undergo programmed cell death because
they do not fragment their DNA (12).
Rather, antigen-stimulated CD4~CD8
precursor  thymocytes may  become
CD4~CD8"TCRap™* thymocytes, which
would explain the disproportionate appear-
ance of such thymocytes in Tg-TCRaf
male mice (3, 4).

Our data show that TCR signals generated
in CD4~CD8" precursor thymocytes can
clonally regulate their differentiation into
CD4*CD8* cells. Consequently, the TCR
repertoire expressed by early CD4*CD8 thy-
mocytes may already reflect the influence of
intrathymic selection pressures.
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Flow-Dependent Cytosolic Acidification of Vascular
Endothelial Cells

Roy C. Ziegelstein, Linda Cheng, Maurizio C. Capogrossi*

Hemodynamic shear stress affects endothelial cell structure and function, but little is known
about the signal transduction mechanisms involved in these processes. The effect of
laminar shear stress on cytosolic pH (pH)) was examined in rat aortic endothelial cells
cultured in glass capillary tubes. Shear stress forces led to a rapid decrease in pH, (maximal
effect 0.09 pH unit at 13.4 dynes per square centimeter). Removal of specific ions or
addition of exchange inhibitors suggests that in vascular endothelial cells shear stress
forces activate both an alkali extruder, sodium ion—-independent chloride-bicarbonate ion
exchange, and an acid extruder, sodium-hydrogen ion exchange; the net effect in phys-
iologic buffer with the bicarbonate ion is a decrease in pH,.

Shear stress forces modulate several vascu-
lar endothelial cell functions (1), but the
signal transduction mechanisms involved in
these processes have not been fully eluci-
dated. Because shear stress leads to en-
hanced phosphoinositide turnover (2) and
membrane hyperpolarization (3), both of
which may influence cytosolic pH (pH,)
regulation, pH; could provide a signal trans-
duction mechanism in response to changes
in flow. In addition, shear stress—induced
changes in cytoskeletal organization or in
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agonist availability to the cell membrane
might affect pH; (4). To test the hypothesis
that shear stress forces affect endothelial
pH;, we examined the effect of laminar flow
on endothelial cells from the rat aorta
cultured in glass capillary tubes (5).

When endothelial cells in glass capillar-
ies were exposed to a HCO, ™ -buffered so-
lution equilibrated with 5% CO,, the in-
crease in laminar shear stress forces (6)
caused a rapid and reversible decrease in
pH; (7) (Fig. 1). The threshold for this
effect was below 0.5 dyne cm™2, and it
saturated between 6.7 and 13.4 dyne cm~?
(Fig. 1A). In a HCO; ™ buffer, exposure to
13.4 dyne cm™? for 2 to 5 min resulted in
an intracellular acidification of 0.09 = 0.01
pH units (n = 79; P < 0.0001). A similar



response was observed in human aortic
endothelial cells. No intracellular acidifica-
tion was observed in human skin fibroblasts
or in rat intestinal epithelial IEC-6 cells
exposed to shear stress forces of 13.4 dyne
cm ™2 (8). Flow-induced cytosolic acidifica-
tion of endothelial cells could be main-
tained for at least 30 min at 13.4 dyne
cm™?, but, at sustained shear stresses of 2.7
dyne cm™? or less, pH; returned to un-
stressed values (Fig. 1C).

The Na*/H* exchange affects pH, in
vascular endothelial cells (9). Another acid
extruder, extracellular Na* (Na* )-depen-
dent CI7/HCO;~ exchange, and two alkali
extruders, Na* -independent C1~/HCO;~

Fig. 1. Effect of shear A
stress forces on pH, of vas-
cular endothelial cells in a
HCO,~-buffered  solution.
(A) Changes in pH; in-
duced by different flow
rates in the same monolay-
er of endothelial cells. (B)
Average results on the ef-
fect of flow-induced shear
stress for 5 min in HCO,~/
CO, buffered saline. The
average change in pH, is
plotted as a function of
time in endothelial mono-
layers exposed to shear
stress of 13.4 dyne cm=2
(n = 12). (C) Shear stress—
induced cytosolic acidifi-
cation was sustained for 30
min at 13.4 dyne cm~2 (up-
per tracing). In contrast
pH, spontaneously recov- '
ered over this time at 2.7
dyne cm~2 (lower tracing).

