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In Dictyostelium discoideum, extracellular K* or Ca®>* at a concentration of 40 or 20 mM, respectively,
facilitates motility in the absence or presence of a spatial gradient of chemoattractant. Facilitation results in
maximum velocity, cellular elongation, persistent translocation, suppression of lateral pseudopod formation,
and myosin II localization in the posterior cortex. A lower threshold concentration of 15 mM K™ or Na or 5
mM Ca?* is required for chemotactic orientation. Although the common buffer solutions used by D. discoideum
researchers to study chemotaxis contain sufficient concentrations of cations for chemotactic orientation, the
majority contain insufficient levels to facilitate motility. Here it has been demonstrated that Nhel, a plasma
membrane protein, is required for K* but not Ca*>* facilitation of cell motility and for the lower K* but not

Ca’®* requirement for chemotactic orientation.

Extracellular Ca** and K*, ubiquitous in the soluble envi-
ronment of cells, both free-living and in multicellular organ-
isms (5, 15, 21, 36, 56, 79, 80, 84, 91), have long been known to
affect the motility of cells ranging in complexity from bacterial
to human (7, 8, 19, 25, 31, 60, 62, 65, 98). In Dictyostelium
discoideum, which serves as a powerful model for studying
animal cell motility (4, 6, 20, 34, 41, 42, 43, 45, 50, 82, 87, 86,
92, 98), either extracellular K* or Ca** at an optimum con-
centration of 40 mM or 20 mM, respectively, enhances most
aspects of basic cell motility in the absence of chemoattractant,
including cell elongation, uropod formation, the suppression of
lateral pseudopod formation, velocity, directional persistence,
and localization of myosin II in the posterior cell cortex (51,
78). These facilitating concentrations of K* or Ca** cannot be
replaced with other monovalent or divalent cations (51) and
are within the range of the soluble concentrations of the two
cations found in soil (1, 5, 32, 44, 49, 56) and manure (9, 66,
83), two common niches in which soil amoebae thrive (12, 27,
35, 67, 71). These concentrations of K* and Ca*" are close to
those found to be optimum for enhancing the motility of a
variety of other animal cells. For instance, 9 mM Ca®* has
been found to be optimum for flagellated sea urchin sperm
motility (99), and Ca®" ranging in concentration from 1 to 10
mM has been found optimum for vertebrate cell motility (28,
58, 63). Concentrations of K* greater than 100 mM have been
found to be optimum for the polarization and motility of hu-
man polymorphonuclear leukocytes (52, 69).

The surface molecules and mechanisms regulating K* and
Ca®" facilitation in D. discoideum have not been elucidated.
However, Patel and Barber (64) reported a defective behav-
ioral phenotype for cells of the nhel null mutant in a facilitat-
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ing concentration of K* that was strikingly similar to the be-
havior of wild-type cells in a nonfacilitating concentration of
K" (51). Nhel is a plasma membrane protein related to cat-
ion/H" exchangers (64). We therefore tested the possibility
that Nhel mediated K" facilitation. First, to define and illus-
trate the process of cationic facilitation, we compared cell
motility and chemotaxis among buffer solutions containing a
facilitating concentration of K* or Ca?* and buffer solutions
commonly used by D. discoideum researchers to study motility
and chemotaxis. The majority of the latter solutions contain
nonfacilitating cation concentrations. The comparative study
revealed that the majority of common buffer solutions support
chemotactic orientation but are not optimum for motility, thus
illustrating cationic facilitation. This comparison also revealed
for the first time that a threshold concentration of 15 mM K*
or Na®" or a threshold concentration of 5 mM Ca*" was
required for chemotactic orientation. We then tested the role
of Nhel by analyzing the nhel  null mutant. Our results re-
vealed that Nhel mediates both K" facilitation and the K*/
Na™ requirement for chemotactic orientation, but plays no
role in Ca®* facilitation or the Ca®* requirement for chemo-
tactic orientation. The possible mechanisms through which
Nhel might mediate these monovalent cation effects, including
the possibility that Nhel acts as a monovalent cation sensor,
are discussed.

MATERIALS AND METHODS

Strain maintenance and development. The parent strain Ax2, the nhel™ de-
letion strain, and the nhel /nhel™ (nhel /[act15]:nhel:HA) complemented
strain were obtained from the Dictyostelium stock center (http://dictybase.org
/StockCenter/StockCenter.html) and subcloned. The mutant strains were origi-
nally generated by Patel and Barber (64). To select for mutant strains, the nhel
cells were grown in the presence of 10 pg/ml of blasticidin S (Sigma-Aldrich, St.
Louis, MO), and nhel ~/nhel™ cells were grown in blasticidin S plus 10 pg/ml
G418 (Sigma-Aldrich, St. Louis, MO). To obtain aggregation-competent amoe-
bae, cells were developed on filters according to methods described previously
(76, 94, 96). Developmental filters were saturated with a buffer containing 20 mM
KCl, 2.5 mM MgCl,, 20 mM KH,PO,, and 5 mM Na,HPO,, pH 6.4 (81). For
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experimental purposes, cells were washed four times in the above buffer solution
or in Tricine buffer (TB) (pH 7.0) (51).

Analysis of basic motile behavior and chemotaxis. Cells were perfused with
test solution in a Sykes-Moore chamber according to the methods previously
described (88). For chemotaxis, cells were distributed on the bridge of a Plexiglas
gradient chamber according to methods previously described (51, 89). Gradients
were generated by filling one trough bordering the bridge with buffer solution
lacking cAMP and in the other trough with buffer solution containing 10~ M
cAMP. Cell were incubated for 5 min, and then images were digitally acquired
every 4 s for a 10-min period.

