activities) are generally not found on short
synthetic peptides. Unlike the repeat region
of P. falciparum, the P. berghei CS protein
contains variable tandem repeats consisting
of three different octapeptides and a long
stretch of dipeptides (8). We used the con-
sensus octapeptide for synthetic peptide im-
munization, but it is possible that other
epitopes may be important in protection.
The recombinant construct pBltets; includ-
ed the entire repeat region sequence as well
as flanking nonrepeat regions, suggesting
that if T-cell epitopes involved in the induc-
tion of cellular immunity were included they
were ineffective because of inappropriate
conformation or antigen presentation. At-
tenuated sporozoites must be intact and
administered intravenously to be efficacious
(21), suggesting that targeting of the orga-
nism to a particular cell and subsequent
processing and presentation of antigen in
association with histocompatibility mole-
cules may be important. From studies in
vitro it appears that sporozoites shed CS
protein onto the surface of hepatoma cells
during invasion and that developing exo-
erythrocytic forms express epitopes recog-
nized by mAbs against sporozoites (22). It is
possible that CS protein or other non-CS
antigens associated with these developing
exoerythrocytic forms elicit responses medi-
ated by natural killer cells, cytotoxic T cells,
or cytokines. However, the antigens, specif-
ic cellular effector mechanisms, and their
targets have not been identified. By using
the P. berghei model it should be possible to
develop subunit vaccines capable of induc-
ing these cell-mediated responses and to
apply these findings to the development of
sporozoite vaccines against human malaria.
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Glucocorticoid Receptor—Like Antigen in Lymphoma
Cell Membranes: Correlation to Cell Lysis

BAHIRU GAMETCHU

S-49 mouse lymphoma cells undergo lysis when treated with glucocorticoids; the
mechanism of this effect is not understood. A protein was detected in the plasma
membrane of these cells by means of direct immunofluorescent labeling with a
monoclonal antibody to the soluble glucocorticoid receptor. Cellular heterogeneity in
the content of this glucocorticoid receptor—like molecule was evident. By immunoad-
sorption to antibody-coated tissue culture plates, the cells were separated into
populations positive (100%) and depleted (38%) for this membrane antigen. Gel
electrophoresis, specific immunoblot, and autoradiographic (binding of [*H]dexa-
methasone mesylate) analysis of the membrane proteins from the membrane antigen—
positive group revealed multiple protein bands ranging in size from 85 to 145
kilodaltons. Furthermore, comparison of the glucocorticoid sensitivity of these groups
of cells showed complete lysis of the membrane antigen—positive cells and only partial
lysis of the antigen-deficient group, which suggests that the lysis response of cells to
glucocorticoids is mediated by a glucocorticoid receptor—like molecule located in the

plasma membrane.

LUCOCORTICOID HORMONES ELICIT
a series of cellular responses in lym-
phoid tissues that ultimately result in
cytolysis, a property that allows important prac-
tical applications of these steroids in the treat-
ment of certain leukemias and lymphomas (1,
2). Although the exact mechanism of this in-
duced cell lysis is obscure, the effect is

known to be mediated by the glucocorticoid
receptor (GR) (3). In some patients with
various blood dyscrasias, high numbers of
lymphoid cell receptor sites have been corre-
lated with good clinical response to gluco-
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Fig. 1. Direct immunofluorescent micrograph of
S-49 cells after staining for GR-specific antigen.
The direct immunofiuorescent test was done as
described in the text. (A) A control cell prepara-
tion incubated with monoclonal antibody pread-
sorbed for 4 hours at 4°C with purified receptor
(0.1 pg of receptor per 0.2 mg of IgG). (B and
B’) GR immunoreactivity in the wild-type S-49
cells (prior to separation of cells by adsorption to
antibody-coated tissue culture plates). (C and C’)
GR immunoreactivity of cells that did not adsorb
to antibody-coated plates (specific immunoreac-
tive, antigen-deficient cells). (D and D’) GR
immunoreactivity in membrane antigen-enriched
cells selected by adsorption to antibody-coated
tissue culture plates (specific immunoreactive,
antigen-positive cells). B, C’, and D’ all face
contracts micrographs of the corresponding fig-
ures.

