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Membrane Biogenesis during B Cell Differentiation:
Most Endoplasmic Reticulum Proteins Are Expressed Coordinately

David L. Wiest, Janis K. Burkhardt, Susan Hester, Michael Hortsch,* David 1. Meyer,* and Yair Argon

Department of Microbiology and Immunology, Duke University Medical Center, Durham, North Carolina 27710; * Department of
Molecular and Cell Biology, University of California, Berkeley, Berkeley, California 94720; and 1EDepanment of Biological
Chemistry, School of Medicine, University of California, Los Angeles, Los Angeles, California 90024

Abstract. The induction of high-rate protein secretion
entails increased biogenesis of secretory apparatus or-
ganelles. We examined the biogenesis of the secretory
apparatus in the B cell line CH12 because it can be
induced in vitro to secrete immunoglobulin (Ig). Upon
stimulation with lipopolysaccharide (LPS), CHI2 cells
increased secretion of IgM 12-fold. This induced
secretion was accompanied by preferential expansion
of the ER and the Golgi complex. Three parameters of
the rough ER changed: its area and volume increased
3.3- and 3.7-fold, respectively, and the density of
membrane-bound ribosomes increased 3.5-fold. Simi-
larly, the area of the Golgi stack increased 3.3-fold,
and its volume increased 4.1-fold. These changes
provide sufficient biosynthetic capacity to account for
the increased secretory activity of CH12. Despite the
large increase in IgM synthesis, and because of the ex-
pansion of the ER, the concentration of IgM within

the ER changed less than twofold during the differenti-
ation process.

During the amplification of the rough ER, the ex-
pression of resident proteins changed according to one
of two patterns. The majority (75%) of rough
microsomal (RM) proteins increased in proportion to
the increase in rough ER size. Included in this group
were both lumenal proteins such as Ig binding protein
(BiP), and membrane proteins such as ribophorins I
and II. In addition, the expression of a minority
(~9%) of RM polypeptides increased preferentially,
such that their abundance within the RM of secreting
CHI2 cells was increased. Thus, the expansion of ER
during CHI2 differentiation involves preferential in-
creases in the abundance of a few resident proteins,
superimposed upon proportional increases in most ER
proteins.

EMBRANE-bound and secreted proteins are synthe-
M sized, processed, and sorted by a series of organ-
elles, including the ER, Golgi complex, and vari-
ous transport vesicles. Regulation of the biogenesis of these
organelles has not been studied extensively. In many cell
types, the size of the secretory apparatus increases as its
secretory workload increases. In particular, increased secre-
tion correlates with amplification of the rough ER mem-
branes in a wide variety of systems. When frog hepatocytes
are stimulated to secrete vitellogenin with estradiol-17p,
their rough ER is expanded (6, 20). A similar correlation has
been observed for rat seminal vesicle cells induced by
testosterone to secrete plasma proteins S and F (13), and for
aleurone cells of barley induced with gibberellic acid to se-
crete a-amylase (5). Resting B lymphocytes can be stimu-
lated to secrete Ig by either mitogens (12, 36, 48) or specific
antigen (2, 49). In both cases the rough ER is amplified (12,
48), indicating that its amplification correlates with in-
creased secretory activity, independent of the mode of stimu-
lation.
The link between secretory activity and ER size is also evi-
dent during regression to the basal level. Withdrawal of es-
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tradiol from frog hepatocytes results in concomitant de-
creases in vitellogenin secretion and rough ER volume (6, 20).
Likewise, suppression of lipopolysaccharide (LPS)' stimu-
lation of B cells by treatment with anti-surface Ig inhibits
both Ig secretion and expansion of the rough ER (23). All
these observations indicate that high rate secretion and ex-
pansion of the ER are coupled.

The mechanisms that link ER amplification and the onset
of the secretory state are yet to be addressed experimentally.
Few data are available describing the changes in ER protein
expression that underlie rough ER amplification. This is par-
ticularly true for those proteins that play a direct functional
role in secretion.

The murine B cell line, CHI2, is an excellent tool for
studying the biogenesis of secretory organelles and expres-
sion of their resident proteins, because its secretory state is
easily manipulated in vitro by treatment with mitogens like
LPS (4, 31). The differentiation of CH12 in vitro resembles

1. Abbreviations used in this paper: BiP, binding protein; DAGAT, diacyl-
glyceroltransferase; endo H, endoglycosidase H; GSBP, glycosylation site
binding protein; LPS, lipopolysaccharide; RM, rough microsomal fraction.
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that of normal B cells in that it is induced by its specific anti-
gen, senescent erythrocytes, and specific T cells (31, 32).
Likewise, the patterns of expression of Ig genes and cell sur-
face proteins during CH12 differentiation also resemble
those of normal, polyclonal B cells (40, 50). In this paper,
we examined quantitatively the expansion of the rough ER
during CH12 differentiation and we evaluated the changes in
expression of resident ER proteins that underlie the am-
plification of this organelle.

