TM4 of CFTR is determined by their surrounding
reporter in CFTR-N4R{8) is not glycosylated and thus amino acid sequences and by the correct membrang insertion
likely located in the cytoplasm (Figure 6B). This was ©Of TM1 and TM2. Thus, correct membrane insertion and
confirmed by using proteinase K digestion that did not folding of TM1 and TM2 play an essential role in correct
generate any membrane-protected reporter fragments (datdh€mbrane insertion and folding of other TM segments in
not shown). To ensure that CFTR-N4Rg) is membrane ~ CFTR.

associated, a translation was centrifuged and membrane- Membrane insertion and folding of polytopic proteins are
associated proteins were separated from soluble fractionscomplicated processes and are not well understood. It was
As shown in Figure 6D, more than half of nascent CFTR- initially proposed that these proteins insert into membranes
N4R(—8) was found in the membrane pellet (compare lanes in a sequential proces&§). That is, each TM segment of a

3 and 4). This is similar to that of wild-type CFTR-N4R polytopic membrane protein functions as a signal-anchor or
(lanes 1 and 2, Figure 6D). Thus, mutation of amino acids stop-transfer sequence and these segments insert into mem-
surrounding the TM4 did not affect the membrane insertion branes in a sequential event. However, exceptions to this
properties of CFTR-N4R. On the basis of the above rule have been found with several polytopic membrane
observations, we conclude that the ability of TM4 to proteins (4, 19—22). For example, it was found that the
translocate its C-terminal reporter into the RM lumen is membrane insertion and folding of Pgp TM3 and TM4 did
inhibited by the amino terminal sequences including TM1 not follow the prevailing sequential insertion modép).

and TM2 (either by the correct membrane insertion of TM1 The alternative insertion resulted in the generation of a
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different folding for Pgp. Examination of individual segments signal peptidase. Further studies are clearly needed to clarify
revealed that the alternative membrane insertion and foldingthese issues. In addition, the truncation may also occur at
of Pgp were due to the charged amino acids flanking TM4 the N-terminal end and not at the C-terminal end of TM4 of
(13) and the high de novo iN-Co,: membrane insertion  CF-TM3,4R(8) with models 1l or Il (Figure 4B), thus
activity of TM4 (14). leaving the TM4 with reporter in the membrane. However,

In contrast, distribution of charged amino acids flanking this possibility is unlikely because alkaline extraction studies
TM3 and TM4 of CFTR favors the generation of the showed that the cleaved reporter fragment is not integrated
predicted topology for CFTR and that the membrane orienta- in the membrane (unpublished observation) and it is soluble
tion of TM3 and TM4 of CFTR is determined by the in the RM lumen.
membrane insertion of the preceding TM1 and TM2.
Previously, it has also been shown that the de noye-N
Cout membrane insertion activity of CFTR TM4 is not
stronger than that of CFTR TM3L4). Thus, we conclude
that the membrane insertion of TM3 and TM4 of CFTR is
different from that of Pgp. Although the membrane orienta-
tion of CFTR TM4 was altered by making the net charge
difference of—8 across TM4, this alteration was overcome
by the existence of TM1 and TM2 of CFTR. It is unknown,
however, whether the effect of TM1 and TM2 on the
membrane orientation of TM4 of CFTR is due to correct
membrane insertion or simply by the existence of these
sequences. Although we do not know whether TM1 and TM2
in CFTR-N4R(8) inserted into membranes correctly, full
glycosylation of the first loop in P1,2CF3,4R8) suggests
that TM1 and TM2 were likely inserted into membranes as
predicted. It is also possible that TM3 and TM4 in CFTR-
N4R(—8) and P1,2CF3,4R{8) were not inserted into
membranes. However, this possibility is unlikely because
both TM3 and TM4 have the ability to initiate efficiently
the membrane insertioi4; see also Figure 4 and discussion
below).

