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ABSTRACT. The “secretory” Na—K*—2CI~ cotransporter (NKCC1) is a member of a small gene family

with nine homologues in vertebrates. Of these, seven are known to be electroneutral chloride transporters.
These transporters play a number of important physiological roles related to salt and water homeostasis
and the control of intracellular chloride levels. Hydropathy analyses suggest that all of these transporters
have a similar transmembrane topology consisting of relatively large intracellular N and C termini and a
central hydrophobic domain containing 12 membrane-spanning segments (MSSs). In recent experiments
from our laboratory [Gerelsaikhan, T., and Turner, R. J. (2Q0@iol. Chem. 27540471-40477], we
employed arin vitro translation system to confirm that each of the putative MSSs of NKCC1 was capable

of membrane integration in a manner consistent with a 12 MSS model. Here, we extend that work to the
study of the biogenesis of NKCCL1 in intact cells. We employ a truncation mutant approach that allows
us to monitor this process quantitatively as successive MSSs are synthesized. While the results presented
here confirm the 12 MSS model, they also indicate that the integration of NKCC1 into the membrane
does not occur via a simple cotranslational process. In particular, we demonstrate that two MSSs, the
second and sixth, require the presence of downstream sequence to efficiently integrate into the membrane.

The “secretory” Na—K*—2CI~ cotransporter (NKCC1) the remaining two vertebrate homologues remains uncertain.
is widely expressed in vertebrate tissues, where it mediatesHydropathy analyses indicate that all of the vertebrate CCCs
the electroneutal transport of Nak*, and CI across cell have a similar general structure consisting of large hydro-
membranes with a coupling stoichiometry of I */2CI~ philic N and C termini (1535 and~50 kDa, respectively)

(1, 2). In secretory epithelia, NKCCL1 provides the concentra- on either side of a central hydrophobic domairbQ kDa)

tive CI~ entry step at the basolateral membrane that drives predicted to contain 12 membrane-spanning segments (MSSs).
transepithelial salt and water movements. In other cell types, Strong experimental evidence indicates that the N and C
it has been shown to be involved in volume regulation and termini of NKCC1 are intracellular (reviewed in r&p). In

the control of intracellular Cl levels. Traditional physi-  addition, sites of N-linked glycosylation have been identified
ological approaches together with knockout mouse modelsbetween the seventh and eighth putative MSSs of NKCCl1,
have demonstrated important functional roles for NKCC1 NKCC2, and NCC 13—15), demonstrating that this loop is

in epithelial CI transport, hearing, olfaction, pain perception, extracellular.

spermatogenesis, and maintenance of blood pressure and g jntegration of membrane proteins into the bilayer of