DIAS analysis. Cell images were digitally acquired and analyzed with two-
dimensional (2D)-DIAS software (DIAS) as previously described (77, 96). Mov-
ies were exported to a QuickTime format and imported into DIAS. Instanta-
neous velocity, percent cells moving at =9 um per min, directional persistence,
chemotactic index (CI), and percent positive chemotaxis were computed from
centroid positions (75, 77). “Instantaneous velocity” was computed as the aver-
age velocity (distance between two consecutive centroids divided by interval
time) for two consecutive intervals (54). It is computed for the two intervals a to
b and b to c and then b to c and ¢ to d. It then prescribes the average of each pair
to frame b and c, respectively. It is a method for smoothing the velocities
computed for consecutive intervals (77). The parameter “% cells = 9 wm/min”
was computed as the proportion of cells in the analyzed population moving with
an instantaneous velocity equal to or greater the 9 um per minute. “Directional
persistence” was computed as the net distance between the first and last cen-
troids of a centroid track divided by the summed distances between all intervals.
The intervals between centroids for calculating motility and chemotaxis param-
eters were 4 s and are based on the stability of persistence measurements, which
will be dealt with in a subsequent methods paper. (D. R. Soll, D. Wessels, and S.
Kuhl, unpublished data). The “chemotactic index” was computed as the net
distance moved up a cAMP gradient divided by the total distance (the sum of the
distances at 4-s intervals). A CI of —1.00 represented direct movement down the
gradient, +1.00 represented direct movement up the gradient, 0.00 represented
random movement, and +0.20 to +0.99 represented positive chemotaxis. The
“% positive chemotaxis” was computed as the proportion of cells in a population
with a chemotactic index greater than 0.00. “Positive flow” was computed by
calculating the region in the second of two consecutive cell parameter images not
overlapping the first and converting that area to the percentage of the area of the
first image. The interval between centroids for calculating motility and chemo-
taxis parameters was 4 s and is based on the stability of persistence measure-
ments, which will be dealt with in a subsequent methods paper. (Soll et al.,
unpublished). The percent suppression of lateral pseudopods was determined
from the expansion zones present in difference pictures generated by DIAS
according to the methods of Wessels et al. (96).

Strains expressing MhcA-GFP. To generate a nhel ™ derivative expressing
MhcA-green fluorescent protein (GFP), the plasmid containing mhcA-GFP (57)
was isolated from the mhcA™/mhcA-GFP strain, a generous gift from Thomas
Egelhoff of Case Western University, Cleveland, OH, using the Rapid-Plasmid
kit (Marligen Biosciences, Ijamsville, MD) according to the manufacturer’s in-
structions. The plasmid, containing a neomycin resistance marker (61), was
transformed into DH5« cells (Invitrogen, Carlsbad, CA) and subcloned, and the
isolated plasmid was sequenced. The plasmid was then transformed into both the
parental strain, Ax2, and the nhel ~ deletion mutant according to the methods of
Eichinger and Rivero (30). The concentration of G418, a substitute for neomy-
cin, was subsequently increased over a period of 2 to 3 weeks from 2 to 20 pg/ml
to select for transformants.

Fluorescence imaging of GFP-labeled cells. Live imaging of GFP-labeled cells
was performed as previously described (94) using a Bio-Rad Radiance 2100 MP
laser scanning confocal microscopy and a 40X Nikon S Fluor 1.30 oil objective.
Simultaneous fluorescent and differential interference contrast (DIC) images
were generated using the 488-nm and 476-nm argon lasers, respectively. The
LaserSharp 2000 (release 5.2) software program was used for image acquisition
and for measuring the pixel intensities of line profiles across labeled cells as
described by Lusche et al. (51).

Nucleotide sequence accession numbers. The GenBank accession numbers for
Nhe2 to -4 ¢cDNAs from D. discoideum strain Ax2 are as follows: for Nhe2
(NheB), HQ730876; for Nhe3 (NheC), HQ730877; and for Nhe4 (NheD),
HQ730878.

RESULTS

Cationic facilitation of motility. To obtain optimum motility,
either the Ca®" concentration must be 10 to 20 mM or the K"
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concentration 40 mM (51). Combining 20 mM Ca*" and 40
mM K* does not increase motility parameters above that
achieved by either alone (see Table S1 in the supplemental
material). We have referred to the optimization of motility by
20 mM Ca** or 40 mM K™ as “the cationic facilitation of cell
motility.” Since the objective here was to test whether Nhel
specifically mediated K" facilitation, it was paramount that
cationic facilitation was clearly defined and illustrated. One
way to do this was to compare cell behavior in solutions con-
taining a facilitating concentration of K™ or Ca®" with cell
behavior in buffers commonly used by researchers of D. dis-
coideum, the majority of which do not contain facilitating con-
centrations of K™ or Ca®*. This comparison could not be
performed retrospectively from the published literature since
the conditions and strains used in different studies varied dra-
matically. Moreover, a variety of methods have been used to
calculate motility parameters, which can compromise compar-
isons. Differences in the interval time between data points (see
Fig. S1A and B) and the velocity thresholds for subtracting
nonmotile cells (see Fig. SIC and D) can have a significant
impact on computed motility parameter.

Therefore, to compare cell behavior in different buffer so-
lutions, we used the single laboratory strain Ax2, uniform cul-
ture conditions, the same perfusion chamber for assessing be-
havior in the absence of a chemoattractant (88), the same
gradient chamber for assessing chemotaxis (89), the same in-
terval time (4 s) between data points, and the same instanta-
neous velocity threshold (=3 wm per min) for identifying mo-
tile cells in a population (77). The three motility parameters
(average instantaneous velocity, percent cells with speeds of
=9 pm per min, and average percent positive flow) are de-
fined in Materials and Methods. In the absence of cAMP, these
parameters were maximal in 20 mM Ca®* solution, as they
were in 20 mM Ca®* in a cAMP gradient (Fig. 1A and B,
respectively). We therefore used the values in 20 mM Ca**
solution as the references for comparison with cells translocat-
ing in the other solutions. In the absence of a chemoattractant,
the three motility parameters in 40 mM K™ solution and in the
buffer solution (BB) used by Patel and Barber (61), were below
that in 20 mM Ca®" solution but still on average higher than
that in the six other buffer solutions (Fig. 1A). Of the six other
buffer solutions, the mean instantaneous velocity was highest in
KK buffer (Fig. 1A) (45), which contained the highest concen-
tration of K* (24.3 mM) (Table 1). The motility parameters in
the five test buffers BS, DB, SS, PB, and DB—DC were no
better on average than that in Tricine buffer (TB) alone (Fig.
1A), which contains a nonfacilitating K* concentration of 5
mM (Table 1). Cell shape also reflected facilitation. Cells
translocating in 20 mM Ca?* solution or 40 mM K™ solution
were more elongate on average than cells in the other test
solutions (Fig. 1C).