7.3 7
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4
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0.5 dyne cm™

SCIENCE

exchange and electrogenic Na*-HCO,~
cotransport, have been identified in other
cell types (10, 11).

Shear stress—induced cytosolic acidifica-
tion in HCO;™ solution could be due to
activation of an alkali extruder, resulting in
loss of HCO; ™ from the cell. This possibility
was examined by preincubating endothelial
cells for 1 hour with 4-acetamido-4'-isothio-
cyanato-stilbene-2,2'-disulfonic acid (SITS)
(12), an irreversible anion-exchange inhib-
itor. Preincubation with SITS substantially
diminished the shear stress—induced acidifi-
cation (Fig. 2). Incomplete inhibition of
HCO;™ transport may account for the in-
ability of SITS to abolish this effect altogeth-
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er. When experiments were performed in
the absence of HCO;~ (13), shear stress

caused a small increase rather than a de-

A 134 dynecm? B 13.4 dyne cm?
— 002 =
T L S
z
= 7.0, . -0.04]
T 720 <.0.08| 1mM SITS
-0.08
7154 —
1 min '°‘1°o 12345
Time (min)
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7.25
=°. 7.20
715 —
1 min

Fig. 2. Shear stress—induced cytosolic acidifi-
cation in HCO,~/CO, buffer was blunted by
preincubation for 1 hour with the irreversible
anion-exchange inhibitor SITS (1 mM). (A) Rep-
resentative tracings of the effect of shear stress
forces at 13.4 dyne cm~2 on pH, of control
(lower trace) and SITS-treated (upper trace)
endothelial cells. (B) Average effect of shear
stress forces at 13.4 dyne cm~2 in SITS-treated
endothelial cells; ApH, was ~0.01 = 0.00 (n =
21). Endothelial cells that had not been ex-
posed to SITS responded to similar shear
stress by a ApH, of —0.09 = 0.01 (n = 79).

13.4 dyne cm2
=
[-%
<
-0.05 -
13.4 dyne cm2
0.057 W"\ﬁ\:/\(fa-ﬁee
=
o
< 4
-0.054
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T 4
o
<
-0.05-! 1'min

Fig. 3. Effect of flow-induced shear stress (13.4
dyne cm~2) on one endothelial monolayer in
HCO,~/CO, buffer or HCO,~-free, Hepes-buff-
ered saline, with and without EIPA. Flow-in-
duced shear stress decreased pH, in HCO,~/
CO, buffer (upper tracing). In HCO, -free so-
lution (middle tracing), shear stress forces
caused a small increase in pH, (+0.02 = 0.00
pH units; n = 9; P < 0.002) that showed partial
recovery over a 6-min period. Cytosolic alkalin-
ization in bicarbonate-free buffer was due to
activation of Na*/H* exchange, as it was inhib-
ited by 10 uM EIPA (lower tracing).
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Fig. 4. Effect of flow-induced shear stress in a
monolayer of endothelial cells exposed to
HCO,~/CO, buffers with and without Na*.
When Na* was fully replaced by tetramethyl-
ammonium (TMA) and choline, there was a
rapid decrease in pH, but flow-dependent
acidification was unaffected. In Na* -free bi-
carbonate buffer, shear stress (13.4 dyne
cm~2) decreased pH, from 7.06 + 0.04 to 6.99
+ 0.03 (n = 5), a result similar to that in the
presence of Na* .

crease in pH; (Fig. 3). Under these condi-
tions, which inactivate HCO;™ transport-
ers, cytosolic alkalinization was abolished by
ethylisopropylamilozide (EIPA) (14), a
Na*/H* exchange blocker (Fig. 3).

