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is followed by the D-domain which is further divided into two
structurally distinct sub-segments, the shoulder (Ds) and the arm
(Da) segments. These sub-segments are stabilized by a number
of disulfide bonds and bound calcium ions (see Section 2.3.). The
Ds-segment protrudes from the M-domain, and is opposed to the
catalytic site and close to calcium-binding site I. This calcium-
binding site is highly conserved among canonical ADAMs [24,31]
The D-domain, together with the C-domain, forms C-shaped arm
with its concave surface toward the M-domain. Notably, the dis-
tal portion of the C-domain comes close to and faces toward the
catalytic site in the M-domain. The residues that are important
for stabilizing the MDC domain architecture (e.g. the number and
spacing of cysteinyl residues and the residues that coordinate the
calcium ions) are strictly conserved in the primary structures of all
known ADAMs, with the exception of the atypical ADAMs (ADAM10
and 17, see Section 2.3.) [24,31]. The canonical membrane-bound
ADAMSs contain an EGF domain following the C-domain, however,
no roles have been assigned to this domain. The EGF domain prob-
ably works as a rigid spacer connecting the MDC domain with and
orienting it against the membrane-spanning region.

2.1. Metalloproteinase (M) domain

The structures of the M-domains of mammalian ADAM/ADAMTS
family proteins determined to date can be superimposed, with vari-
ability only in the peripheral loop regions [28,29,32-34]. They can
also be superimposed on SVMPs of different sub-classes {24-26,35].
The M-domain has an oblate ellipsoidal shape with a notch in
its flat side that creates a relatively small “lower” domain and an
“upper” main domain in the “standard” orientation [12] (Fig. 2B).
The catalytic zinc ion is situated at the bottom of the cleft, and is
tetrahedrally coordinated by the Ne2 atoms of the three histidines
inthe consensus sequence HEXXHXXGXXHD (Fig. 2C). The glutamic
acid functions as a catalytic base that polarizes a water molecule
involved in nucleophilic attack at the sessile peptide bond. The side-
chain of the conserved methionine (called Met-turn) downstream
of the catalytic consensus sequence provides a hydrophobic base
beneath the three zinc-coordinating histidine side-chains. All of
these structural features are hallmarks of the metzincin clan of
metalloendopeptidases [12,13]. The upper domain has a central
core consisting of a highly twisted five-stranded (3-sheet and four
a-helices, while the C-terminal lower domain consists of a helix
and an irregularly folded region (Fig. 2B). This irregularly folded
region is important for substrate recognition because it forms, in
part, the wall of the S1’ crevice. Fig. 2C depicts a close-up view
of the active site cleft of catrocollastatin/VAP2B in complex with
a hydroxamic inhibitor GM6001 [25]. The peptidic portion of the
inhibitor adopts an extended geometry and binds to the notched
right-hand side of the active-site cleft of the M-domain, mimick-
ing the C-terminal part of enzyme-bound substrate from left to
right. The inhibitor forms hydrogen bonds with the adjacent strand
and the loop region, in essence extending the central B-sheet by
two strands. The mode of peptidic inhibitor binding to catrocol-
lastatin/VAP2B is essentially the same as that of its mammalian
counterparts [28,29,32-34]. Although the M-domain catalytic site
should recognize the sequence flanking the substrate cleavage site,
ADAMs cleave broader assemblies of sites in membrane-anchored
substrates, which indicates that there are no strict peptide bond
requirements for cleavage [36]. Rather, the accessibility and struc-
ture of the cleavage site (juxtamembrane region), the distance from
the membrane, and interactions distal to the cleavage site (exosite)
that are mediated by non-catalytic ancillary domains are believed
to be important determinants, either alone or in combination, for
recognition and processing by membrane-bound ADAMSs. There-
fore, knowledge of the three-dimensional structure of the entire
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Fig. 3. D-domain structure. (A) Superimposition of the D,-segments of catrocol-
lastatin/VAP2B and trimestatin [41} (shown in light green). The Arg-Gly-Asp side
chains in trimestatin and the disulfide bond between the D, and C,, segments in
catrocollastatin/VAP2B are shown in ball-and-stick representation. The D, D; and
C, domains of catrocollastatin/VAP2B are in cyan, pink and gray, respectively. (B)
Calcium-coordinating residues and disulfide bonds in the D-domain of catrocol-
lastatin/VAP2B, which are strictly conserved in the canonical ADAMs [24,25]. The
charged residues (R, D and E} in the putative integrin-binding sequence, RXgDLPEF,
and the pivotal L408 in the Ds/M joint are indicated.

extracellular domain is necessary in order to fully understand the
molecular mechanism of target recognition by ADAMs.