corticoid treatment (4). These correlations
are strongest for childhood acute lympho-
blastic leukemia (ALL) and for non-Hodg-
kin’s lymphoma (4). Further evidence of this
has been shown in various cell culture stud-
ies in which the loss of steroid binding is
often correlated with the loss of a cell lysis
response (5). Therefore, it is generally
agreed that the absence of receptors ensures
lack of lytic response to steroids; neverthe-
less, the simple presence of high numbers of
receptor sites does not guarantee a clinical
response. For instance, resistance to the
cytolytic effects of steroids has been found in
receptor-containing rodent lymphomas (6,
7), in normal rodent and human lympho-
cytes (8, 9), and in cells from a variety of
human leukemias (10). In addition, in vitro
tests of leukemic cell sensitivity to steroids
do not always correlate quantitatively with
intracellular receptor concentration (11). In
light of these findings, one might suspect
that the intracellular GR, important as it is
in many cellular responses, may not be the
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only pathway by which the lytic effect of
glucocorticoids is mediated.

Perhaps one area that deserves further
study is the mechanism by which steroids
gain cell entry. The plasma membrane could
be involved in steroid resistance, much as
the restriction of drug transport by the
plasma membrane plays an important role in
the mechanism of drug resistance (12). It
has generally been shown that steroids by
virtue of their small size and lipophilic na-
ture enter cells by passive diffusion through
the plasma membrane (13). Nevertheless,
some recent studies support the role of a
saturable membrane-mediated entry of sev-
eral steroid hormones in certain cell types
(14, 15). Huet-Minkowiski e al. recently
demonstrated that plasma membrane per-
meability can be a rate-limiting step in ste-
roid hormone action and is the basis for
dexamethasone resistance of a mouse thy-
moma cell line variant (16). In addition, the
same group has reported that adenosine
3',5'-monophosphate (cAMP)-dependent
protein kinase plays a role in regulating GR
function (17). Furthermore, a more recent
study by Allera and Rao has shown that the

Fig. 2. (A and B) GR immunoreactivity shown in
the periplasma membrane of live $-49 cells flat-
tened (pressure applied to the cover slip) and
spherical, respectively (see text for further expla-
nation). All magnifications are x1000.
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uptake of corticosterone by the plasma
membrane vesicle is saturable and reversible
(14). Several investigators pointed to the
possibility that the steroid receptors, includ-
ing GR, are localized in the membrane (18-
25) though, for the most part, direct and
convincing evidence has been lacking.

In this report, I present (i) immunological
evidence that GR or an antigenically related
protein or proteins are located in the plasma
membrane in S-49 lymphoma cells and (ii)
evidence that this plasma membrane protein
may be involved in glucocorticoid-mediated
lymphocytolysis.

Glucocorticoid lysis—sensitive, wild-type
S-49 mouse lymphoma cells (17) were
grown as suspension aggregates in RPMI
1640 medium (Irvine Scientific) supple-
mented with 10% fetal calf serum in a 37°C
humidified atmosphere containing 5% CO,.

Immunocytochemical localization of the
GR was carried out by direct immunofluo-
rescence (26) in which the purified mono-
clonal antibody to the GR (27) was conju-
gated with fluorescein isothiocyanate
(FITC). The direct fluorescent antibody-
labeling approach used in these studies was
preferred to an indirect fluorescent detection
method previously used by others because of
its s:)l?crior specificity (28, 29). S-49 cells
(~10° cells) were centrifuged at 900y for 10
minutes onto a cover slide, fixed by air
drying, and incubated with antibody for 1
hour at 37°C. After the incubation, the
preparations (on seven slides, where an aver-
age of five fields per slide were examined)
were washed three times with phosphate-
buffered saline (PBS) and examined with a
fluorescent microscope (Zeiss, Model Or-
thoplan). The results show that only
53.0 £ 9.5% (SEM) of the S-49 cells con-
tained specific immunofluorescing GR.
Heterogeneity in immunostaining for ste-
roid receptors has been observed in several
tissues consisting of the same (30, 31) or
different (28, 29, 32) cell types. However,
my data indicate heterogeneity of GR in a
cloned cell population. The GR-specific flu-
orescence was diffuse and bright both in the
cytoplasmic and nuclear compartments as
well as in the periphery of the cells, which
was notably heavily stained (Fig. 1, B and
B’). The specificity of the antibody was
confirmed both by staining of S-49 cells
with fluorescent antibody previously ad-
sorbed with purified GR preparation and
with nonspecific FITC-conjugated rabbit
antibody to rat immunoglobulin G (IgG)
showing, in both cases, negligible cellular
fluorescence (Fig. 1A). From the marked
intensity and punctate appearance of peri-
membrane-specific immunofluorescence in
positive cells, I suspected that the glucocor-
ticoid receptor or an antigenically similar