vascular toneX—11). the endoplasmic reticulum (ER) has been shown to occur
NKCC1 belongs to a small gene family with nine with the aid of a large protein complex referred to as the
homologues in vertebrate®)( Of these, seven are known translocon(16—18). The functional core of this complex is
to be electroneutral cation-chloride cotransporters (CCCs);a transmembrane aqueous channel sufficiently large to
in addition to NKCC1, these include an “absorptive”™Na  accommodate one or more MSSs. Ribosomes that are
K*—2CI" cotransporter isoform (NKCC2), a NaCl~ synthesizing membrane proteins associate with the translocon
cotransporter (NCC), and four"k-CI~ cotransporter iso-  in such a way that successive MSSs are fed into this channel,
forms (KCC1, KCC2, KCC3, and KCC4). The function of where they are recognized and ultimately transferred laterally
into the lipid bilayer in their proper transmembrane orienta-
" This research was supported by the Intramural Research Programfion (16—19). In the simplest case, each MSS of a polytopic
of the NIH, National Institute of Dental and Craniofacial Research. membrane protein is sequentially recognized, oriented, and
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CI- cotransporter. II) signal anchor sequenc& he amino acids in the nascent
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chain that follow this signal anchor sequence are then ug/mL each of penicillin and streptomycin (all from Bio-
extruded through the translocon into the interior of the ER fluids), and 10% heat-inactivated fetal bovine serum (Gib-
as they are synthesized. This translocation process iscoBRL). Cells were grown in 10 cm plastic dishes in a
subsequently stopped by the appearance of a second MS®umidified incubator at 37C and 5% CQ@and subcultured
that acts as atop transfer sequend® associating with and  every 2-3 days. Subconfluent(80%) HEK-293T mono-
being retained by the translocon complex in the opposite layers were transiently transfected overnight24@ h) with
orientation (N.m/Ceyy) to that of the preceding signal anchor. the expression vectors indicated using Polyfect (Qiagen)
The amino acids in the nascent chain that follow this stop according to the instructions of the manufacturer.
transfer sequence will then remain on the cytosolic side of Preparation of Particulate and Membrane Fractions from
the membrane until the appearance of a new signal anchorHEK-293T Cells Particulate and membrane fractions from
sequence and so on. transiently transfected HEK-293T cells were obtained as
Although the simple process of cotranslational integration previously described2@). Briefly, cells were washed in
described above can account for the membrane integrationphosphate-buffered saline (PBS) and then homogenized in
of many polytopic membrane proteins, significantly more ice-cold TEEA buffer consisting of 20 mM Tris-HCl at pH
complex scenarios have been well-documented. In particular,8.0, 1 mM ethylenediaminetetraacetic acid (EDTA), 3 mM
it has been shown that the orientation and/or integration of ethylene glycol bis(2-aminoethyl ethe)N,N',N'-tetraacetic
a potential MSS can be influenced by neighboring MSSs or acid (EGTA), 300uM AEBSF (ICN), 10uM leupeptin, 10
by the structure or charge of its flanking regiod§<19). uM pepstatin A, and 2.ag/mL aprotinin (all from Roche).
It is also thought that multiple MSSs can occupy the This material was centrifuged at 109fbr 10 min, and the
translocon channel simultaneously, where they can interactsupernate was saved. The pellet was resuspended in TEEA
with one another and orient according to topogenic signals buffer, rehomogenized, and centrifuged as before. The
encoded into the MSSs themselves or their flanking se- combined supernates from these two homogenization steps
quences. In some cases, multiple MSSs may also exit thewere centrifuged at 10009Cor 30 min, and the resulting
translocon into the bilayeen bloc(20). “particulate fraction” was resuspended in TEEA buffer, snap-
In a recent publication from our laboratori2), we frozen,'and stored_ above liquid nitrogen (the prot_ein con-
employed aiin vitro translation system to assay for the signal Céntration was typically 510 mg/mL, measured using the
anchor and stop transfer activities of the 12 putative MSSs Bio-Rad protein assay kit with bovine IgG as the standard).
of NKCC1. These experiments yielded results consistent with ~ 1he “membrane fraction” was prepared from the above
a 12 MSS model. In the present paper, we extend theseParticulate fraction by an alkaline floatation step as follows.
studies using a truncation mutant approach that allows us toAN aliquot of the particulate fraction containing-5000.9
quantitatively monitor the biogenesis of NKCC1 in intact ©f protein was diluted to 2l with water, and 2%l of
mammalian cellsZ1, 22). While the results presented here 200 MM NaCQ; (pH 12.0) was added. This mixture was
confirm the 12 MSS model, they also indicate that the incubated on ice for 30 min and then mixed with 40 of
integration of NKCC1 into the membrane does not occur 2-5 M sucrose in 100 mM N&0;. Next, S0uL of 1.25 M

via a simple cotranslational process. sucrose and 50L of 0.25 M sucrose, both containing 0.2
mM EDTA and 10 mM Tris-HCI (pH 8.0), were overlaid
MATERIALS AND METHODS on the alkaline mixture, and the tube was centrifuged at