2.2. Disintegrin-loop

The term “disintegrin” was initially used to describe a family
of cysteine-rich, RGD-containing small (49-84 amino acids) pro-
teins from viper venom that inhibited platelet aggregation and
integrin-mediated cell-adhesion [37]. ADAMs are unique among
non-venomous proteins in having a disintegrin-like sequence. The
ability of venom disintegrins to bind integrins has been attributed
to an extended loop (disintegrin-loop) containing a cell-adhesion
sequence (e.g. RGD) [38]. Thus, the analogous region within the D-
domain of ADAMs, which usually possesses EDC sequence instead
of RGD, with the exception of human ADAM15, has been putatively
assigned integrin binding function [ 16}]. In support of this hypothe-
sis, it has been widely reported that the disintegrin-loops of ADAMs
interact with certain integrins (mostly non-al-domain integrins),
thereby mediating cell-cell and cell-matrix interactions [1,39]. The
RGD-type integrin ligands are proposed to bind to non-al-domain
integrins by fitting into the crevice formed between the propeller
and BA domains of the headpiece of the integrin [40]. The structures
of SVMPs revealed that the D-domains of ADAMs have a simi-
lar structure as the RGD-containing disintegrin trimestatin {41},
however, the disintegrin-loop is unavailable for protein-protein
interactions due to steric hindrance [24-2731] (Fig. 3A), which
highlights a discrepancy in the hypothesis. The RXgDLPEF sequence
that encompasses the disintegrin-loop is suggested to be a can-
didate for integrin-binding [42], however, the crystal structure
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data suggest that all three charged residues in this sequence
(R, D and E) act primarily as structural elements, and are not
expected to provide a protein-binding interface (Fig. 3B). Although
a number of studies have shown a direct interaction between
ADAM s and integrins, the precise function of the ADAM disintegrin-
loop is still controversial, and further studies are needed to
elucidate whether and how the interactions with integrins
observed in model systems relates to the physiological functions
of ADAMSs.

2.3. Disintegrin-like (D) domain

The D-domain is linked to the M-domain by a short linker
that allows variability in the orientation of the M-domain and
the Ds-segment [24,31]. A conserved hydrophobic residue (L408
in catrocollastain/VAP2B) in the Ds segment, which points toward
a small hydrophobic pocket in the M-domain, functions as the piv-
otal point [25]. The D and D, segments consist largely of a series of
turns and two short regions of antiparallel $-sheet, and constitute
a continuous C-shaped arm structure, together with the N-terminal
region of the C-domain, which is designated as the “wrist” (Cw ) seg-
ment. The Cy,-segment consists of a pair of antiparalel $-sheets and
loops and packs against the D,;-segment on one side and against
the C-terminal region of the “hand” (Cy,) segment on the other.
There are three disulfide bonds in the Ds-segment, three in the
D,-segment and one in the Cy-segment, and the segments are con-
nected by single disulfide bonds (Fig. 3B). Both the Ds and the D,
segments contain structural calcium-binding sites, sites II and IIf,
respectively, in which the conserved side-chain and the main-chain
carboxyl oxygen atoms are involved in pentagonal bipyramidal
coordination [24,25,31]. Because there are few secondary struc-
tural elements, bound calcium ions and the disulfide bonds are
essential for the structural rigidity of the C-shaped arm structure
of ADAMS.

ADAM10 and ADAMI17 are atypical members of the mam-
malian ADAM family, as they lack calcium-binding sites I and IIL
Rather, ADAM10 and 17 have additional disulfide bonds in the
M-domain and a shorter C,-segment compared to the canonical
ADAMs. They also lack the EGF domain. The Crystal structure of
the DC-domain of bovine ADAM10 revealed a continuous D,/Cy
structure, however, the Ds-segment was partially disordered and
the bound calcium ion was not identified in the Ds-segment
[27], although calcium-binding is expected based on primary
sequence.

2.4. Cysteine-rich “Hand” (Cy) domain and hyper-variable-region
(HVR)

The core of the C-terminal region of the C-domain, the Cy-
segment, has an «ff fold structure that consists of the two
antiparallel B-strands packed against two of the three a-helices,
and five disulfide bonds [24]. The Cj,-segment of VAP1 has a novel
fold with no structural homology to currently known proteins,
except for the corresponding segments of other SVMPs [25,26],
ADAM10 [27] and ADAMTSs (see Section 2.5.) [28,29]. The Cy-
domain is characterized by a core region that is stabilized by
conserved disulfide bridges, and peripheral variable loops that pro-
trude from the core, providing extended surface areas that are most
likely involved in protein-binding.