Of the various pH; regulating mecha-
nisms noted above only Na™_-independent
Cl=/HCO;~ exchange does not rely on
Na* transport for its function. To further
distinguish among the ion transporters, we
removed buffer Na*t before shear stress ex-
posure. When Na* was completely replaced
by choline and tetramethylammonium in a
HCO;-buffered solution, pH; decreased
from 7.26 = 0.04 to 7.06 = 0.04 (n = 5).
This suggests that under baseline conditions
endothelial cells continuously extrude pro-
tons through Na% -dependent mecha-
nisms. Alternatively, the increase in Ca\l2+
that occurs when Na? is removed (15) may
decrease pH,; (16). Nevertheless, shear
stress—induced cytosolic acidification at this
new basal pH; was not affected by Na?
removal (Fig. 4). This result in conjunction
with that of anion exchange inhibition
indicates that the cellular response to shear
stress forces in the presence of HCO;™,
which results in a decrease in pH,, is due to
Na* -independent HCO;™ extrusion.

Thus, we show that Na'-independent
CI7/HCO;~ exchange occurs in vascular
endothelial cells and that this transport
mechanism as well as Na*/H* exchange
are activated by laminar shear stress. Dif-
ferent mechanisms may account for this
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finding. Flow-induced activation of an out-
ward K* current (I7) may modulate pH,
through changes in membrane potential
(18) and in the intracellular concentration
of ions linked to H* or HCO; ™ membrane
transport. Alternatively, shear stress activa-
tion of CI7/HCO,;~ and Na*/H* exchange
may help regulate endothelial cell volume
(19), as laminar shear stress within the
range examined in the present report stim-
ulates fluid-phase endocytosis (20).

In some nonendothelial cell types, an
increase in cytosolic Ca* leads to a de-
crease in pH; (16). In endothelial cells
loaded with a fluorescent Ca?* indicator,
we and others did not observe an effect of
brief exposures to shear stress on Ca’*,
@n.

Shear stress enhances phosphatidylinosi-
tol turnover in endothelial cells (2), a
process that is expected to be associated
with the production of 1,2-diacylglycerol
(22), which causes translocation to the
membrane of Ca?*-activated, phospholip-
id-dependent protein kinase C (PKC) (23).
There is indirect evidence that one effect of
shear stress forces is to enhance PKC activ-
ity (24). Shear stress activation of Na*/H™*
exchange may be a consequence of these
events, as PKC is known to activate Na*/
H™* exchange (25).

In conclusion, our results establish that
shear stress forces modulate mechanisms
that have opposing effects on pH, of vas-
cular endothelial cells. In a physiologic
HCO, ™ -buffered medium, alkali extrusion
predominates over acid extrusion, the net
effect being a decrease in pH,. The func-
tional role of cytosolic acidification in
response to rapid increases in shear stress
forces, as may occur at the branching
points of large arteries, remains to be

defined.
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Role of Transmembrane Domain Interactions in the
Assembly of Class II| MHC Molecules

Pierre Cosson and Juan S. Bonifacino*

Evidence is presented that suggests a role for transmembrane domain interactions in
the assembly of class Il major histocompatibility complex (MHC) molecules. Mutations
in the transmembrane domains of the class || MHC a or B chains resulted in proteins
that did not generate complexes recognized by conformation-dependent antibodies and
that were largely retained in the endoplasmic reticulum. Insertion of the o and B trans-
membrane domains into other proteins allowed the chimeric proteins to assemble,
suggesting a direct interaction of the a and B transmembrane domains. The interactions
were mediated by a structural motif involving several glycine residues on the same face

of a putative a helix.