Materials and Methods
Cell Culture

CHI2 cells were passaged as an ascitic tumor in B10. A mice from our breed-
ing colony. Upon removal from the mouse peritoneum, this population con-
tains >94% CHI2 cells (4, 31). The cells were plated at 1.3 x 10° per ml
in DME (Hazelton Biologics, Lenexa, KS) supplemented as described (50),
and incubated for 48 h in the presence or absence of 50 ug/ml LPS (Esche-
richia coli B [055:B5]; Difco, Detroit, MI). Differentiation of CHI2 cells
was evaluated by enumerating the Ig-secreting cells in the cultures. Since
CHI2 produces an IgM(«) reactive with senescent erythrocytes (4), the
number of secreting cells was measured by a direct plaque assay on bro-
melain-treated sheep erythrocytes, as described (50).

Metabolic Labeling, Inmunoprecipitation,
and Electrophoresis

Labeling of CHI2 cells with [**S]methionine (>600 Ci/mmol, Amersham
Corp., Arlington Heights, IL) was done as described previously (52), at 100
uCi/ml. Cell lysis, immunoprecipitation, and digestion with endoglycosi-
dase H (endo H) were performed as described (3). Ig was immunoprecipi-
tated quantitatively with rabbit anti-mouse « antiserum (Organon Tek-
nika, Malvern, PA) and protein A-Sepharose (Sigma Chemical Co., St.
Louis, MO).

Stereological Measurements

Three populations of CHI2 cells were analyzed: (a) cells cultured with LPS
(Ig-secreting cells), (b) cells cultured without LPS (nonsecreting cells), and
(c) cells not cultured at all (ascitic cells). The ascitic cells served as a control
for possible changes due to adaptation to culture alone. In all cases, the
three populations were processed for electron microscopy in parallel, as de-
scribed previously (8).

Stereological analysis was performed according to the methods of Weibel
(51). Two independent stereological sets, each containing all three cell
populations, were analyzed. Each set consisted of electron micrographs
magnified 8,000, 27000, 38,000, and 53,000 times (15-20 micrographs per
magnification). We measured cell volume, cytoplasmic volume, and nuclear
volume from 8,000 X micrographs. Random sampling was assured by pho-
tographing centered grid squares while moving across the sections. The
micrographs at a magnification of 27000 were used to measure mitochon-
drial volume, volume of the “Golgi exclusion zone” (reference 37 and see
below), membrane area of the ER and plasma membrane, and the density
of bound ribosomes. Random micrographs at this magnification were gener-
ated by photographing the cell closest to one corner of each grid square.
We defined the Golgi exclusion zone as the area of low electron density sur-
rounding the Golgi stack which contains multiple vesicles, centrioles, and
endosomes, but excludes mitochondria, ribosomes, and rough ER elements
(37, and see Fig. 3 ¢). Micrographs magnified 38,000 times were used to
measure the volume and surface area of the Golgi stack. Each of these
micrographs contained a Golgi exclusion zone, randomly photographed
while moving along grid bars. Micrographs magnified 53,000 times, used
to measure ER volume, were generated by photographing any part of a cell
visible in the field while moving along grid bars.

Estimation of Mean Cell Volume

The mean cell volume served as the reference space. It was determined by
converting mean caliper diameter to cell volume, assuming that CHI2 cells
are spheres (51). The mean caliper diameter of an ovoid object (such as
CHI12) approximates the diameter of the object were it indeed spherical. It
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was determined by averaging the cell's maximum and minimum diameters,
excluding plasma membrane projections. Since the mean caliper diameter
can deviate from the true cell diameter due to shrinkage during preparation
of samples, the cell diameter was also measured by an independent method.
CHI2 cells were passed through a fluorescence-activated cell sorter (FACS,
model Ortho 50-H; Ortho Instruments, Westwood, MA), and their di-
ameter was derived by comparing their axial light extinction to that of
calibrated latex beads (38). The mean caliper diameter and the FACS-
derived cell diameter are compared in Table 1. For all CHI2 populations
examined (ascitic, unstimulated, and LPS-stimulated), the mean caliper di-
ameter was consistently 25% smaller than the FACS-derived diameter.
While the FACS-derived diameter avoids possible fixation artifacts, it over-
estimates the actual cell diameter, because plasma membrane projections
contribute to the axial light extinction (38). Considering the inherent differ-
ences in the techniques, the two diameter measurements are in good agree-
ment. Since all subsequent stereological measurements were made on elec-
tron micrographs, we used the cell volume measurement calculated from
the mean caliper diameter as our reference space. The cell volume (V) was
calculated from the mean (D) of the mean caliper diameters, according to
V = 4/3 m(kD/2)?, where k is a factor that both incorporates magnification
and corrects for sampling of a sphere (51).