The loop that encompasses residues 562-582 and extends
across the central region of the C;-segment of VAP1 (blue regions
in Fig. 2A, B and Fig. 4A, B, D) is the region in which the ADAM
sequences are most divergent and variable in length (11-55 amino
acid) (Fig. 4F). Therefore, this region has been designated as the
hyper-variable region (HVR) [24]. The structures of the HVRs

that have been determined to date are all in the crystal packing
[24,25,27] or in the interface of the subunits [26], and show a rela-
tively small number of direct interactions with the remaining core
region, which suggests that they are flexible in solution. Because of
its location within the molecule, opposed to the catalytic site, the
HVR has been putatively assigned protein-binding functions [24]
(see Section 4).

A helix-loop-helix segment found in VAP1 (residues 526~555),
designated as the variable segment (shown in green color in Fig. 4C
and boxed in green in Fig. 4F) is missing in the structures of ADAM10
[27] and ADAMTSs [28,29] (see below), replaced by a short loop.
The residues in the variable segment seem to be rather mobile in
solution because they have higher temperature factors [24,25,29]
or are disordered in the crystal structures {27,28]. The variable
segment is also characteristic of each ADAM and is located adja-
cent to the HVR. Thus, it might create an auxiliary protein-binding
interface.

2.5. D-domain of ADAMTSs

The ADAMTS family is a branch of the ADAM family. Mem-
bers of the ADAMTS family share a modular structure with the
ADAMSs, but have varying numbers of C-terminal thrombospondin
type-1 (TSP1) repeats instead of a transmembrane segment. Thus,
they constitute primarily secreted proteinases (Fig. 1). There are
19 ADAMTS proteins in humans, and they have been shown to
function as aggrecanases, procollagen N-proteinases and von Wille-
brand factor (VWF) cleaving proteases [ 15]. Crystallographic studies
on the MD fragments of ADAMTS-1, -4 and -5 revealed that the
D-domains of ADAMTSs showed no structural homology to the
D-domains of ADAMs, but were very similar in structure to the
Cp,-segments of ADAMs and other related proteins [28,29]. Despite
low sequence identity, the topology and the location of the four
disulfide bonds in the C,-segments are conserved among these pro-
teins (Fig. 4F). Thus, while the “disintegrin-like” nomenclature was
used for ADAMTS family proteins due to sequence similarity [14],
structural studies suggest that ADAMTS family proteins contain a
Cp,-domain, rather than a D-domain, immediately following the M-
domain. Thus, the term D-domain for ADAMTS proteins appears to
be a misnomer [28].

ADAMTSs lack Ds/D,/Cw segments, and the Cy,-segment (previ-
ously referred to as the D-domain) is connected to the M-domain
by a connector loop (22 residues in ADAMTS-1) that wraps around
the back of the M-domain, resulting in a drastically different posi-
tion of the Cy-segment relative to the M-domain as compared
to VAP1 (Fig. 4A, B, D, and F). The structures of ADAMTS-4 and
5 [29] can be superimposed onto that of ADAMTS-1 [28] with
slight differences in the relative orientations between the M-
domain and the C,-segment. Interestingly, the C,-segments of
ADAMTSs are located in close proximity to the active site and
form, in part, the S3’ pocket, thus potentially providing an aux-
iliary substrate-binding surface (Fig. 4E). Of note, the segment
corresponding to the HVR in VAP1 runs across the middle of the
C;,-segment of the ADAMTSs (Fig. 4E). In this configuration, the
region downstream of the P3’ residues of the substrate can bind
directly to the HVR (Fig. 4E). In agreement with this, deletion of
the P4'-P18’ residues of vWF has been shown to abolish cleavage
by recombinant MD-domain-containing ADAMTS13 [43]. Similar
to the HVRs of ADAMs, the HVR segments of ADAMTSs are vari-
able among the 20 human ADAMTSs, which suggests that the
HVR in the ADAMTS proteins also provides an auxiliary substrate-
binding site. The structures of the ADAMTS proteins support the
idea that the HVR creates a protein-protein interaction inter-
face in the Cp-segment, which is the newly identified adhesion
module.
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variable segment

Fig. 4. Comparison of the structures of ADAMs and ADAMTSs. (A and B) Two orthogonal views of the superimposition of the M-domains of VAP1 (2ERP, shown in cyan) and
ADAMTS-5 (2R]Q, shown in pink). The Cy-segments and the HVRs of each protein are shown in light green and blue, respectively. (C) Superimposition of the Cy-segment of
VAP1 (shown in cyan, green and blue) and ADAMTS-5 (shown in pink, green and red). Surface representations of the VAP1 monomer (D) and ADAMTS-5 (E). The M-domains,
Cp-segments, HVRs and bound peptidic inhibitors are shown in yellow, light green, blue and magenta, respectively. (F) Structure-based sequence alignment of SVMPs, human

ADAMSs and human ADAMTSs. The disulfide bonds are schematically indicated.