Class II molecules of the MHC are mem-
brane-bound glycoprotein complexes ex-
pressed primarily in cells of the immune
system, where the class II molecules func-
tion to present antigenic peptides to T
lymphocytes. Class II molecules are com-
posed of two polymorphic transmembrane
subunits, a and B, that associate to form a
noncovalent heterodimer (1). Both chains
are type | integral membrane proteins,
each consisting of two NH,-terminal ex-
tracellular domains, a single membrane-
spanning sequence, and a short COOH-
terminal cytoplasmic tail (I). Assembly of
the heterodimer occurs in the endoplasmic
reticulum (ER), where the heterodimer
associates with a type Il integral mem-
brane protein known as the invariant (i)
chain (2, 3). After assembly, afli com-
plexes are transported through the Golgi
system and into a prelysosomal compart-
ment, where the li chain is proteolytically
degraded (2, 3). At this location, the aff
dimers bind antigenic peptides; the dimers
are then delivered to the cell surface (3).
The high degree of conservation of the
transmembrane domains of class II MHC
o and B gene products among various
haplotypes and animal species (Fig. 1A)
has suggested an essential role for these
sequences (I, 4). Because of the known
function of transmembrane interactions in
the assembly of other multiprotein com-
plexes, such as in the assembly of the T
cell antigen receptor (5, 6) and Fc recep-
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tors (7), we decided to examine whether
the membrane-spanning sequences were
required for efficient assembly of newly
synthesized class II MHC molecules.
Normal or mutagenized o and B chains
of the I-A¥ haplotype (8) were expressed
in COS-1 cells (9). Transfected cells were
metabolically labeled for 15 min and class
II chains immunoprecipitated (9) with
conformation-independent or -dependent
antibodies (Abs) (10) (Fig. 2). Coexpres-
sion of & and B chains resulted in copre-
cipitation of both chains by conformation-
independent Abs to the B or a chains

Fig. 1. (A) Sequences of A
transmembrane domains
and adjacent regions of
class Il MHC chains of

Lumen

o ®

REPORTS

(Fig. 2A) or by conformation-dependent
Abs that require correct pairing of @ and
subunits for reactivity (Fig. 2B). Insertion
of a Bgl II site in the @ and B cDNAs near
the boundary between sequences encoding
the extracellular and transmembrane do-
mains resulted in replacement of three
codons in both o and B (8) but had no
effect on association (Fig. 2). We used this
restriction site in order to replace the
transmembrane domains of a and B by the
transmembrane domain of the a chain of
the interleukin-2 receptor (the Tac anti-
gen) (11). The resulting aTa and BTPR
chimeras associated, as assessed by copre-
cipitation with conformation-independent
Abs (Fig. 2A). However, conformational
epitopes found in normal class II MHC
complexes were not generated (Fig. 2B),
suggesting that the transmembrane do-
mains of the a and B chains are required
for correct assembly of af heterodimers.
The nature of the chimeric protein species
coprecipitated with conformation-inde-
pendent but not conformation-dependent
Abs is unclear. One possibility is that they
represent complexes that are improperly
assembled or that have an abnormal con-
formation. An alternative explanation is
that the apparent association of the chi-
meric proteins does not reflect the forma-
tion of specific aff dimers but rather the
aggregation of unassembled o and B spe-
cies with each other or with other intra-
cellular proteins.

The subcellular localization of the nor-
mal and chimeric protein species was ana-
lyzed by immunofluorescence microscopy
with a conformation-independent Ab to
the B chain. These studies revealed that
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the I-Ax haplotype (22).
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Open boxes denote resi-
dues that are identical in
>95% of all class Il MHC o P
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chains examined [56 a
and 124 B chain se-

A‘E...IERSEMES@IE;__-G_ICVIFLGLELFIRHRSQK

quences (24)]. Amino
acids are numbered from
the initiator methionine of
the normal A% (20) and
Ak (21) precursors. (B)
Two-dimensional repre-
sentations of I-A¥ trans-
membrane domains, as-
suming an a-helical con-
figuration (73). Con-
served Gly residues on
one face of the potential
a helices are indicated
by black boxes. Resi-
dues with charged side

B
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chains near the lumen-membrane interface are also highlighted.
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