10000@ for 60 min in a Beckman TL100 ultracentrifuge

DNA ConstructsSegments of the rat NKCC1 sequence equipped with a TLA100.3 rotor. The 0.25 and 1.25 M
were cloned into the mammalian expression vector pPEGFP-sucrose layers and the interface between the 1.25 M sucrose
B, whose construction has been described previoddly. ( layer and the alkaline mixture were recovered as the
This vector drives the expression of a fusion protein membrane fraction.
consisting of the enhanced green-fluorescent protein (EGFP), Deglycosylation of the Membrane Fractioliquots of
followed by Bgl Il and Hind IlI restriction sites for the  the above membrane fraction were treated with the peptide
insertion of an additional sequence, and then a C-terminalN-glycosidase F (PNGase F; New England Biolabs) as
glycosylation tag. The segments of NKCC1 indicated in the follows. A 10 uL aliquot of the membrane fraction was
text and/or the captions in the figures were amplified by diluted to 20uL in 50 mM sodium phosphate (pH 7.5), 0.5%
polymerase chain reaction (PCR) and cloned directly into sodium dodecyl sulfate (SDS), and 184mercaptoethanol
PEGFPg by standard methods. The rat parotid NKC@E)(  (final concentrations) and incubated at room temperature for
was used as a template for the PCR reactions. The PCR10 min. Next, 2.22:L of 10% NP-40 and L (1000 units)
primers, incorporating '5and 3 Bgl Il and Hind III sites, of PNGase F were added, and this mixture was incubated at
respectively, were designed essentially as reported in previ-37 °C for 2 h. In control samples, PNGase F was substituted
ous studies from our laborator21). In all fusion protein by its storage buffer (20 mM Tris-HCI at pH 7.5, 50 mM
constructs, the amino acids SerAspLeu and GlySerPhe, codedNaCl, 5 mM NaEDTA, and 50% glycerol).
(in part) by Bgl Il and Hind IlI, respectively, flanked the Western Blotting and AnalysiSDS—polyacrylamide gel
NKCC1 inserts in pEGFB- All NKCCL1 inserts began at  electrophoresis (PAGE) was carried out or20% Tris/
D261. All PCR products were sequenced to confirm that they glycine Ready Gels (Bio-Rad) using a sample buffer contain-
were correct. ing 0.5% SDS. Western blotting using rabbit anti-GFP

Growth and Transient Transfection of HEK-293T Cells. polyclonal antibody (Molecular Probes) was carried out as
HEK-293T cells obtained from American Type Culture previously described2(l). Samples were not boiled before
Collection (ATCC) were cultured in Dulbecco’s modified SDS-PAGE because previous results indicated that this
Essential medium supplemented with 2 mM glutamine, 100 antibody is mainly directed against nondenatured EGFP. For
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..., m11) exhibited signal anchor activity and all even-

A numbered segments (m2, m4, ..., m12) exhibited stop transfer
E , activity. However, these experiments were limited in that
2 (i) they were difficult to quantitate; therefore, we were unable
£ to confidently determine how strongly the individual seg-
§ ments actually integrated into the microsomal membrane,
5 -2 and (ii) in our hands, it was not possible to obtain efficient
. expression and membrane integration of constructs containing
200 w00 00 200 more than two putative MSSs, making it impossible to study
AMINO ACID RESIDUE potential effects of a more distant sequence or, more
B generally, NKCC1 biogenesis.
_____ DAVVIYTARS KGVVKEGHIK In this paper, we have used a truncation mutant approach,
281  GVLVRCMLNI wcvn:lx.lrmx.s WIVGQAGIGL svaA:::z'rv VITITGLSTS AIATNGFVRE GGAYYLISRS recenﬂy deve|0ped in our |aborator210, to exp|ore the
1 samrciils LATMAA vYGie TVELINESS SuDRDE SIGMINL LAt topology and biogenesis of NKCC1 in intact cells. This
B L S e method circumvents the above limitations because results
191 CLEASNYISS DLEDFQSATE KCTLUMLLIE TPXICIRNS MRSCVVRDAT (TIDIITIE MMCTSmcK can be easily quantitated and very long constructs incorporat-
561 I.tIFDFSYCES NTCSYG:‘MN'N FQVMSMVSGE APLIfAGIFSmAETLSSALASL VSI:PKIFQAL CKDNIYPAFQ |ng mu|t|p|e MSSS Can be Stud|ed |n addltlon' |t has the
e mo ™™™ added advantage of utilizing living cells where all of the
T e mz membrane integration machinery is necessarily completely