3. Adhesive functions of ADAMs

The D and C domains of ADAMs and related proteins have been
suggested to be involved in protein-protein interactions. ADAM12
interacts with cell-surface syndecan through its C-domain and
mediates integrin-dependent cell spreading [20]. The DC-domain
of ADAM13 has been implicated in cell migration [44], and binds to
the ECM proteins laminin and fibronectin [19]. ADAM13 C-domain
was also found to be a major determinant for specific develop-
mental events that are mediated by the proteolytic activity of
ADAM13 [23]. Shedding of interleukin-1 receptor-ll by ADAM17
requires the DC-domain [22]. Jararhagin-C and catrocollastatin-
C, which are the DC domain-containing fragments of the P-1lI
SVMPs jararhagin and catrocollastain/VAP2B, respectively, inhibit
collagen-induced platelet aggregation [45,46]. The C-domain of

atrolysin-A, another P-IIl SVMP, specifically binds collagen type 1
and vWEF, and blocks collagen-vWF interactions [47,48] through
binding to the vWF A-domain (VWA) [49]. It also binds to the VWA-
containing ECM proteins collagen XlI and X1V, and matrilins 1, 3
and 4 [50]. Two peptide sequences that are located on the surface
of the C-domain of jararhagin have been shown to bind to vWF
and block C-domain-binding to vVWF [51], while another peptide
that encompasses the HVR has been shown to interfere with the
interaction between platelets and collagen [52]. It should be noted,
however, that short peptides do not always mimic their coun-
terparts in the folded protein, and most of the studies described
above have not identified the specific regions of the C-domain
that are involved. Thus, additional studies, including site directed
mutagenesis based on crystal structures, will facilitate a better
understanding of the adhesive mechanisms of ADAM family pro-
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Fig. 5. Proposed models for shedding by ADAM family proteins. The membrane-
bound ADAM molecule and a membrane-bound substrate molecule X are
schematically drawn. (A) The substrate X is directly recognized by the HVR. (B)
Substrate X is recognized by the HVR through an associated protein Y.

teins, and the interplay between their proteolytic and adhesive
functions.

4. Roles of DC domains in shedding by ADAMs

In the VAP1 structure, the HVR segment is present at the distal
end of the C-shaped MDC-domain, and points toward the catalytic
site of the M-domain. ADAMSs have distinct HVR sequences, which
results in distinct molecular surface features that could be involved
in determining the specificity of binding counterparts. This raises
the intriguing possibility that the HVR creates an exosite for bind-
ing substrate molecules {24] (Fig. 5). The D-domain is opposed to
and apart from the M-domain catalytic site. Thus, it may function
primarily as a scaffold that spatially coordinates two functional
sites (the catalytic site and the exosite). Flexibility between the
sub-segments may be important for fine-tuning substrate recog-
nition and allow slight adjustments to the spatial alignment of the
catalytic site and exosite during the catalytic cycle [25].

Although the model in which the HVR captures substrates
directly (Fig. 5A), or via binding to an associated protein (Fig. 5B), is
still hypothetical, the crystal structure of RVV-X and the substrate-
docking model shed some light on this issue [26]. RVV-X is a
member of the P-IV class of SVMPs, which consists of an MDC-
containing heavy chain and two C-type lectin-like light chains
(CLPs)[30,53](Fig. 1). The RVV-X crystal structure revealed that the
CLP portion of RVV-X forms a putative exosite for binding to sub-
strate {coagulation factor X) on the one hand, and directly interacts
with the HVR in the heavy chain on the other, consistent with the
model in Fig. 5B. The RVV-X crystal structure is a good illustration
of evolutionary gain of specify of ADAMs, through HVR-mediated
binding to other proteins to create an exosite for binding ligands.

The DC domain structure of ADAM10 revealed an acidic sur-
face pocket, formed by the three glutamic acid residues in the
Ch-segment, that could serve as a binding site for the ephrin/Eph
complex when ADAM10 cleaves ephrin-A2 in trans [27]. These
three residues are not within the HVR, however, they face the
catalytic site in the M-domain when the D;-segment of ADAM10
is superimposed with that of VAP1, because ADAM10 and VAP1
have different orientations between the C,, and C,-segments [24].
The extensive molecular surface of the elongated DC domain arm
of ADAMs could also provide protein-protein interaction sites, in
addition to the HVR. The presence of multiple ligand-binding sites
may help explain how the same ADAM can recognize multiple
targets.