When a spatial gradient of cAMP was generated in the
tested buffer solutions, the three measured motility parameters
were maximal in 40 mM K™ solution and 20 mM Ca*" solution
(Fig. 1B). Two of the three parameters were close to maximal
in solution BB (64) (Fig. 1B). All three parameters were re-
duced in the remaining six buffer solutions and TB (Fig. 1B). In
marked contrast, the chemotactic index (CI) was on average as
high in the seven test solutions as it was in 20 mM Ca** or 40
mM K" solution (Fig. 1B). These results indicate that although
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A. Instantaneous Positive
velocity Percent flow
Buffer No. % 20 cells>9 % 20 Rec.
solution cells um/min Cat p-value Hm/min % / 4 sec Ca*  p-value ref.
20 Ca™ 46 11.1+43 - - 72 14.0+49 - - 51
40 K" 45 8.1+3.0 72 4.4x10* 23 13.7+5.0 98 NS 51
TB 20 6.4+2.1 58 5.6 x10¢ 9 6.7+3.1 55 1.1x107 51
BS 15 6.1+3.2 55 5.8x107 17 6.1+£3.2 50 1.0 x10° 11
DB 51 6.1+23 55 7.2x107 6 7.0+2.1 58 4.5x10"° 23
SB 72 43+12 34 1.9 x10"° 0 5.8+1.1 48 1.3x10™" 100
KK 41 69+38 62 5.5x10° 33 6.9+2.5 57 1.8 x10"° 45
PB 57 4514 40 38x10"° 3 6.1+15 50  23x10" 14
DB-DC 57 48+14 43 1.0 x10° 0 55+1.2 45 4.2x10" 55
BB 66 6.8+23 61 2.7x10° 20 7.8+2.4 64 3.8x10” 64
B. Instantaneous Chemotactic
velocity Positive flow index
Percent
Buffer No. % 20 p- cells>9 %/ % 20 p- % 20 p- Rec.
solution cells um/min  Ca** value um/min 4 sec Cat  value ClL Cat  value  ref.
20 Ca™ |34]10.8+43 — = 62 98+13 — - +0.8+£0.1 — = 51
40 K* 19 [10.0£52 99 NS 49 112+£29 100+ NS +0.6+02 75 1.8x102 | 51
TB 281 68+1.8 67 1.5x10* 12 82+18 84 NS +03+04 38 1.2x10° 1 51
BS 25| 49+2.1 44 1.0x107 6 6.7+49 68 NS +0.6£02 75 7.1x10° | 11
DB 43 | 48+1.7 48 1.5x10* 7 69+25 70 1.4x10?[+08+02 100 NS 23
SS 23 | 4719 47 49x107 0 69+20 70 2.1x102[+0.6+02 75 3.3x102 |100
KK 25| 6.1+27 60 12x10* 18 50+£18 51 1.2x10*[+0.8+02 100 NS 45
PB 26 [ 6.6+40 61 1.1x10? 33 45+13 46 22x10°|+08+0.2 100 NS 14
DB-DC |54 57+22 56 5.8x10° 5 57£15 58 69x10*[+0.7+02 88 NS 55
BB 18 | 8.8+3.5 87 NS 46 55+£26 56 49x10*[+0.9+02 100+ 2.0x10° | 64

FIG. 1. Motile behavior of Dictyostelium discoideum, analyzed in buffers commonly used by researchers studying motility and chemotaxis. The
composition of the solutions is provided in Table 1. Cell motility and cell polarization were maximal in solutions containing facilitating
concentrations of Ca** and K* but not in the majority of commonly used buffers, which do not contain facilitating concentrations of either cation.
This was true in both the absence and the presence of a cAMP gradient. Chemotactic orientation in a cAMP gradient, however, was equally
efficient in all tested buffers. (A) Motility parameters in test solutions in the absence of cAMP. (B) Motility and chemotaxis parameters in a cAMP
spatial gradient. (C) Differential interference contrast microscopy images of cells crawling in the buffer solutions indicated in the upper left corner
of each panel in the absence of cAMP. Parameters in panels A and B are defined in Materials and Methods. Values in panels A and B are the
means * standard deviations for the population. No. cells, number of cells analyzed; Rec. ref., Recent reference for buffer; see Table 1 for
abbreviations. The P value for parameters in each test solution versus 20 mM Ca”>* were determined by the Student ¢ test; NS, not significant for

P values of >5.0 X 1072

the majority of commonly used buffer solutions do not contain
high enough cation concentrations to facilitate motility, they all
support chemotactic orientation maximally and similarly.