Ficure 1. Hydropathy plot, amino acid sequence, and predicted intact. In this approach, portions of the NKCC1 sequence
Eg)sgiogs of tll\w/lsslstip ”:ﬁ cent:allhhyc(ijropr;]o%i_c goma_in O]f NN}|<<CC::(§:11 beginning at D261 and containing one or more putative MSSs
ropal ot for the central hydrophobic domain o , : : . :

pIotte%I acF():ord)i/npg to Kyte and Dooli){tleé; using a 19 amino acid were ligated |ntq the mammalian expression vector pEBFP-
window. The dashed iine indicates an average hydropathy of 1.6/ (S€€ the Materials and Methods) between EGFP and the
residue, the value suggested by Kyte and Doolittle as the thresholdextracellular tail (177 amino acids) of thfesubunit of the

for membrane insertion. Predictions of the NKCC1 topology rabbit gastric H,K-ATPase, a glycosylation tag. This latter
obtained using a number of other methods developed over the pastsequence contains five consensus sites for N-linked glyco-

decade are given in reff2. (B) Approximatepositions of the 12 . . . . .
putative MSSs of NKCC1 are indicated. The amino acids marked SY/ation @4); when translocated into the interior of the ER,

with asterisks indicate the truncation points of the NKCC1 inserts this tag acquires~14 kDa of apparent molecular weight
in pPEGFP# described in the paper. because of glycosylatiornl®, 21, 22), an increase that is

easily detected on SBSPAGE. The use of this glycosylation
) ) _ ~tag in membrane protein topology and biogenesis studies is
Western blots using a monoclonal antibody directed againstjoy well-established1@, 21, 22, 24—26).
the # subunit of the gastric H,K-ATPase (Research Diag-  EGFP in these constructs provides a convenient marker
nostics), samples were boiled for 3 min before SIPAGE. for fusion protein detection on Western blots. In addition,
For these blots, all incubations were carried out in TBST ihis N-terminal EGFP moiety is expected to act as a
(100 mM Tris-HCI at pH 7.4 containing 0.9% NaCl and  «cytosolic anchor” that constrains the N-terminal end of the
0.05% Tween 20). Blocking was carried out in TBST plus ysjon protein to remain in the cytosol. This is because the
1% bovine serum albumin (BSA) as was the incubation with gynthesis and folding of EGFP into a stable compact structure
the primary (overnight at 1:2000 dilution) and secondary precedes the appearance of the MSSs of the fusion protein
(horseradish-peroxidase-conjugated rabbit anti-mouse 19G akrom the ribosome, and the stably folded EGFP structure is
1:5000 dilution) antibodies. For all Western blots, detection 54 large to enter the translocon channel and pass into the
was carried out using the ECL kit from Amersham and | men of the ER 27, 28). In this way, EGFP mimics the N
quantitation was done using Imagequant software (Molecular taminus of NKCCL. It is worth mentioning that in our initial
Dynamics). Quantitative results shown are meargandard  experiments we attempted to include the complete N terminus
error (SE) for three or more independent experiments. of NKCC1 in our constructs instead of EGFP, but these
RESULTS AND DISCUSSION tr.uncated proteins_exhibited widely varying Igvels of expres-
sion and degradation (data not shown), making data analysis
Rationale and Approachn Figure 1, we show a classical difficult. We typically do not observe these undesirable
hydropathy plot (A) and the amino acid sequence (B) of the effects with our EGFP fusion proteins. Because EGFP is
central hydrophobic domain of rat NKCCL1. The approximate known to be a very stable molecule that is well-tolerated by
positions of the 12 (putative) MSSs, labeled m1, m2, ..., m12, mammalian cells, we speculate that some of this stability
are indicated in both A and B. As already mentioned, there may be inherited by EGFP fusion proteins as well; however,
is very strong evidence that the N and C termini of NKCC1 it is also possible that there are sequences within the N
(i.e., the sequence upstream of m1 and downstream of m12)erminus of NKCC1 that target truncated transporters for
are intracellular and it has been shown that the native sitesdestruction. We have not explored these possibilities further.
of N-linked glycosylation on this protein are located in the ~ Membrane Integration of m1, m2, m3, and retFigure
hydrophilic loop between m7 and m8 (specifically N544 and/ 2, we show the results of a series of experiments where
or N553), so that this loop is extracellular. In our previous portions of the NKCC1 sequence including m1 (V303), m1
studies (2), we established that each of the putative MSSs, and m2 (1362), mtm3 (F378), and mtm4 (G418) were
ml1l-m12, exhibited the ability to insert into isolated mi- expressed as EGHRsubunit fusion proteins in HEK-293T
crosomesn zitro in @ manner consistent with a 12 MSS cells (note that the constructs V303, F378, and G418 end
model, namely, that all odd-numbered segments (m1, m3,near the C-terminal ends of m1, m3, and m4, respectively,
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A black dot at the C-terminal end of m1 indicates the end of
e e e e the NKCC1 sequence (at V303), and the Ns represent
60 - e ! — ' glycosylation sites on the glycosylation tag as it passes
— -t = through the translocon toward the luminal space. In this
42 - representation, the glycosylation tag is still being synthesized
3() L by the ribosome and thus is still attached to it. Note that the
translocon, translocon channel, and ml (assumed to be
V303 1362 F378 G418 a-helical) have been drawn approximately to scale (diameters
87+3% 2245% 93+1% 1943% of ~10, ~5, and~1 nm, respectively), while the ribosome
is drawn at~1/10 scale (actual diameter 625 nm); in
subsequent diagrams of this type, a depiction of the trans-
B fransiocon locon has been omitted for simplicity.