5. Conclusion

Increasing evidences for a role of ADAMs as sheddases in impor-
tant biological processes and in numerous disease conditions is
rapidly accumulating. However, fundamental aspects of ADAM
function such as how ADAMs select their substrates and how activ-
ity is regulated, remain to be elucidated. Crystallographic studies
shed new light on the structures and functions of ADAM fam-
ily proteins, revealing potentially novel protein-protein interaction
sites, and providing intriguing data for the development of working
hypotheses. Individual ADAMs shed a wide array of substrates that
do not share common features for recognition by ADAMs. Therefore,
a model in which the HVR directs substrate specificity by bind-
ing directly to substrates is not likely to be a general mechanism.
Additional structural and biochemical studies of ADAM-substrate
interactions are necessary to elucidate the molecular mechanism
of target recognition, identify the key substrates of ADAMSs during
specific biological events, and in importantly, to enable the design
of selective inhibitors of this class of enzymes.
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The plasma membrane Na*/H™ exchanger 1 is activated in response to
various extrinsic factors, and this process is regulated by an intracellular
pH-sensing mechanism. To identify the candidate residues responsible for
intracellular pH regulation, we analyzed the functional properties of engi-
neered Nat/H" exchanger 1 mutants with charge-reversal mutations of
charged residues located in the intracellular loops. Na*/H" exchanger 1
mutants with mutations at 11 positions were well expressed in the plasma
membrane, but that with E247R was not, suggesting that Glu247 is impor-
tant for the functional expression of Na*/H™* exchanger 1. Charge-rever-
sal mutations of Glul31 (E131R, E131K) and Arg327 (R327E) resulted in
a shift in the intracellular pH dependence of the exchange activity mea-
sured by 2Na* uptake to the acidic side, and it abolished the response to
growth factors and a hyperosmotic medium; however, mutations of Asp448
(D448R) and Arg500 (RS00E) slightly shifted it to the alkaline side. In
E131R, in addition to the change in intracellular pH dependence, the affi-
nities for extracellular Na*, Li* and the inhibitor 5-(N-ethyl-N-iso-
propyDamiloride significantly increased. Furthermore, charge-conserved
mutation of E131 (E131D) was found to have no effect, whereas charge
neutralization (E131Q) resulted in a slight acidic shift of exchange. These
results support the view that the multiple charged residues identified in this
study, along with several basic residues reported previously, participate in
the regulation of the intracellular pH sensing of Na*/H™ exchanger 1. In
addition, Glu131 may also be important for cation transport.

Na*/H* exchangers (NHEs) belong to a solute car-
rier family (SLC9) that is involved in catalyzing the
electroneutral exchange of Na* and H* and regulat-
ing pH homeostasis, cell volume, and transepithelial
Na™ absorption [1-6]. Various extrinsic factors,
including hormones, growth factors, pharmacologic
agents, and mechanical stimuli, control the activity of
the ubiquitous exchanger isoform NHEI [1-6]. NHEI
activation is occasionally a risk factor involved in the
pathogenesis of various diseases. For example, it plays

Abbreviations

a critical role in the onset of cardiac hypertrophy and
heart failure during ischemia and reperfusion, as con-
firmed by the significant reduction in heart damage
observed on administration of NHE!I-specific inhibi-
tors [7,8]. Various extrinsic factors have been shown to
enhance NHEI activity by shifting the intracellular pH
(pH;) dependence of the Na'/H" exchange to the
alkaline side, and this is presumed to occur via interac-
tions between regulatory factors and the cytoplasmic
domain of NHE! and/or by the post-translational

EIPA, 5-{N-ethyl-N-isopropylamiloride; HA, hemaglutinin; IL, intracellutar loop; NHE, Na*/H" exchanger; NHS-LC-biotin, succinimidyl-
6-{biotinamide)hexanoate; pH;, intraceliular pH; TM, transmembrane-spanning region.
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modification of NHE! or its accessory factors. This
phenomenon is usually explained by the assumption
that NHEI possesses an allosteric regulatory site for
intracellular protons that is distinct from the Na™ or
H™* transport site, and that external stimuli increase
the H* affinity of this H™ -regulatory site [1,9-11].