The low CI in TB compared to that in the other test buffers
(Fig. 1B) also suggested that a monovalent cation concentra-
tion threshold also existed for maximum chemotactic orienta-
tion and that this threshold was lower than that for the facili-
tation of motility. To identify the threshold for orientation, we
compared the ClIs of cells in TB containing 5, 10, and 15 mM
Na™. The computed CIs were +0.48 = 0.38 (number of cells,

43), +0.43 = 0.36 (number of cells, 50), and +0.67 = 0.32
(number of cells, 92), respectively. The CI in 15 mM Na™ was
significantly different from the lower CIs in 5 and 10 mM Na™
(P = 0.05 and 0.002, respectively). Together, our results indi-
cate that a monovalent cation (K" and/or Na™) concentration
threshold of 15 mM is necessary for maximum chemotactic
orientation. Interestingly, all of the buffer solutions empirically
formulated by various researchers to study D. discoideum che-
motaxis contained concentrations of K and/or Na* that were
15 mM or greater (Table 1).
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TABLE 1. Compositions of tested buffer solutions

[Na*] [K*] [Total monovalent [Ca®*] [Mg>*]

Buffer solution (abbr®) Composition (mM)  (mM) cations] (mM) (mM) (mM) Reference
Tricine buffer (TB) 5 mM Tricine, 5 mM KCI 5 5 51
20 mM Ca?* solution (20 Ca®>") 5 mM Tricine, 5 mM KCl, 20 mM CaCl, 5 5 20 51
40 mM K™ solution (40 K*) 2.5 mM MgCl, 5 40 45 25 51
20 mM KH,PO,, 20 mM KCI, 5 mM
Na,HPO,

Bonner solution (BS) 2.7 mM CaCl,, 10 mM KCl, 10 mM 10 10 20 2.7 11
NaCl

Developmental buffer (DB) 5 mM Na,HPO,, 5 mM NaH,PO,, 15 15 0.2 2.5 23
2 mM MgSO,, 200 uM CaCl,

Sorenson buffer (SB) 2.7 mM Na,HPO,, 14 mM KH,PO, 54 14 19.4 100

KK2 (KK) 3.9 mM K,HPO,, 16.5 mM KH,PO,, 243 243 0.1 2.5 46
2 mM MgSO,, 0.1 mM CaCl,

Phosphate buffer (PB) 4 mM Na,HPO,, 7.4 mM KH,PO, 8 7.4 154 14

DB minus divalent cations 5 mM Na,HPO,, 5 mM NaH,PO, 15 15 55

(DB-DC)
Barber buffer (BB) 20 mM KH,PO,, 20 mM K,HPO, 60 60 64

“ abbr, abbreviation.

We previously demonstrated that in a low concentration of
monovalent cations, a Ca* threshold also existed for optimum
chemotactic orientation (51). This threshold was 5 mM, again
below the threshold concentration for Ca*" facilitation of mo-
tility. These results, therefore, illustrate the cationic facilitation
of cell motility and reveal that most researchers use buffers
containing concentrations of cations that are suboptimal for
cell motility. These results also reveal these buffers do contain
concentrations of Na* and/or K* equal to or above the thresh-
old for maximum chemotactic orientation.

Nhel, a candidate for mediating K* facilitation. We con-
sidered the possibility that the putative monovalent cation/H*
exchanger Nhel was the surface molecule mediating the facil-
itation of motility and the monovalent cation requirement for
chemotactic orientation, because the behavioral phenotype of
the nhel ™ null mutant in a facilitating concentration of K*
(64) was similar to that of wild-type cells in a nonfacilitating
concentration of K* (51). A BLAST search (http://blast.ncbi
.nm.nih.gov/Blast.cgi) of the D. discoideum genome revealed
that Nhel was a member of a family of four related proteins,
Nhel (NheA), Nhe2 (NheB), Nhe3 (NheC), and Nhe4
(NheD). Patel and Barber (64) previously noted that Nhel of
D. discoideum was distinct from Nhels in other species but was
similar to Nhe8 in a variety of other species, including hu-
mans. The 12 transmembrane domains of Nhel were iden-
tified with the software program TMHMM (http://www.cbs
.dtu.dk/servicess  TMHMM/), and the signal peptide was
identified with the software program PSORT II (http://psort
.ihgc.jp) (Fig. 2A and B). Nhel and Nhe2 belong to the CPA1
family of exchangers (Transport DB database; http://www
.membranetransport.org), members of which can exchange
Na* or K" for H" without a change in membrane potential
(17, 22, 47). This characteristic has been considered indicative
of coupled receptors, including divalent cation-sensing recep-
tors (16, 37). Nhel also contains a region homologous to KefB
domains (Fig. 2A), which have been shown in bacteria to
interact with K" in transport systems (13, 26, 33, 47, 68). Five
amino acids that are highly conserved in KefB domains accord-
ing to the Conserved Domain Database (http://www.ncbi.nlm
.nih.gov/structure/cdd/cdd.shtml) (53) were detected in D.

discoideum Nhel (Fig. 2A and B). The first 30 amino acids of
the N-terminal domain of Nhel has a signal sequence that is
common to the first transmembrane domain of a class of tri-
meric G protein-coupled receptors found in higher eukaryotes
(2, 97) (Fig. 2A and B). Finally, Nhel contains a 100-amino-
acid region that is homologous to a similarly positioned region
in a family of chemosensory receptors in Caenorhabditis elegans,
according to a motif scan at http://myhits.isb-sib.ch (40) and
confirmed with the Worm Database (http://www.wormbase
.org) (70, 85) (Fig. 2B, blue box). We have used the same
Nhel, rather than NheA, the correct name according to D.
discoideun mnomenclature (http://dictybase.org), because
Nhel has been used by Barber and coworkers in previous
papers (24, 64).

K™ facilitation is lost in nkhel ™ cells in the absence of cAMP.
If Nhel is the plasma membrane protein that mediates K*
facilitation, then deleting it should result in the loss of K*
facilitation. Cells of the parental strain Ax2 and a comple-
mented nhel strain, the nhel ~/nhel™ strain, translocated with
mean instantaneous velocities of 8.0 = 3.0 and 8.2 = 3.6 um
per minute, respectively, in 40 mM K* solution (Fig. 3A). In
marked contrast, nhel ~ cells translocated with a mean instan-
taneous velocity of 3.9 = 0.8 wm per minute, less than half that
of control cells and only 0.9 um per minute above the thresh-
old of 3 wm per minute used to discriminate motile cells (Fig.
3A). The motility defect in the velocity of nhel ™ cells was most
evident in comparisons of high-end velocities (i.e., the propor-
tion of cells with velocities of =9 wm per minute). While the
proportions of cells of the parental and complemented control
strains were 36 and 46%, respectively, the proportion of nhel
cells was 0% (Fig. 3A). Finally, the directional persistence of
nhel ~ cells, defined in Materials and Methods, was 33% lower
than that of Ax2 cells and 52% lower than that of nhel ~/nhel™*
cells (Fig. 3A). These behavioral defects were evident in pe-
rimeter tracks of nhel ™ cells in 40 mM K" solution in the
absence of chemoattractant (Fig. 3B). The motile phenotype of
nhel~ cells translocating on a substrate in 40 mM K™ solution
in the absence of a chemoattractant (Fig. 3A and B) was
therefore highly similar to that of parental control cells in TB
alone containing K* at the nonfacilitating concentration of 5
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LSLDYISEDEHMNAYIRTNTLLVVVFTIFVFGMGTYPLLRVLGIKTSQTDQSLDNISKPMSKQTKQKDRTKLYESFDDKY 560