molecule was located in patches on the
plasma membrane.

I took advantage of this predicted surface
location of GR to isolate and grow separate-
ly the GR-positive and the GR-negative
cells. Tissue culture plates were coated with
monoclonal antibodies, and cells were incu-
bated in these dishes for 1 hour at 37°Cin a
humidified incubator containing 5% CO,.
After the incubation, nonadhering cells were
washed off the plates, collected, and allowed
to replicate separately. The adhering cells
were rinsed with several changes of PBS,
removed by repeated pipetting, and grown
as above. Immunocytochemical staining of
the nonadhering cells (on seven slides, with
an average of five fields examined per slide)
revealed specific immunofluorescence in
38.9 £ 2.5% of the cell population (Fig. 1,
C and C'). In contrast, cells that adhered to
the dish showed 100% bright-specific fluo-
rescence (Fig. 1, D and D’), indicating
complete enrichment of GR-positive cells
based on the ability of a surface antigen to
bind them to immobilized GR-specific anti-
body. Fluorescence-labeled cells contami-
nating the nonadhering group may be ac-
counted for by the requirement for a mini-
mum number of receptors on the surface of
a given cell to effect an attachment via
antibody binding.

Results from both air-dried cell immuno-
fluorescence and whole cell immunoadsorp-
tion experiments strengthened the possibili-
ty that a portion of the GR in S-49 cells
could reside in the membrane. To examine
this more closely, I incubated live (not air-
dried) intact S-49 cells (~5 X 10° cells)
from the population absorbed by the anti-
body at 37°C for 45 to 60 minutes, as
mentioned above, with FITC-conjugated
antibody. After the reaction, the cells were
centrifuged at 600g and washed three times
with PBS. The cell pellet was resuspended in
100 pl of 20% glycerol in PBS, dropped on
slides, and covered with cover slips. In order
to flatten the spherical S-49 cells and show
clearly the fluorescent granules on the mem-
brane surface, mild pressure was applied to
some cover slips. I then examined the cells
under the ultraviolet microscope for mem-
brane fluorescence. The results showed large
granules of specific bright fluorescence ex-
clusively on the plasma membranes (Fig. 2,
A and B). Unlike the results illustrated in
Fig. 1, B, C, and D, cytoplasmic or nuclear
GR could not be detected in this case be-
cause the integrity of plasma membrane was
preserved by the live cell-labeling tech-
nique. Therefore, antibody molecules only
had access to the membrane receptor. Fur-
thermore, the presence of specific plasma
membrane antigen was confirmed by whole
cell radioimmunoassays (33).
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These experiments also suggested that
patching and capping of membrane protein
antigens could be occurring (see Fig. 2A
and 2B, arrow). In order to test this possi-
bility more systematically, live cell immuno-
fluorescent labeling was carried out for vari-
ous times of incubation ranging from 15 to
60 minutes. At 15 minutes, small granules
(about 0.2 to 0.5 pM in diameter) of specif-
ic fluorescence were apparent at multiple
sites on the periphery of the plasma mem-
brane (Fig. 3A). Thirty minutes after the
start of the incubation, diffuse but larger
granules of fluorescence began to appear at
one side of the cell membrane (Fig. 3B). At
60 minutes, large granules (0.5 to 1.0 pM)
of specific fluorescence were often detect-
able as a cap at one pole of the cells (Fig.
3C).