Members of the NHE family possess similar general
structures, comprising a C-terminal cytoplasmic regula-
tory domain (~ 300 amino acids) and an N-terminal
transmembrane domain (~ 500 amino acids) that con-
tains 12 membrane-spanning segments [1-3]. In the
plasma membrane, NHEI! is known to exist as a dimer
[12,13], and our recent study provided evidence that
dimerization is essential for this molecule to maintain
physiologic pH; sensitivity [14]. We previously demon-
strated that deletion of the cytoplasmic subdomains of
NHE! shifted the pH; dependence of the Na*/H"
exchange either to the acidic or the alkaline side [15],
implying the importance of the cytoplasmic domain in
regulating pH sensitivity. Recently, we also presented
evidence that calcineurin homologous protein, an
obligatory binding partner of NHEL, is one of the key
molecules involved in regulating pH sensitivity [16-18].
Furthermore, we [19] and others [20] reported that
mutation of Arg residues, namely Arg440 in intracellu-
lar loop 5 (IL5) and Arg327 in IL4, largely shift the
pH; dependence of the exchange to the acidic side.
These latter observations raised the interesting possibil-
ity that a cluster of charged residues in the ILs along
with the calcineurin homologous protein-bound cyto-
plasmic subdomain may regulate the function of
NHE! as a pH sensor. In this study, in order to
further identify the critical residues responsible for reg-
ulating pH sensitivity, we analyzed the effect of charge-
reversal mutation of charged residues in putative ILs or
in transmembrane-spanning region (TM)/IL bound-
aries on the kinetics of the Na*/H™ exchange. Of the
12 mutations examined in this study, we identified
Glul31 in IL1 as an important residue involved in reg-
ulating pH; sensitivity and Na™ transport.

Results

In this study, we focused on the mutation of charged
residues in the intracellular loops of NHEIL. Fig-
ure 1A shows the previously reported membrane
topology model of human NHEI! [22]. As the first
search, we introduced charge-reversal mutations (Arg,
Lys or His to Glu, Glu or Asp to Arg) in 12 charged
residues, namely: Argl4 in the N-tail; Glul3l in ILI;
Glu247 and His250 in IL3; Arg32l and Arg327 in
114; Lys438, Lysd443, Lys447 and Asp448 in ILS; and
Arg500 and Asp504 in the C-tail of hemaglutinin

FEBS Journal 274 {2007) 4326-4335 © 2007 The Authors Journal compilation @ 2007 FEBS
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Fig. 1. Expression of charge-reversal mutant NHE1s. (A) Secondary
structure model of NHE1. Relative positions of engineered residues
are indicated in the figure. R-loop, re-entrant loop. Arg440 [19] and
Arg327 and Arg180 [20] were previously reported to be critical resi-
dues responsible for pH; dependence of NHE1. (B} Immunoblot of
proteins obtained from cells stably expressing the wild-type or
other mutant NHE1s. Cell lysate proteins (20 ug per lane) were
subjected to 3-8% SDS/PAGE and immunostained with antibody
to HA. n.t.,, nontransfected PS120 cells.

(HA)-tagged NHEL. We transfected expression vec-
tors carrying these individual NHE1 point mutants
into NHE-deficient PS120 cells and selected the popu-
lation of cells expressing the NHE variants by activ-
ity-dependent selection procedures, i.e. by H* -killing
selection [23]. Of the 12 different mutants, E247R
was not expressed, indicating that the substitution of
Glu247 with Arg causes a severe functional defect
(catalytic inactivity and/or a membrane-expression
defect) in the NHE! molecule. The other 11 NHEI
mutants were well expressed in PSI120 cells, as
observed in the immunoblot analysis (Fig. 1B). First,
we assessed the surface expression of these mutant
NHEs by surface biotinylation. To semiquantitatively
evaluate this surface expression, we estimated the
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Fig. 2. Surface biotin labeling of various NHE1 variants. (A} Cells
expressing various NHE1 variants were treated with 1 mm NHS-LC-
biotin, and the cell lysate was incubated with streptavidin-agarose
beads. An aliquot of cell lysates before (total, T) and after
{unbound, U) incubation with beads was subjected to immunoblot
analysis with an antibody to HA. (B) Density of mature and imma-
ture protein bands was measured by densitometric scanning and
determining the amount of NHE1 proteins absorbed to streptavidin-
agarose beads by subtracting the amount of unbound NHE1 from
that of total NHE1 (including all four forms of NHE1). Data are rep-
resented as a percentage of bead-bound NHET.

amount of NHEI1 protein adsorbed onto streptavidin-
agarose beads by subtracting the amount of unbound
NHE! (including immature NHEI]) from the amount
of total mature NHEI expressed (Fig. 2A). On the
basis of this analysis,” we concluded that approxi-
mately 75% of the total wild-type NHEIL, including
the nonspecifically bound proteins that accounted for
5-10%, were adsorbed onto the beads, i.e. expressed
on the cell surface (Fig. 2B). Charge-reversal muta-
tions did not alter the surface expression of NHEI to
a large extent, except for the mutations of Glul3l,
Arg327, and Asp448, which slightly reduced it

T. Hisamitsu et al.

(Fig. 2B). Essentially the same results were obtained
using two different batches of cell populations derived
from different transfectants.