FKPWFRKRVPPLANEAIEIFEKMVIQSSHDHELDSNPLRFDDDEEDDDDEDLDFDSDLDLNININTDSIHQSDNNNNDNG 640
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EuUkarRYOT. CELL

FIG. 2. Deduced structure of Dictyostelium discoideum Nhel. (A) The model for Nhel in the plasma membrane. The signal peptide is boxed
in red, the 12 transmembrane domains are numbered and colored green, and orange stars indicate amino acids in transmembrane domains 6, 8,
and 9 that are conserved in the KefB-domain of the superfamily. (B) Deduced amino acid sequence of Dictyostelium discoideum Nhel (accession
number XP_643611). The amino acids in the signal peptide are boxed in red, the amino acids in the 12 transmembrane (TM) domains are colored
green, the region homologous to the C. elegans chemoreceptor domain is boxed in blue, and the five conserved amino acids in the KefB domain

are colored orange.

mM (Fig. 1A and C). These results demonstrate that in the
absence of cAMP, the motile behavior of nhel ~ cells was not
facilitated by 40 mM K* (51).

Ca®* facilitation is intact in nhel™ cells in the absence of
chemoattractant. If Nhel specifically mediates K* facilitation,
then deletion of the gene nhel should not affect Ca** facilita-
tion. We tested this prediction in 20 mM Ca** solution in the
absence of a chemoattractant. The mean velocities of parental
and complemented control cells were 10.5 = 4.3 and 8.5 = 2.9
pm per min, respectively (Fig. 3A). The mean velocity of
nhel™ cells was 9.2 = 5.0 wm per min (Fig. 3A), which was
statistically indistinguishable from that of the two control
strains. The velocity in 20 mM Ca®* solution was more than
twice that in 40 mM K™ solution (Fig. 3A). The percentage of
nhel~ cells with velocities of =9 pm per minute in 20 mM
Ca®" solution was high (50%), like that of control strains (67
and 25%, respectively) (Fig. 3A). It differed markedly from
that of nhel ~ cells in 40 mM K™ solution, which was 0% (Fig.
3A). The directional persistence parameter of nhel ~ cells in 20
mM Ca*" solution was also similar to that of control cells (Fig.
3A). The similarity between the behavior of nhel ™ cells and
that of control cells in 20 mM Ca** solution was evident in a
comparison of perimeter tracks (Fig. 3C). A repeat of this
experiment in 10 mM Ca?* provided similar results (data not
shown). Together, these results demonstrate that in the ab-
sence of a chemoattractant, deletion of nhel results in the
selective loss of K", but not Ca>*, facilitation.

K" facilitation and chemotactic orientation are defective in
nhel™ cells in a cAMP gradient. In a spatial gradient of the
chemoattractant CAMP generated in 40 mM K™ solution in a
chamber designed based on that of Zigmond (89, 101), the
velocities of nhel ™ cells were 39% and 31% lower than those
of parental and complemented control cells, respectively (Fig.
4A). The proportion of cells with velocities of =9 wm per min
was 0%, compared to 50 and 28% for the two respective
control strains (Fig. 4A). Directional persistence was also far
lower than that of either of the control strains (Fig. 4A). The
same motility defects were observed in a cAMP gradient gen-
erated in 40 mM K" in TB (Fig. 4A).

To assess chemotactic orientation, the chemotactic index
and the percentage of cells exhibiting a positive chemotactic
index (defined in Materials and Methods) were compared be-
tween the mutant and the two control strains. Cells of the
nhel  mutant strain exhibited weak to negligible chemotactic
orientation in a cAMP gradient generated in 40 mM K™ solu-
tion, formulated in phosphate buffer (Table 1) or TB. The
mean chemotactic index of nhel ™~ cells in the two buffers was
+0.11 = 0.28 and +0.04 = 0.27, respectively, compared to
+0.69 = 0.14 and +0.73 = 0.30, respectively, for parental
control cells and +0.89 = 0.11 and +0.62 = 0.21 for comple-
mented control cells (Fig. 4A). The percent positive chemo-
taxis of nhel ~ cells in 40 mM K™ in the two buffers was 42 and
53%, respectively, compared to 100 and 94%, respectively, for
parental control cells and 100 and 93%, respectively, for com-
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A.
Facilitating ) nst. vel. % cells > Dir.
cation Strain ~ No. cells (um/mm) 9 um/min  persist.
Ax2 24 8.0+£3.0 36 0.30+£0.16
40 mM K*
g nhel” 29 39408 0 0.20 = 0.08
nhel /nhel* 17 8.2+3.6 46 0.42+0.19
p-value: Ax2 vs. nhel” 0.002 0.007
. Ax2 15 10.5£4.3 67 0.39+0.24
20 “}NLC: nhel” % 92450 50 0.30 +0.19
solutio nhel'lnhel” 12 85429 25 0.37+0.12
p-value: AX2 vs. nhel” n.s. n.s.