Further verification that the immunoreac-
tive membrane protein was a glucocorticoid
receptor was accomplished by analysis of
partially purified membrane preparations.
GR labeling in whole cells was accomplished
by incubating 2 X 10® cells for 2 hours on
ice in 2 X 108M [*H]dexamethasone 21-
mesylate (25). This was done both to stabi-
lize the receptor during membrane prepara-
tion and for affinity-labeling studies. The
antibody-adsorbed cells were lysed by re-
peated freeze-thaw cycles. A nuclear pellet
was obtained by low-speed centrifugation
(600g for 10 minutes) of the lysed cell
preparation. The supernatant was further
centrifuged at 15,000y for 10 minutes to
pellet mitochondria and lysosomes. The re-
maining supernatant was centrifuged at
120,000y for 2 hours, yielding a superna-
tant (cytosol) and membrane-containing
pellet (high-speed particulate) (19). Dupli-
cate samples of varying amounts of protein
from nuclear and cytoplasmic preparations
and the membrane-containing high-speed
particulate fraction (concentrated by immu-
noprecipitation) were resolved by 7.5%
SDS—polyacrylamide gel electrophoresis
(PAGE). The protein bands were electro-
phoretically transferred onto a nitrocellulose
filter, and immunoblot and autoradiograph-
ic analyses were performed (27) (Fig. 4).
The nuclear and cytoplasmic preparations
contained two identical immunoreactive
bands of 97 and 70 kD (Fig. 4: lanes A and
B, nucleus; lanes C and D, cytoplasmic).
The high-speed particulate (membrane-con-
taining) preparation that had been immuno-
precipitated also contained the 97-kD band
(Fig. 4, lane E). In addition, this prepara-
tion also contained five other immunoreac-
tive bands, four of which were larger than
the nuclear or cytoplasmic receptors and
ranged in size from 112 to 145 kD; howev-
er, the 70-kD species present in both the
cytoplasmic and nuclear samples was not
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Fig. 3. Direct immunofluorescent micngaph of live (not air-dried) S-49 cells after staining for plasma

membrane—specific antigen. (A) Cells

er incubation with antibody for 15 minutes ( ification

x160). (B) After incubation with antibody for 30 minutes (magnification X200). (C) After incubation
with antibody for 60 minutes (magnification X 160).

present in the particulate fraction. This
smaller protein is most likely a degradation
product of the 97-kD monomeric form of
the receptor. It was probably absent from
the immunoprecipitated membrane prepara-
tion because bound antibodies are known to
protect antigenic sites of some proteins from
the action of proteases (34). The two immu-
noreactive smaller bands detectable in lane E
(56 and 24 kD) were heavy and light immu-
noglobulin chains. Lane F is an autoradio-
gram of lane E showing that at least three of
the five immunoreactive protein bands from
the plasma membrane, with M, 97, 112, and
115 kD, contained steroid-binding sites.
The tritiated steroid bound to these sites
could be displaced with nonradiolabeled
dexamethasone (100-fold excess) included
during the labeling period. Lane G contains
a membrane preparation that was immuno-
precipitated with mouse +y-globulin not di-
rected toward GR, and lane H contains the
membrane preparation treated only with
antibody to mouse IgG but not monoclonal
antibody to GR. These controls show the
specificity of the monoclonal antibody to
the membrane protein or proteins, since
neither the control mouse IgG nor the sec-
ondary antibody (antibody to mouse IgG
used in the immunoassay) produced a posi-
tive reaction when used alone.