Next, we measured the pH; dependence of the
5-(N-ethyl-N-isopropyl)amiloride ~ (EIPA)-inhibitable
2Na™ uptake in cells expressing the individual charge-
reversal mutants (Fig. 3A). The maximal exchange
activity at pH; 5.4 (Vyax) was normalized with regard
to the amount of surface NHEI, and these normalized
values are summarized in Table 1. Whereas the Glul31
(E131R) mutation reduced the normalized activity to
~ 50%, most other mutations did not alter it to a great
extent (Table 1). Interestingly, the pH; dependence of
the *Na* uptake greatly shifted to the acidic side in
the E131R and R327E mutants (Fig. 3B). It should be
particularly noted that the steepness of the pH; depen-
dence curve was highly reduced in E131R, i.e. the Hill
coefficient reached approximately 1.0; this result was
in sharp contrast to those of all other NHE! variants,
which yielded a higher Hill coefficient of more than
1.0 (Table 1). Furthermore, the pH; dependence
slightly shifted to the alkaline side in D448R and
RS500E (Fig. 3B). Thus, we identified several charge-
reversal mutations (E131R, R327E, D448R, and
RS500E) that affected the pH; dependence of the
Na*/H™ exchanger.

We further constructed some NHEI mutants at
Glul31 (E131Q, E131D and E131K) and measured the
pH; dependence of **Na* uptake in cells expressing
these mutant exchangers. These mutant proteins were
well expressed in cells, although the surface expression
levels appeared to be slightly lower than that of the
wild-type NHE1 (data not shown). We found that
charge-preserved mutation (E131D) had no effect on
pH; dependence, suggesting that mutation itself does not
much influence the function of NHEIL. In contrast,
charge-reversal substitution of E131 with another posi-
tive residue, Lys, similar to Arg, resulted in a large
acidic shift of pH; dependence as well as a decrease in
the normalized V., (Table 1). Thus, the charge of
E131 appears to be important for the normal function
of NHE1. Furthermore, we found that charge neutral-
ization (E131Q) also resulted in a slight decrease in pKa.

Various extrinsic factors are known to activate
NHEI!1 and bring about long-lasting cytoplasmic alka-
linization, particularly in the absence of bicarbonate
[1-6]. As shown in Fig. 4, thrombin, the protein kinase
C activator 4B-phorbol 12-myristate 13-acetate and
hyperosmotic stress (200 mm sucrose) all induced a
high level of cytoplasmic alkalinization in cells express-
ing wild-type NHE1, D448R, or R500E. In contrast,
such alkalinization was completely absent in cells
expressing E131R or R327E (Fig. 4), suggesting that

4328 FEBS Journal 274 {2007} 4326-4335 © 2007 The Authors Journal cornpilation © 2007 FEBS
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Fig. 3. The pH; dependence of EIPA-sensitive 22Na* uptake. (A) **Na* uptake was measured in cells expressing the wild-type or mutant
exchangers in the presence or absence of 0.1 mm EIPA after pH; clamping at various values with K*/nigericin. The wild-type or mutant
exchangers exhibited high maximal *?Na* uptake activities (420 nmol'mg™"min~" at pH; 5.4). Data were fitted to the sigmoidal dose depen-
dence equation as described in ‘Experimental procedures’. (B) Data are normalized to the maximal uptake activity at pH; = 5.4.

these residues are

important for the physiologic

response of the exchanger. NHE! is thought to be acti-
vated in response to external stimuli via alkaline shift
of a ‘pH set-point’, i.e. pH; dependence [1]. The lack of
alkalization in cells expressing these NHE! mutants
would be due to their low exchange activity in the

neutral pH; range, resulting from the acidic shift of pH;
dependence, even in the case that extracellular stimuli
had slightly activated these mutants via an alkaline
shift. In previous studies, we identified many mutations
resulting in a large acidic shift of pH; dependence and
in a lack of cytoplasmic alkalinization [15,19,23].

FEBS Journal 274 (2007} 4326-4335 © 2007 The Authors Journal compilation ® 2007 FEBS

- 376 -

4329



Charge-reversal mutation of NHE1

T. Hisamitsu et al.

Table 1. Kinetic parameters for the pH; dependence of 22Na* uptake. The pH; dependence of EIPA-sensitive ?2Na* uptake (Fig. 3} was fitted
to a sigmoidal dose-dependent equation. The best fitted value with standard error is represented for pK and the Hil coefficient. The Vimax
value is the 22Na* uptake activity at pH; 5.4 (means + SD, n = 3). The relative amount of surface-expressed NHE! was calculated from the

amounts of total and streptavidin bead-absorbed proteins, and the Viax value was normalized {means = SD, n= 3}.