nhel/nhel™

FIG. 3. Cells of the nhel ~ mutant have lost K" facilitation but have retained Ca®" facilitation. (A) Motility parameters for parental control
strain Ax2, the nhel~ mutant, and the nhel /nhel™ complemented control in the absence of chemoattractant either in 40 mM K* solution or 20

mM Ca>*
perimeter tracks of three representative Ax2, nhel

solution. P values were obtained by Student’s ¢ test. Parameters are defined in Materials and Methods. (B) 2D-DIAS-generated stacked
~, and nhel ~/nhel ™ cells in 40 mM K™ solution. Perimeters were drawn at 12-s intervals over

a 10-min period. The final outline of the cell is color coded blue. (C) 2D-DIAS-generated stacked perimeter tracks of three representative Ax2,

nhel ~

. and nhel /nhel " cells in 20 mM Ca?" solution with perimeters drawn as described for panel B. No. cells, the number of cells analyzed;

Inst. vel., instantaneous velocity; % cells > 9 wm/min, the proportion of cells moving with average velocities > 9 wm/min; Dir. persist., directional

persistence; ns, not significant.

plemented control cells (Fig. 4A). Perimeter tracks reflected
these results (Fig. 4B). These results demonstrate first that 40
mM K™ does not facilitate motility in nkel ~ cells in a spatial
gradient of cCAMP and second that nhel ™ cells have lost not
only K™ facilitation but also K*-dependent chemotactic ori-
entation in a cCAMP gradient. These quantitative results ob-
tained in gradients generated in a chemotaxis chamber are in
agreement with the decrease in chemotactic efficiency ob-
served earlier by Patel and Barber (64).

We also tested whether nhel ™ cells also lost chemotactic
orientation in a simple phosphate buffer solution, DB—DC,
used by McCann et al. (55), which contained 15 mM Na™
(Table 1). The chemotactic index of nhel ~ cells in this solution
was negligible (+0.04 = 0.29; n = 63), and the percent positive
chemotaxis was 61%. Hence, neither 40 mM K™ solution nor
a phosphate buffer solution containing 15 mM Na™ supported
chemotactic orientation in nhel ~ cells. These results demon-
strate that Nhel is essential not only for K* facilitation but

also for the K" or Na™ requirement for chemotactic orienta-
tion in a cAMP gradient.

Ca®™ facilitation is intact in nhel~ cells in spatial gradient
of cAMP. In contrast to the aberrant behavior observed in a
spatial gradient of cAMP generated in 40 mM K™ solution or
in the Na™-based buffer solution DB—DC (Table 1), both the
motility and chemotactic orientation of nhel — cells were indis-
tinguishable from those of control cells in a cAMP gradient
generated in 20 mM Ca*" solution (Fig. 4A and C). The
instantaneous velocity, percent cells with velocities of =9 pum
per minute, directional persistence, chemotactic index, and
percent cells with a positive chemotactic index were statistically
similar to those of control strains (Fig. 4A). Cell perimeter
tracks reinforced these findings (Fig. 4C). Nhel, therefore, is
essential for K*- but not Ca?"-dependent chemotactic orien-
tation.

Cell elongation and the suppression of lateral pseudopods.
Both 40 mM K™ solution and 20 mM Ca*" solution have been
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EukarYoOT. CELL

A.
Facilitating No. Inst.vel. %cells>  Dir Chemo. %o posit.
cation  Strain  cells (Um/min) 9 um/min persist. index  chemo.
40 mMK* Ax2 19 9.0+£3.9 50 0.70+0.13 +0.69 £0.14 100
sol;;tion nhel” 20 55+24 0 0.44+0.26 +0.11+0.28 42
nhel /nhel™ 25 8.0+2.8 28 0.89+0.11 +0.89+0.11 100
p-value: Ax2 vs. nhel~  2x1073 3x1073 1x108
40mMK*"  Ax2 17 9.8+£3.5 52 0.79+0.23 +0.73+0.30 94
in T.B nhel” 43 42+1.7 5 0.35+0.21 +0.04+0.27 53
solution ypef-/uhel* 14 92+3.6 50 0.69+0.20 +0.62+0.21 93
p-value: Ax2 vs. nhel~  1x10™* 3x10°° 1x104
47
20 mM Ca** Ax2_ 18 10.7 £3.8 0.77+0.11 +0.73+0.11 100
solution nhel 21 9.2+3.0 57 0.80£0.13 +0.69+0.25 95
nhel /nhe* 31 84+29 38 0.75+0.13 +0.73+0.16 100
p-value: Ax2 vs. nhel” n.s. n.s. n.s.
nhel nhel /nhel™

B. _Ax2

&7 Chser Mo

Sa

FIG. 4. Cells of the nhel™ mutant have lost the capacity to undergo K* facilitation and K*-dependent chemotactic orientation in a spatial
gradient of cAMP but have retained Ca®" facilitation and Ca**-dependent chemotactic orientation. (A) Motility parameters for parental control
strain Ax2 and the nhel ™ and nhel /nhel™ strains in 40 mM K" solution and 20 mM Ca>" solution. Chemo. index, chemotactic index; % posit.
chemo. proportion of cells with positive chemotactic index. See the legend to Fig. 3 for remaining definitions of abbreviations. Parameters are
defined in Materials and Methods. (B) 2-D DIAS-generated stacked perimeter tracks of three representative Ax2, nhel~, and nhel ~/nhel ™ cells
in a spatial gradient of cCAMP generated in 40 mM K" solution. (C) 2D-DIAS-generated stacked perimeter tracks of three representative Ax2,
nhel~, and nhel /nhel* cells in a spatial gradient of cAMP generated in 20 mM Ca®" solution. See the Fig. 3 legend for additional explanations.

shown to enhance cell elongation and suppress lateral pseudo-
pod formation during wild-type cell migration (51). These fa-
cilitated changes are important in attaining maximum velocity
(51, 78). The effects of 40 mM K* and 20 mM Ca** on cell
elongation and lateral pseudopod formation were therefore
compared between nhel  and control cells in a cAMP gradi-
ent. Differential interference contrast microscopy revealed that
either 40 mM K* or 20 mM Ca®" induced parental and com-
plemented control cells to elongate, move in the direction of
the single anterior pseudopod, suppress lateral pseudopod for-
mation, extend new pseudopods primarily at the anterior end,
and form a tapered uropod (Fig. 5A). However, while 20 mM
Ca®" induced these same changes in nhel ~ cells, 40 mM K"
did not (Fig. 5A).