These results confirm that the GR, or a
GR-like protein, located in the lymphoma
cell membrane consists of several forms of
the receptor, with as many as four being
larger than the monomeric form of the
receptor. The differences in size could well

be attributed to a post-translational modifi-
cation (for example, glycosylation, phos-
phorylation, methylation) of the protein
(35) or to an additional peptide component
that allows the protein to be localized in the
membrane. Phosphorylation of cytoplasmic
and nuclear receptors for steroid hormones
have been described, but phosphorylation of
membrane-associated receptors has not been
demonstrated. Singh and Moudgil (35),
working with rat liver GR, reported the
presence of four phosphorylated protein
bands of 45, 90, 116, and 190 kD. Al-
though the 90- and 45-kD proteins were
reported to be the monomeric form of the
receptor and its degradation product, re-
spectively, the 116- and 190-kD proteins
were regarded as either minor protein con-
taminants or precursors of the monomeric
form of GR.

Finally, the presence of the GR-like pro-
tein in the membrane appears to be correlat-
ed with the ability of glucocorticoids to
induce a lytic response in these cells, thus
suggesting a possible functional role for this
membrane form of the receptor. Cells other
than the S-49 line—the GR-rich mouse
pituitary tumor (AtT-20) (36) and fibro-
blastic L-929 (37) cell lines—were checked
for the presence of membrane-bound GR.
Neither of these cell lines showed significant
membrane fluorescence, which suggests that
not all receptor-positive cells bear the mem-
brane GR. In addition, neither of these cells
are lysed by glucocorticoids.

I then tested whether the presence of the
GR-like membrane molecule could be di-
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Fig. 4. Immunoblot and autoradiographic analy-
sis of the nuclear and cytosolic GR as well as
plasma membrane Erotcm from specific mem-
brane antigen—enriched cells, as described in the
text. (A and B) Nuclear preparation containing
100 and 50 pg of total protein, respectively. (C
and D) Cytosolic preparation containing 100 and
50 pg of total protein, respectively. (E) Immuno-
precipitate of membrane containing particulate
fraction with monoclonal antibody to GR. (F)
Autoradiogram of lane E. (G) Control membrane
preparation immunoprecipitated with nonspecific
mouse IgG and (H) control membrane prepara-
tion without monoclonal antibody.

rectly correlated to the cell lysis effect of
glucocorticoids. Glucocorticoid sensitivity
studies were carried out by growing the
three groups of cells (adsorbed, unadsorbed,
and wild-type nonseparated S-49 cells) in
the presence and absence of 107°M dexa-
methasone (17). The results from a repre-
sentative experiment in which cell viability
was monitored daily by the trypan blue dye
exclusion method are shown in Fig. 5. The
untreated cells, as expected, continued to
grow logarithmically. On the other hand, 4
days after exposure to dexamethasone, 97%
of the initial cell population from the anti-
body-adsorbed group was lysed. In the un-
adsorbed group, 58% of cell lysis occurred
during the first half of the experiment,
whereas moderate cell growth was observed
(9%) during the second half. Unlike the
adsorbed cells, these cells gradually over-
came the effect of dexamethasone and even-
tually attained normal growth, possibly
through growth of nonsensitive cells. The
wild-type S-49 line was 88% lysed during
the first 2 days and the amount of lysis did
not change significantly during the remain-
ing 2 days. Thus, there is a correlation
between cell lysis and the presence of immu-
noreactive plasma membrane GR-like anti-
gen. Results from the fluorescent antibody
studies indicate, however, that only 39% of
the unadsorbed cells contained specific
membrane fluorescence, whereas 58% were
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lysed by glucocorticoid. The discrepancy
between these findings suggests that addi-
tional factors may be involved in the mecha-
nism of glucocorticoid-induced cell lysis,
perhaps factors that are secreted into the
media by steroid-sensitive cells.

The question of the cellular distribution
of steroid hormone receptors has recently
been actively debated. In the past, results
from cell fractionation experiments led us to
believe that unoccupied steroid hormone
receptors reside in the cytoplasm of the
target cell (38). According to this model,
steroid hormones entering cells from the
circulation bind to specific cytoplasmic re-
ceptors with high affinity, and formation of
this steroid-receptor complex mediates a
change in the receptor, which causes translo-
cation into the nucleus and binding with
high affinity to DNA and chromatin. The
recent availability of monoclonal antibodies
to the estrogen receptor has allowed its
study by immunocytochemical techniques at
the light microscope level (28). With this
reagent, the receptor was found exclusively
in the nucleus both in the presence and
absence of hormones, and similar studies
conducted with progesterone receptor cor-
roborated these results (30). GR studies, so
far, agree with the conventional model, that
is, the receptor is both in the cytoplasm and
nucleus, depending on whether hormone is
bound to it (29, 39, 40). However, direct
FITC-labeled monoclonal antibodies to this
receptor (such as those used in this study)
have not been used to examine this question.