Volume Measurements

The volumes of the cytoplasm, nucleus, mitochondria, Golgi exclusion
zone, Golgi stack, and ER were all measured by determining the volume
fraction (V,) with a grid containing test points in linear array (1 cm spac-
ing). ¥, is equal to the number of test points falling on the structure of in-
terest, divided by the number of points falling on the containing space (51),
which in our case was the cell volume. All volume measurements were con-
verted to absolute values by multiplying by the mean cell volume.

Because there were few Golgi stacks on randomly selected micrographs,
the number of random micrographs needed to measure the stack was
prohibitively large. Therefore, we first determined the V, of the Golgi ex-
clusion zone as described above. Then, we photographed every Golgi
exclusion zone, and used these micrographs to calculate V, of the Golgi
stack within the Golgi exclusion zone.

Surface Area Measurements

Surface areas of the plasma membrane, Golgi stack, and ER were calculated
by determining their surface density (S,) and subsequently normalizing S,
to cell volume. S, is equal to two times the number of line intersections
with the membrane of interest, divided by the total length of line on the con-
taining space (51). S, was measured using grids of test lines with 1 cm
spacing for all structures except the ER, where a grid with 2 cm spacing
was used. Due to the continuity of the ER with the outer membrane of the
nuclear envelope, the area of the rough ER was quantified both including
and excluding the nuclear envelope. However, because the area of the nu-
clear envelope did not change significantly during differentiation, only the
values excluding it are presented. The calculated surface area of the Golgi
stack is an underestimate, since we chose to exclude grid intersections of
tangentially cut Golgi membranes when we could not be certain that they
were cisternal membranes. In addition, we made no attempt to quantify
the vesicular elements of the Golgi complex, including the trans-Golgi re-
ticulum.

Density of Bound Ribosomes

The number of ribosomes bound per unit area of rough ER membrane was
calculated by determining the numerical density (V,) of ER-bound ribo-
somes and then dividing it by the rough ER S.. N, is equal to the total

Table I. Diameter Measurements of CH12 Populations

Cell popu-
lation Mean caliper FACS-derived
pum um

Ascitic 7.19 + 1.66 (n = 105) 10.13 £+ 1.73 (n > 10,000)
Unstimulated 7.59 + 2.07 (n = 91) 10.18 + 1.93 (n > 10,000)
LPS stimu-

lated 9.13 £ 2.12(n =74) 12.00 £ 2.25 (n > 10,000)
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number of bound ribosomes in the sample, divided by the total area of the
sample multiplied by the mean ribosome diameter (51). The mean ribosome
diameter was measured using a reticle.

Statistical Analysis

As explained above, each of the stereological parameters (P) was estimated
by multiplying its respective ratio estimate (R; that is, Vy, Sy, or Ny) by the
mean cell volume (V). Therefore, the variance of P is affected by the vari-
ances of both R and V in the following way:

logP = logR + logV.
Assuming that R and V are independent,
Var(logP) = var(iogR) + var(logl).

From this, the variance of each parameter was estimated using the approxi-
mate variance for the function of a random variable (41):

Var(P) = PY[Var(V)/V? + Var(R)/R?

The variance of R was approximated by
Var(R) = (,,_I;'TW(EXZ + RXLY? — 2RLXY)

where, X, the point count on structures of interest on each micrograph; Y,
the point count on the containing space on each micrograph; R, EX/LY; and
n, the number of micrographs (see reference S1). The approximate variance
of V was obtained, as above, for the function of a random variable (41).
By incorporating into one constant (X) all the constants in the equation
describing the volume of a sphere,

var(V) = 9K2D*Var(D).

The statistical significance of measured differences between the unstimu-
lated and LPS-stimulated populations was determined using the two-sample
t test (41).