Lateral pseudopods have previously been defined as new
projections emanating from the flank of the cell body (78, 93,
94) or new anterior pseudopods resulting from anterior pseu-
dopod bifurcation, a process also referred to as “splitting” (3).
For a measure of the unsuppressed frequency, pseudopod for-
mation was assessed in a CAMP gradient generated in 1 mM
Ca®" (51). The “frequency of lateral pseudopod formation”
was computed as the frequency in a test solution divided by the
frequency in the reference solution, multiplied by 100. In 40
mM K™ solution, the frequencies of lateral pseudopod forma-
tion of parental control (Ax2) and complemented control
(nhel ™ /nhel™) cells were 55 and 30%, respectively, compared
to those in 1 mM Ca®* solution (Fig. 5B). The frequency of
lateral pseudopod formation of nhel ™ cells in 40 mM K™,
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FIG. 5. Cells of the mutant nhel ~ do not respond to 40 mM K™ by
elongating and suppressing lateral pseudopod formation, but they do
respond to 20 mM Ca®*. (A) Differential interference microscopy
images of three representative Ax2 (nhel™), nhel, and nhel ~/nhel *
cells in spatial gradients of cCAMP generated in solutions containing
either 40 mM K* (top panels) or 20 mM Ca®" (bottom panels).
Arrows at the bottom of each panel indicate the direction of the cAMP
gradient. (B) Percent lateral pseudopod formation was determined by
dividing the number obtained in 40 mM K™ or 20 mM Ca®" solution
for Ax2, nhel/nhel™, and nhel ™~ cells by the number obtained for Ax2
cells in a nonfacilitating 1 mM Ca solution and multiplying the fraction
by 100. Light-gray bars, Ax2 control (nhel™); dark-gray bars, nhel /
nhel* complemented control; black bars, nhel ~ strain.

however, was almost the same as that of control cells in 1 mM
Ca?* solution (Fig. 5B). These results indicate that 40 mM K"
does not suppress lateral pseudopod formation in nhel ~ cells
as it does in control cells. In 20 mM Ca>?* solution, however,
lateral pseudopod formation in Ax2, nhel ~/nhel *, and nhel ~
cells was suppressed by 97%, 80%, and 85%, respectively (Fig.
5B) These results support the conclusion that the motile be-
havior of nhel ™ cells is facilitated by 20 mM Ca®* but not 40
mM K*.

Induced cortical localization of myosin II. In the process of
cationic facilitation, myosin II localizes to the posterior cell
cortex (51). Posterior localization is believed to be important
for cell elongation, the suppression of lateral pseudopod for-
mation, uropod formation, efficient translocation, and efficient
chemotaxis (29, 39, 48, 73, 78, 95). One would therefore expect
20 mM Ca*" solution but not 40 mM K™ solution to induce
posterior localization of myosin II in nhel ™ cells. To test this
prediction, parental control and nhel ~ cells were transformed
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with a plasmid containing GFP-tagged myosin II (57) and the
pattern of GFP fluorescence was analyzed by confocal micros-
copy. Projections of the center five images of a Z-series of 16
scans of each cell were stacked and analyzed for combined
pixel intensity through a zigzag track protocol diagrammed in
the upper portion of each panel in Fig. 6 (51). Intensity plots
of representative control cells in a spatial gradient of cAMP
generated in 40 mM K™ solution (Fig. 6A) or 20 mM Ca**
solution (Fig. 6C) revealed broad peaks and troughs, the
former representing the scans through the cell body and the
latter the extracellular regions. In both cases, the intensity was
highest in the cortex of the posterior region of the cell body
(Fig. 6A and C). Intensity plots of representative nhel ~ cells in
a spatial gradient of cAMP generated in 40 mM K™ solution
(Fig. 6B) or 20 mM Ca*" solution (Fig. 6D) also revealed
broad peaks and troughs. In 20 mM Ca®", the intensity was
higher in the posterior cortex of the cell body of nhel ™ cells
(Fig. 6D), just as it was in control cells (Fig. 6C). However, in
40 mM K, the intensities along a nhel ~ cell were similar in
the anterior and posterior cell cortex (Fig. 6B). In these cells,
the posterior end of apolar nhel ™~ cells was identified by the
position of tail fibers (38), not shown here. These results dem-
onstrate that 20 mM Ca®" but not 40 mM K" induces the
localization of myosin II to the posterior cortex of nhel  cells.
K" concentration. The preceding results demonstrating that
nhel~ cells have selectively lost K* facilitation were based on
tests performed with 40 mM K™, the optimum concentration
for the facilitation of wild-type cell motility (51). To test the
possibility that K™ might facilitate motility and polarity in
nhel ™ cells but at a different concentration, we analyzed the
effects of higher and lower K* concentrations. We found that
in the range of 5 to 80 mM, K" did not facilitate cell motility
or mediate chemotactic orientation in nhel ~ cells (Table 2).