—— — W— —

channel
translocon / Returning to Figure 2A, we see that the mutant truncated
L

j at 1362 is only weakly glycosylated-20%), indicating that
its C-terminal end is cytosolic and, thus, that there is a stop

1 A _. transfer sequence following m1 in this construct, presumably

N the hydrophobic region m2 (Figure 1). The mutants truncated

/ oyt near the ends of m3 (F378) and m4 (G418) are highly
ribosome

lum

glycosylated £90%) and weakly glycosylated~Q0%),
respectively, indicating that m3 acts as a signal anchor
sequence and m4 acts as a stop transfer sequence in these
constructs.
C When the results illustrated in Figure 2A are taken together
with the hydropathy profile shown in Figure 1A, they suggest
that regions mtm4 of NKCCL1 integrate into the membrane
as illustrated in Figure 2C. In additional experiments,
however, we have found that the biogenesis and possibly
the structure of the region incorporating m2 and the sequence
between m2 and m3 involves more than simple cotransla-
FIGURE 2: Membrane integration of mim4 of NKCC1. (A) tional i_ntegration. These experiments are iIIustr_ated in Figure
Typical Western blots of membrane fractions prepared from HEK- 3- In Figure 3A, we illustrate the results of experiments where
293T cells transfected with the truncation mutants indicated. the NKCC1 sequence inserted into pEGFRras truncated
Membranes were treated witH-] or without (—) PNGase F and at a series of points, one at the end of m2 (L327) and others
e e s B For o B derey o several places n he loop between m2 and ms3 (6340
the glycosylated band expressed as a percentz'ige of the ytotal|347’ aﬂd G3.57)' The construct truncated at the .enq of m2
recombinant protein (glycosylated band plus unglycosylated band) (L327) is relatively strongly glycosylated-0%), indicating
is indicated below the blot. (B) Schematic representation of m1 that m2by itselfdoes not have sufficient stop transfer activity
within the translocon channel during the synthesis of the recom- to be integrated efficiently into the ER membrane. The blots
binant protein V303. See the text for details. (C) Schematic oy G340, 1347, and G357 are complicated by the appearance
;gf;ez?snctgggigr?'f the topology of min4 of NKCC1. See the text ¢ 5 |0 \yer molecular-weight band migrating &80 kDa
(indicated by an arrow in Figure 3A). Because these bands
are recognized by the anti-GFP antibody, they presumably
while 1362 includes the loop between m2 and m3; the represent proteolytic products containing the N-terminal ends
significance of designing 1362 in this way will be made clear of the respective fusion proteins.
shortly). In each of the panels in Figure 2A, we show the  To determine the percent glycosylation of the truncation
results of a typical experiment where the membrane fraction mutants G340, 1347, and G357 and thereby their conforma-
from HEK-293T cells, transiently transfected with the tion in the membrane, we must know whether the 30 kDa
truncation mutant indicated, was treated with) or without proteolytic products are derived from glycosylated or ung-
(=) PNGase F (see the Materials and Methods). Theselycosylated fusion proteins. To answer this question, we
membrane fractions were run on SBBAGE and probed  probed blots of these same membrane fractions with an
by Western blotting with an antibody against EGFP to antibody directed against the fragment of theubunit of
determine the extent of glycosylation of tfiesubunit and the gastric ATPase used as our glycosylation tag (see the
thus its location inside or outside the ER lumen. The Materials and Methods) to see if we could detect the opposite
percentage of glycosylated recombinant protein is indicated (C-terminal) ends of these cleaved recombinant proteins. In
below each panel. The mutant truncated near the end of m1Figure 3B, we demonstrate that in membranes from HEK293T
(V303) is highly glycosylated+90%), indicating that the  cells transfected with the construct L327 this antibody
glycosylation tag has been translocated into the lumen of recognizes the full-length glycosylated and unglycosylated
the ER and, thus, that m1 is recognized by the transloconforms of this recombinant protein as does the antibody
channel as a signal anchor sequence and integrated into théirected against EGFP (left panel of Figure 3A). However,
ER membrane in a §}/Cum Orientation. Figure 2B shows a  in cells transfected with G357, th#subunit antibody not
schematic representation of m1 within the translocon channelonly detects the full-length G357 construct but also bands
during the synthesis of the recombinant protein V303. The migrating at~46 and~34 kDa in samples not treateet)