Steroid-binding sites have been demon-
strated on plasma membranes of cell from
tissues, such as pituitary (20), uterine (21),
and synaptic plasma membrane of rat brain
tissue (41). Binding experiments, carried
out more recently, concluded that the rat
pituitary and liver cells plasma membrane
showed specific receptor-binding sites for
[*H]estradiol (14) and [*H]corticosterone
(14). In the latter case, plasma membrane
uptake of corticosteroid is saturable and
seems to consist of multiple uptake systems,
and thus does not follow normal saturation
kinetics (13, 42). In all these instances, the
function of the membrane-binding site is yet
to be directly determined.

Peptide hormonal regulation of adenylate
cyclase is usually membrane receptor-medi-
ated, but some steroid hormones have also
been reported to be involved in the regula-
tion of cAMP-dependent protein kinase ac-
tivity (22, 23). One well-characterized exam-
ple of this steroid hormone effect is the work
of Sadler and Maller, which demonstrated a
correlation between progesterone inhibition
of adenylate cyclase activity and an
[PH]R5020 affinity—labeled progesterone
receptor (110 kD) in frog oocyte plasma

107}
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108}

Number of viable cells

104
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Days aftor Incubation of cells
with 10~°M dexamethasone

Fig. 5. Glucocorticoid sensitivity assay of S-49
cells. Cell viability was monitored as described in
the text and expressed in log; of cell number, and
this result is a representative of three different
experiments. (O) Dexamethasone-treated cells

from sreuﬁ' c membrane antigen—enriched group;
@ cxamcthasonc-trcatcdgcells from fpredgc
membrane an%cn—deﬁcnent grou (@) negative
control, cells from specific mem rane antigen—
enriched group grown in dexamethasone-free me-
dia; (M) negative control, cells from specific mem-
brane antigen—deficient group grown in dexa-
methasone-free media.

membrane (24). Another example is a recent
report from the Bourgeois laboratory show-
ing that cAMP-dependent protein kinase
plays a role in regulating GR function (17).

In summary, my data indicate that $-49
mouse lymphoma cell membranes contain,
in addition to the 97-kD GR, larger GRs, or
antigenically related proteins. This was dem-
onstrated by direct fluorescent labeling with
a monoclonal antibody to the GR and puri-
fication of cells containing this antigen by
adsorption of live cells via their membrane
receptors to tissue culture plates coated with
antibody to GR. These selected cells were
100% membrane receptor—positive by di-
rect fluorescent antibody analysis and were
maximally responsive to the lysis effects of
glucocorticoids. In addition, cell lines that
contain plentiful GR but have no GR-like
membrane antigen are not lysed by gluco-
corticoids. Reasons previously established
for GR resistance of T-lymphoid cells in-
clude GR mutations as judged by their
inability to bind ligand (43, 4¢) and possible
DNA methylation of a “lysis gene” (45). My
study reveals that the lysis response might
additionally be mediated by the plasma
membrane GR-like molecule.
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Technical Comments

Solving Linear Equations

For some time I have been disturbed by
the reporting of applied mathematics in
Science. However, the article “Solving linear
systems faster” by Gina Kolata (I) contains
so many misleading statements about a field
I know well that I feel obliged to respond.

The thesis of the article is contained in its
heading: “A new method [developed by
Victor Pan and John Reif] that exploits
parallel computations promises to have a
real impact on practical problems.” At the
very least this statement is a gross exaggera-
tion, and to support it the article presents a
distorted view of algorithms and computing
practices in the real world, not to mention of
Pan and Reif’s work. To give my comments
focus, I will begin with a summary of the
article.