Previously, it has been thought that positive charges PfOC€sS:
flanking a TM segment played an important role in deter-  In another study on the topogenesis of human MRP
mining the orientation of the TM segment according to the (multidrug resistance-associated protein), we found that the
“positive inside” rule (). Positively charged amino acids correct membrane insertion and orientation of TM1 were
have been shown to be important for the membrane insertioncontrolled by TM2? These observations indicate that in a
and folding of both eukaryotic and prokaryotic proteif3- polytopic membrane protein the membrane insertion of each
26). Interestingly, the membrane orientation of TM3 and TM segment may not be necessarily independent of each
TM4 of CFTR was only converted partially with the changes other. Correct membrane insertion of one TM segment may
of all charged amino acids flanking TM4 [CF-TM3,4R( rely on the correct folding of the other in a polytopic protein.
8)]. That is, only about 50% of CF-TM3,4R@) adopted The detailed mechanism for this type of regulation of
an orientation to have the more positively charged domain membrane insertion for polytopic proteins remains to be
linking TM3 and TM4 located cytoplasmically. There is determined.

almost no conversion of the orientation with CF-TM3,4R-  1qgather with the previous observations, the results from
(=5). This suggests that other unknown factors in addition ;s syydy strongly suggest that alternative folding mechanism
to charged amino _amds_may also be important in determining ¢, «r,strated” internal TM segments may be involved in
the membrane orientation of CFTR TM segments. the folding of at least some polytopic membrane proteins,
It is interesting that when the orientation of TM4 in _CF- such as Pgp and bacterial leader peptidase. In the case of
TM3,4R(-8) and CF3PL4R(8) was altered by mutation  ceTR the correct membrane insertion and folding of TM1

of charged amino acids surrounding TM4, a cleavage ong M2 determine the correct membrane folding of the
occurr_ed to the nas_centglycosylated protein. The meChan'Smsubsequent TM sequences. “Frustrating” the internal TM
for this lcleavage Is_unknown, but .pp.ss[bly by _enzymes segments of CFTR by mutations will not alter their mem-
located in the RM Iumep. One pOSS|b|I|ty IS .that INVETSION ' ane insertion and folding assuming that TM1 and TM2
of TM4 rgvealed acryptic cleayagg site for signal peptidase fold correctly. Thus, correct folding of TM1 and TM2 is

Itocat_edl Itn $I\l>|/|4lurznen. tﬁxfg%?latﬂ?, Oé tthe s_eqluen(cj:e fC' essential for the biogenesis of CFTR. The results from this
erminaf to shows that &iy" at the L-terminal eénd o study imply that mutations of charged amino acids flanking
TM4 is a potential cleavage site. G# (—1 position) is a internal TM sequences (e.g., TM3 and TM4) may not be

sm_al! reS|dL!e and t_he G at —3 position is also small. responsible for the misfolding of CFTR and thus may not
This is consistent with the consensus signal-sequence cleav-

. . contribute to the cause of cystic fibrosis.
age site reported previousl27). However, we cannot rule
out the possibility that the truncation may be due to
proteolysis by enzymes in the RM lumen other than the 2Zzhang, J. T. manuscript submitted for publication.

It has also been proposed that the membrane orientation
of the first TM segment in a polytopic protein determines
the folding of its subsequent TM sequenc&s While it
seems that our observation in this study supports this
hypothesis, “frustrated” topologies have been found in many
other cases. Formation of these “frustrated” topologies was
found due to the change in positive charges surrounding
internal TM segments of polytopic proteir2 28). In these
“frustrated” topologies, internal TM segments adopt a “leave
one out” strategy in order for other TM segments to insert
into membranes properh28). Interestingly, in this study,
we found that the “frustrated” topology was not formed when
TM1 and TM2 are present even though the mutation would
have caused the “frustration” for TM3 and TM4. The effect
of TM1 and TM2 on TM3 and TM4 is not sequence specific
since replacing TM1 and TM2 with that of Pgp also
overcome the mutation-induced change on CFTR TMA4
orientation. This suggests that the membrane insertion of
CFTR TM3 and TM4 is not independent from TM1 and
TM2. Likely, TM3 and TM4 interact with TM1 and TM2
inside a translocon before or during their membrane insertion
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