lipid
bilayer
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A effects are beyond the scope of the present paper, and we
= £ &= k = £ = ¥ have not examined these issues further.
60 - - - — ’ When the results of Figure 3 are combined with those
e s ame GED e=e @D oun aED obtained with 1362 (Figure 2A), we conclude that m2 does
42 - ' not integrate efficiently into the membrane until after the
synthesis of the loop between m2 and m3. In this regard, it
0- S S - — has been well-documented that flanking downstream se-
L327 G340 1347 G357 quence can play a significant role in constraining hydropho-
70+2%  73+5% B1£2%  71%£3%

bic regions to integrate into the membrardg<19). This
can, for example, be the result of the presence of charged
amino acids or secondary structure in the flanking region

does contain several charged amino acids (R339, R349, and
30 - o E354); however, these residues by themselves do not seem
' to play an important part in the behavior of m2 because they
L327 G357 are all included in the construct G357 in which m2 is still
FicURe 3: Behavior of constructs truncated in the loop between annarently not efficiently integrated into the membrane

m2 and m3. (A) Typical Western blots of membrane fractions . :
prepared from HEK-293T cells transfected with the truncation (Figure 3A). The loop between m2 and m3 is one of the

mutants indicated. Experimental procedures and analysis were agnost well-conserved regions in the NKC(;l gene fam"y: and
described for Figure 2A. In the analysis of percent glycosyla- several groups have demonstrated that it plays an important
tion, the~30 kDa proteolytic product (arrow) was assumed to be role in determining ion-transport affinitie®9, 30). It has

the component of the glycosylated band (see the text for an paen speculate®() that this region forms a part of a pore-

explanation). (B) Western blots of membrane fractions prepared ..~ . - o L
from HEK-293T cells transfected with the truncation mutants K€ ion-binding pocket within the membrane similar to that

indicated and probed with an antibody recognizing the C-terminal 0bserved in a number of ion channels. Our results do not
glycosylation tag (see the Materials and Methods for details). Note address the conformation of this loop; however, they do

that the apparent molecular weights of the full-length glycosylated indicate an important role of this well-conserved region in
and unglycosylated fusion proteins are higher when probed in the NKCC1 structure and biogenesis.