NHE1 variants Vinax Normalized
(%) pK for pH; Hill coefficient (nmotmg ™ min™) Vinax

NHE1 6.57 = 0.02 1.40 £ 0.08 16.19 = 0.55 100.0

R14E 6.56 + 0.02 1.40 £ 0.07 13.77 £ 1.04 103.7 = 8.1
E131R 6.35 + 0.03 1.00 = 0.07 4,24 + 0.32 55.0 + 9.6
H250E 6.56 + 0.02 1.68 + 0.09 10.42 + 0.12 85.5 + 1.2
R321E 6.57 = 0.05 1.30 £ 0.17 8.39 £ 0.70 89.7 £ 3.2
R327E 6.13 = 0.02 1.68 £ 0.10 9.93 +0.72 1616 + 22.0
K438k 6.66 + 0.02 1.60 £ 0.12 15.85 =+ 0.96 100.8 £ 8.0
K443k 6.48 + 0.02 1.51 = 0.07 18.25 + 0.20 1184 £ 9.7
Ka47E 6.52 + 0.01 1.48 = 0.07 16.09 + 0.30 1111 +£7.0
D448R 6.78 = 0.02 1.84 £ 0.16 8.64 = 0.07 146.0 £ 116
R500E 6.71 £ 0.02 1.73 £ 0.10 10.17 £ 0.50 1001 £ 7.4
D504R 6.43 £ 0.02 1.65 £ 0.10 12.88 + 0.62 827 £ 44
E131Q 6.44 = 0.02 1.62 £ 0.10 14.66 + 0.65 126.4 + 8.1
E131D 6.61 = 0.02 1.63 = 0.08 14.63 + 0.12 13566 + 16.4
E131K 6.34 + 0.05 1.16 £ 0.10 4.68 £ 0.20 577 £ 29

As E131R exhibited an unusual pH; profile, we were
interested in the other kinetic properties of this NHE1
mutant. Figure 5A shows the dependence of 2Na*
uptake on the external Na™ concentration ([Na™],).
Interestingly, E131R was observed to have a higher
affinity for Na™ as compared to the wild-type NHEI
(K, 1.6 mM versus 6.0 mm; Table 2). Similarly, it also
exhibited a higher affinity for Li*. However, the extra-
cellular pH dependence did not differ between wild-
type NHE! and E131R (Table 2). Furthermore, the
NHE! affinity for the inhibitor EIPA also increased
slightly following this mutation (Fig. 5B and Table 2).
These results suggest that Glul31l is important for
transported cation binding as well as pHj-sensitivity
regulation.

Discussion

In this study, we analyzed the effect of charge-reversal
mutations that were introduced in charged residues
located in the intracellular loops of NHE] on the func-
tion of this molecule. The surface expression levels and
normalized exchange activity (V..) of NHEL were
not drastically altered for molecules with 11 tested
mutations, suggesting that these mutant exchangers
exhibit normal protein folding, proper membrane tar-
geting, and relatively high transport activity. However,
we were unable to obtain the stable expression of
E247R by using an activity-dependent selection proce-
dure. Among the NHE isoforms, Glu247 located
in TM6 or IL3 is highly conserved and may play a

critical role in cation transport and/or membrane
expression. We observed that the substitution of
Glul31 with Arg shifted the pH; dependence of the
Na*/H™ exchange to the acidic side, whereas muta-
tions at Asp448 and Arg500 induced a slight alkaline
shift. In addition, we confirmed a previous result {20]
that charge-reversal mutation of Arg327 brought about
a large acidic shift. Thus, the present study provides
reasonable evidence that the side chains of charged
residues located in the intracellular loops of NHEI
may play an important role in pH; regulation by this
molecule.

Although NHEI catalyzes electroneutral Na*/H™
counter-transport, it is also known to be a highly
proton-dependent transporter {1l Whereas NHEL! is
activated with an increase in the cytosolic H* concen-
tration, it is completely inactivated at pH; > ~ 7.4
(pH set-point). There is substantial evidence that this
fascinating function of NHEI can be attributed to the
existence of cytosolic H* -modifier site(s) distinct from
its cation transport site [1,9-11]. For example, we pre-
viously reported that **Na™ efflux from cells express-
ing NHE1 can be activated by mild cytosolic
acidification only from pH 7.4 to 7.2, implying the
existence of an H™ -regulatory site(s) that is required
for H'-induced activation of NHEL [11]. Further-
more, the steep activation curve for *Na™ efflux
suggested that protonation of multiple amino acid side
chains may be involved in the regulation of pH;
sensing by NHE! [11]. The involvement of multiple
protons was also suggested in a recent kinetic study on
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