1) The computer solution of linear systems is a
problem with important applications in many
areas—weather prediction for one. There are two
classes of methods for solving such systems: direct
and iterative. Of the former, the most commonly
used method, called Gaussian elimination, has the
drawback that it is inherently sequential and
therefore not amenable to parallel implementa-
tion. Moreover, Gaussian elimination is unstable
in the sense that rounding error can cause it to
produce inaccurate answers. Consequently, most
people use an iterative method to improve the
solution obtained by Gaussian elimination.

2) Iterative methods are “stable, efficient, and
amenable to parallel processing.” They start with
an approximate inverse of the matrix of the system
and converge to the true inverse, after which the
system can be solved by multiplying the right-
hand side of the system of the inverse. The chief
drawback to these methods is that they require an
approximate inverse to start the iteration.

3) The first such iterative method was pub-
lished by Schultz in 1933 and has been rediscov-
ered several times since—by Pan and Reif among
others. However, Pan and Reif also discovered
how to obtain a starting approximation, thus
“solving a problem that had been stumping re-
searchers for 50 years.” Pan and Reif also ob-
served that by using about #* processors (which
in theory can be reduced to about #>*) they could
parallelize the algorithm so that it would be faster
than previously proposed stable algorithms.
Moreover, their method can be made more effi-
cient for the very important class of sparse sys-
tems, in which most of the coefficients are zero.
Although current parallel computers have too few
processors to realize the full potential of the
algorithm, bigger ones are in the offing, and
according to Ronald Rivest of the Massachusetts
Institute of Technology “the possibilities look
very exciting.”

This, I believe, is a fair summary of what
is in the article. I have stuck to the words
and quotations in the article itself and tried
to avoid interpolating material from Pan
and Reif’s paper.

To put the matter of applications in per-
spective, it should be noted that the equa-
tions of weather forecasting, like those of
many other applications, are not linear alge-
braic equations but nonlinear partial differ-
ential equations. Although the solution of
linear systems sometimes plays an important
role in solving such equations, it is only part
of the total computation. For this reason
speedups in the solution of linear systems
often give disappointingly small speedups in
applications.

The statement that Gaussian elimination
is inherently sequential is incorrect. Indeed
Pan and Reif themselves point out that by
the use of O(#?) processors Gaussian elimi-
nation can be reduced from an O(»*) algo-
rithm to an O(n) algorithm. Perhaps more
important, given the small size of current
parallel processors, is the fact that with only
n processors Gaussian elimination can run in
O(#?) time. All of this is well known to
researchers in parallel computations.

The question of the stability of Gaussian
elimination requires some background. Nu-
merical analysis grade linear systems accord-
ing to their difficulty of solution. At one end
of this continuum are well-conditioned
problems whose solutions are insensitive to
small perturbations in the coefficients; as
one moves away from this end one encoun-
ters problems that are increasingly sensitive,
the so-called ill-conditioned problems. No
method can be expected to solve ill-condi-
tioned problems to a given precision with-
out using higher precision somewhere in the
computations. Gaussian elimination does
about as well as an algorithm can be expect-
ed-to do. It solves well-conditioned prob-
lems accurately, and for all problems, what-
ever their condition, it produces a solution
that almost exactly satisfies the equations
(although it may be very inaccurate). This
means that if Gaussian elimination fails to
give an accurate solution, there is something
wrong with the equations, which must be
reexamined. For this reason, among others,
people with real applications rarely use itera-
tive methods to refine the solutions comput-
ed by Gaussian elimination.

There are many types of iterative meth-
ods, not one, as the article seems to say. Of
these many types, the article confounds two:
methods of iterative refinement, which are
occasionally used to touch up solutions
computed by direct methods, and iterative
methods for computing inverses. Moreover,
it omits the most widely used class of meth-
ods: those that work directly with the sys-
tem and do not require approximate inverses
(although the inverse of an approximation
can be used to speed some of them up). All
these methods vary in efficiency and poten-
tial for parallelization. None of them will
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