denatured (boiled) samples in this panel than in nondenatured .
(unboiled) s(ample)s probed with the ant-GFP anibody in A. The Membrane Integration of m5, m6, m7, and e data
use of boiled versus unboiled samples was necessary, owing to theshown in parts A and B of Figure 4 illustrate the results of
specificity of the respective antibodies (see the Materials and a series of experiments where the NKCCL1 insert in pEGFP-
Methods). was truncated after m5 (T444), at two points after mé6 (G495
i ) and G512), at two points after m7 (G532 and S556), and at
and treated £) with PNGase F, respectively (both bands hree points after m8 (S612, F632, and 1647). The mutant
are indicated by ast_erisks in Figure 38). These bar_mds, like truncated after m5 (T444) is highly glycosylated80%),
the 30 kDa proteolytic product recognized by the anti-EGFP jngicating that m5 is recognized by the translocon as a signal
antibody, are not seen in blots of membranes from cells anchor sequence downstream of m4 and integrated into the
transfected with L327 (Figure 3B). We conclude therefore ER membrane in a WCim orientation in this construct.
that the~46 and~34 kDa bands detected by tfiesubunit  However, both the mutant truncated immediately after mé
antibOdy in all likelihood represent the C-terminal end of (G495) and the one truncated at the end of the |00p between
the proteolytically cleaved G357 fusion proteins. Because me and m7 (G512) are also relatively highly glycosylated,
the unglycosylated-34 kDa band is undetectable without indicating that m6 does not have sufficient stop transfer
PNGase treatment (right panel of Figure 3B), we also activity to integrate efficiently into the membrane in these
conclude that most of the 30 kDa proteolytic products fusion proteins. In contrast, both of the mutants truncated
observed in Figure 3A are derived fragtycosylatedusion after m7 (G532 and S556) are only weakly glycosylated
proteins. Accordingly, in the calculations of percent glyco- (~30%). These data suggest that the dominant topology of
sylated recombinant protein indicated below each panel in the fusion proteins truncated after m7 is the one illustrated
Figure 3A, we have treated the-30 kDa band as a in Figure 4D, where m6 is left out of the membrane on the
component of the glycosylated band. We speculate that theluminal side of the ER and m7 has a,MCy (Stop transfer)
cleavage of the fusion proteins G340, 1347, and G357 orientation, opposite to its proposed orientation in the final
documented in Figure 3 may be due to luminal signal folded protein.
peptidase. Interestingly, the extent to which these recombi- When the NKCC1 sequence in pEGPBRs truncated at
nant proteins are cleaved is highly dependent upon the lengthS612 immediately after m8, the corresponding fusion protein
of the NKCC1 sequence following m2. For example, there is highly glycosylated{70%), indicating that m8 by itself
is a clear difference between the amount of cleaved productacts as a signal anchor sequence downstream of m7.
observed with the constructs G340 and 1347 (Figure 3A), However, as the insert in pEGHPis extended to include
which only differ by seven amino acids of NKCC1 sequence. more of the loop between m8 and m9 (F632 and 1647), the
There is also a significant proteolytic cleavage of G357 glycosylation of the fusion protein is reduced t630%,
(Figure 3A) and little if any cleavage of 1362 (Figure 2A), indicating that in these latter two constructs this loop is
which is only five amino acids longer. Additional experi- predominantly located on the cytoplasmic side of the ER.
ments to examine the significance and specificity of these Thus, the loop between m8 and m9, like the loop between

B - + - +
P that makes it impossible for this sequence to pass through
60 - _ . the translocon pore, thereby anchoring it on the cytosolic
4 - . side of the membrane. In fact, the loop between m2 and m3
—
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Ficure 5: Membrane integration of mom12 of NKCCL1. (A)
Percent glycosylated recombinant protein for the constructs indi-
cated was calculated as described in the caption of Figure 2. (B)
Typical Western blots of membrane fractions prepared from HEK-
293T cells transfected with the truncation mutants analyzed in A.
Membranes were treated with-) or without (—) PNGase F as
indicated.

“unprocessed” membranes prepared from cells transfected
with F632 in Figure 4C (arrow). For reasons that are unclear
to us, the “processing” of the membrane fraction for
deglycosylation (see the Materials and Methods), whether
actually treated with PNGase F or not, results in a broadening
of the bands that we observe on Western blots. This, together
FiGURe 4: Membrane integration of m&m8 of NKCCL. (A) with the fact Fhat the incrgase in apparent molecula_r weight
Percent glycosylated recombinant protein for the constructs indi- associated with glycosylation of the native glycosylation sites
cated was calculated as described in the caption of Figure 2. (B)is small, makes this phenomenon difficult to discern on the
TypiC&' Western blots of_membrane fractions prepared fror_n HEK- typ|ca| Western blots of processed membranes that we
293T cells transfected with some of the truncation mutants included present here (e.g., for 1647 in Figure 4B).