DISCUSSION

Previously we demonstrated that 40 mM K" or 20 mM Ca**
facilitated cell motility (51). To illustrate the process of facil-
itation, we compared motility in solutions containing facilitat-
ing concentrations of K* and Ca?* with that in buffer solutions
commonly employed by researchers studying motility and che-
motaxis in D. discoideum. Six of the seven contained nonfacili-
tating concentrations of Na™ and/or K, ranging from 15 to 24
mM. None contained a facilitating concentration of Ca**. Our
results first demonstrated that the six buffer solutions were
suboptimal for cell motility, but all performed as well as 40 mM
K" or 20 mM Ca®" solution in supporting chemotactic orien-
tation. However, chemotactic orientation in TB alone, which
contains 5 mM K™, was reduced dramatically. This suggested
that there was a monvalent cationic requirement for chemo-
tactic orientation that was above 5 mM but below 40 mM. By
varying the Na™ concentration, we found this cationic require-
ment to be 15 mM, the minimum concentration in the seven
tested buffer solutions, suggesting that in the independent de-
velopment of the seven buffer solutions used to study D. dis-
coideum motility and chemotaxis, an unrecognized consensus
had emerged that a minimum monovalent cation concentra-
tion of 15 mM was necessary for efficient chemotactic orien-
tation. While 15 mM Na™ or K™ will fulfill the requirement for
orientation, only 40 mM K™ will facilitate motility. Na™ at 40
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FIG. 6. Myosin II does not localize normally in the posterior cortex of nhel ~ cells in chemotaxis when K™ is the facilitating cation, but it does
when Ca?" is the facilitating cation. The maximum intensity for a scan was normalized to 100%. (A) Ax2 control cells in 40 mM K* solution.
(B) nhel™ cells in 40 mM K™ solution. (C) Ax2 control cells in 20 mM Ca®* solution. (D) nhel ™ cells in 20 mM Ca** solution. a, anterior; p,
posterior. Horizontal bars in each graph indicate the average peak intensities for the posterior and anterior regions of the representative cell
images. Insets show the zigzag path of intensity measurements along the cell that is plotted in the corresponding graph below.

mM is inhibitory (51). Furthermore, 5 mM Ca®* also fulfills
the requirement for orientation (51).

There are three possible ways in which Nhel may mediate the
effects of extracellular monovalent cations: through changes in
cytosolic pH, through changes in the concentration of cytosolic
monvalent cations, or as a coupled sensor. Whatever the mech-
anism, Nhel must function by assessing differences in the
steady-state concentration of extracellular monovalent cations.
Nhel has been classified as a Na*/H" exchanger (64, 90).
However, the steady-state intracellular pH (pHi) of wild-type,
complemented mutant, and mutant cells in the absence of

cAMP was measured by Patel and Barber (64), using the flu-
orescent pH indicator 2',7'-bis(2-carboxyethyl)-5(6)-carboxy-
fluorescein (BCECF). They reported them to be 6.58 *+ 0.05,
6.63 = 0.07, and 6.48 £ 0.06, respectively. Since the pHi of
complemented mutant cells differed from that of wild-type
cells by half the difference between those of wild-type and
nhel ~ cells, it was not clear if the latter difference was func-
tionally meaningful. Moreover, the cytosolic specificity of
BCECEF fluorescence is in question, because it has been dem-
onstrated that BCECEF stains organelles and vesicles, as well as
the cytosol (10, 18, 59, 72). Therefore, it is not clear if Nhel
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TABLE 2. The nhel ~ mutant is insensitive to K* at concentrations
ranging from 5 to 80 mM

[K*] Strain No. of Instantal_leous Directional Chemotactic
M)“ name or s velocity ist ind
(mM) description cells (mm/min) persistence index
5 Ax2 28 6.8+ 1.8 047 =022 +0.34 =0.35
nhel ~ 19 3.7%t13 0.15 £0.11 +0.03 = 0.12
20 Ax2 27 7425 0.63 £0.17 +0.59 = 0.21
nhel 36 47+ 1.3 042 =021 +0.03 =0.34
40 Ax2 17 9.8 +3.5 0.79 =023 +0.77 = 0.30
nhel ~ 43 42+ 1.7 0.35 £0.21 +0.04 = 0.27
60 Ax2 21 6.7 = 2.6 0.68 = 0.21 +0.63 = 0.27
nhel 45 32+0.2 0.37 £ 0.14 +0.01 = 0.28
80 Ax2 54 6.4 +3.0 0.66 = 0.24 +0.56 = 0.24
nhel ~ 40 3.5+0.7 0.37 £0.19 +0.02 = 0.25

“The K* concentration was varied in Tricine buffer, and each solution was
used as the buffer for generating a cAMP gradient.

regulates intracellular pH. Alternately, Nhel may function by
increasing intracellular monovalent cations. It has been dem-
onstrated that incremental increases in the concentration of an
extracellular monovalent cation result in increases in the cyto-
solic concentration of that cation (74). Therefore, Nhel might
function by regulating the cytosolic concentration of monova-
lent cations. Finally, and perhaps more interestingly, Nhel may
function as a coupled monovalent cation sensor. Nhel belongs
to the group CPA1, members of which do not cause changes in
membrane potential, a characteristic of a group of G protein-
coupled receptors that includes Ca**-sensing receptors (16,
37). Nhel has a KefB domain that has been demonstrated in
other molecules to bind to K* (13, 68). Nhel also contains a
signal sequence in the first 30 amino acids of the N terminus
that is common to a class of trimeric G protein-coupled recep-
tors (2, 97). Finally, a 100-amino-acid region of Nhel is ho-
mologous to similarly positioned regions of chemosensory re-
ceptors in C. elegans (70, 85). Therefore, Nhel may function by
sensing the extracellular concentration of monovalent cations.
In that case, the signal would be transduced through molecules
interacting with Nhel. However, there are no data that unequiv-
ocally distinguish between the three alternative mechanisms.

Our results therefore demonstrate that Nhel mediates K*
facilitation of efficient cell motility and the monovalent cation
requirement for chemotactic orientation. Nhel mediates these
effects at constant extracellular concentrations of monovalent
cations. In the absence of these concentrations of K* or K*/
Na*, respectively, 20 mM Ca*" will facilitate efficient cell
motility and at 5 mM Ca®" will support chemotactic orienta-
tion (51). Again, these last effects are achieved at constant
extracellular Ca>* concentrations. The surface molecule that
mediates the Ca®" effects has not been identified. However,
the pathways transducing the alternative K*/Na™ and Ca®"
signals must ultimately converge, since the induced responses
are similar.
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