in A. Membranes were treated with-J or without (=) PNGase F onl loaical f 6 and m7
as indicated. (C) Western blots of “unprocessed” membranes ©Nly two topological arrangements for mé and m7 are

prepared from HEK-293T cells transfected with G532 (truncated consistent with the P./Ccy orientation of m8 and the &/
after m7) and F632 (truncated after m8). These membranes wereC,, orientation of m5 (see above). One of these is illustrated
Forocessec Tor the reatment with or without PNGse F. The arrow 1 -/9ure 4E: here, m6 and m7 are integrated into the
rocesse . H
ir?dicates a band apparently resulting from the glycosylation of the membrane as typlcally proposed for _m_gmk_)ers of the CCC
native glycosylation sites of NKCC1 located in the extracellular transporter family. The second possibility is that both m6
loop between m7 and m8. (D) Schematic representation of the and m7 are completely left out of the membrane on the
topology of constructs truncated after m7 (see the text). (E) luminal side of the ER. Although our results do not
Schematic representation of the topology of-ami8 of NKCC1.  gefinitively exclude this latter model, we would argue that
See the text for a discussion. it is very unlikely, owing to the hydrophobic natures of both
of these segments (Figure 1A), particularly that of m7, which
m2 and m3, must incorporate a topogenic signal that is well above the threshold for membrane insertion proposed
constrains it to be retained in the cytoplasm. by Kyte and Doolittle (dashed line in Figure 1A). Indeed,
The above results indicate that the integration of hydro- m7 is apparently capable of membrane integration as seen
phobic regions m6, m7, and m8 into the membrane is ain the constructs G532 and S556 (parts A and D of Figure
complex process that is dependent upon the presence of thd). Furthermore, there is good evidence that both m6 and
loop between m8 and m9. The location of this loop in the m7 are involved in the ion-transport eve8i(32), consistent
cytoplasm together with the fact that the native glycosylation with their location within the lipid bilayer.
sites in NKCCL1 lie in the loop between m7 and m8 (which  Membrane Integration of m9, m10, m11, and mIBe
therefore must be located in ER lumen) requires that m8 results shown in Figure 5A confirm previous suggestions
spans the membrane in a,NCcy: orientation. The glyco- (33, 34) and experimental evidenceld) that the broad
sylation of one or both of these native sites can be seen inhydrophobic regions m9m10 and m1+m12 of NKCC1
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Ficure 6: Proposed topology of the central hydrophobic domain
of NKCC1.

Ficure 7: Helical wheel representation of regions m2 and m6 of
NKCC1. Hydrophobic residues are darkly shaded. The view is from
the N terminus in each case. The helical wheel was drawn with
the aid of a program made available by Dr. Charles M. Grisham
(University of Virginia) at http://cti.itc.virginia.edafcmg/Demo/
wheel/wheelApp.html.

(Figure 1A) each form tight hairpin-like structures consisting
of two MSSs each. As illustrated in Figure 5A, our constructs
truncated at the ends of m9 (1665) and m11 (1721) are highly
glycosylated £90%) and those truncated at the ends of m10
(S683) and m12 (V740) are poorly glycosylatee?Q and
10%, respectively). Thus, m9 and m11 act independently as
signal anchor sequences, and m10 and m12 act as thei
respective stop transfers. The structural and/or functional
significance of these two tightly spaced hairpin-like structures
that are characteristic of the CCCs is presently unknown.

CONCLUDING REMARKS

The results presented here support our earlier conclusions

(12) and the previous conjectures of othe38+{35) regard-
ing the 12 MSS transmembrane topology of NKCC1; a
schematic model of the proposed topology of this region is

shown in Figure 6. Our data also reveal several unexpected

results concerning NKCC1 biogenesis, namely, that MSSs
2 and 6 apparently do not integrate efficiently into the

membrane in the absence of the downstream sequence.12.

Interestingly, when the amino acids in both of these regions
are plotted in a helical wheel format (Figure 7), it is clear
that most of their hydrophobic residues (shaded dark gray
in Figure 7) are located on one helical face. This polarized
hydrophobicity distribution could be responsible for their
inability to integrate efficiently into the membrane indepen-
dently. Indeed, Heinrich et al2Q) have proposed that one
of the functions of the translocon channel is to retain
amphipathic MSSs of this type until they can assemble with
other MSSs into structures that shield their hydrophilic

surfaces before they are released and integrated into the lipid

environment.
As we have discussed above and elsewhé@®, (the

truncation mutant approach employed here has several

Gerelsaikhan et al.

significant advantages over earlier methods for studying
transmembrane topology and biogenesis. Nevertheless, this
method still relies on interpreting the way that genetically
engineered recombinant proteins interact with the membrane
integration machinery. Our ultimate understanding of the
structure and structure/function relationships of NKCC1 will
rely on more direct structural measurements such as those
arising from crystallographic studies.
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