Isolation and Characterization of Rough Microsomes

CHI12 cells to be fractionated were washed three times with ice-cold PBS
containing 50 pg/ml cycloheximide and stored at —70°C until use. CHI2
cells (2 x 10%/fractionation) were thawed rapidly at 37°C, resuspended at
a density of 1.2 X 10%/ml in cavitation buffer (50 mM Tris pH 7.4, 25 mM
KCl, 5 mM MgCly, 0.5 mM CaCl,, 0.25 M sucrose, 100 U/ml Trasylol;
FBA Pharmaceuticals, New York, NY), and lysed by nitrogen cavitation at
1,000 psi for 15 min. Nuclei and cellular debris were removed by centrifuga-
tion at 3,000 g for 5 min, and the rough microsomal fraction (RM) was iso-
lated from the postnuclear supernatant using the sucrose gradient flotation
method of Mechler and Vassalli (35).

The efficiency of this procedure was monitored by examining the distri-
bution of several marker proteins (Table IV). The protein content of the
fractions was determined using Peterson’s modified Lowry assay (42).
Equal quantities of protein from each gradient fraction were analyzed by
immunoblotting, lectin blotting, and enzyme assays (see below). Lumenal
contents of microsomes were monitored by immunoblotting with anti-« light
chain (Organon Teknika). Resident ER membrane proteins were similarly
monitored with anti-ribophorins I and II (21), and with antibody to p73 of
intracisternal type A retroviral particles (52; a generous gift of Dr. K.
Leuders and Dr. E. Kuff, National Cancer Institute, Bethesda, MD). Smooth
membranes (Golgi, plasma membranes, endosomes, and lysosomes) were
monitored by blotting with WGA (Sigma Chemical Co.). The specificity of
WGA binding was ascertained by inhibition with N-acetylglucosamine. In
addition, fractionation of Golgi membranes was monitored using galacto-
syltransferase activity (45).

Gel Electrophoresis and Immunoblots

Equal quantities of protein from non-secreting and secreting CHI2 cells
were analyzed on 9-15% polyacrylamide gradient SDS gels (3) and the pro-
teins were visualized by silver staining. Gels intended for immunoblotting
were transferred to nitrocellulose (0.45 pum pore size, Vanguard Interna-
tional, Neptune, NJ), blocked, and probed as described (52). The antibod-
ies were used at the following dilutions: (a) anti-ribophorins I and II, 1:100;
(b) anti-BiP, hybridoma culture supernatant, and (c) anti-glycosylation site
binding protein, | gg/ml (15; a kind gift of Dr. W. Lennarz). Lectin blots
were performed as described (14). Autoradiograms and lectin blots were
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Table I1. LPS Stimulation of CH12 Immunoglobulin
Synthesis and Secretion

Parameter Unstimulated Stimulated Induction
Percentage of plaque

forming cells 85+ 0.7 67.6 + 6.4 8.0
Incorporation into

u Heavy chains 8.7 46.9 54

x Light chains 2.6 15.7 6.0
Secretion during chase

u Chains (180 min) 34 37.6 11.0

« Chains (/80 min) 1.0 12.5 12.5

Incorporation into Ig chains was measured by metabolically labeling cells for
10 min, resolving immunoisolated Ig by SDS-PAGE, and then scanning the au-
toradiograms. The increase in incorporation in three different experiments was
calculated separately and then averaged. The increase in secretion was likewise
calculated separately and then averaged. The OD measured for secreted « in
unstimulated cells was set as one unit.

quantified by densitometry in the transmission and reflectance modes,
respectively, using a densitometer (Model 620; Bio-Rad Laboratories,
Richmond, CA). Exposure times for autoradiographs were varied to ensure
that the signal was in the linear range.

Isolation and Quantitation of RM-associated
Ribosomal RNA

20 ug of RM protein from both unstimulated and stimulated cells was dena-
tured with 0.1% SDS, extracted twice with phenol/chloroform, and precipi-
tated with ethanol. A series of twofold dilutions were electrophoresed on
1% agarose gels in 90 mM Tris/90 mM boric acid/2 mM EDTA, stained
with ethidium bromide, and the levels of ribosomal RNA determined by
densitometry.

Enzyme Assays

The galactosyltransferase assay was performed as described (45), with one
unit of activity defined as that which transfers 1 pmol of galactose to ovalbu-
min in 30 min at 37°C (45). The diacylglycerol-acyltransferase (DAGAT)
assay was performed according to “method 2” of Coleman and Beli (11), ex-
cept that the diolein was solubilized in acetone instead of ethanol. The
{*H)palmitoyl-Coenzyme A was a generous gift from Drs. R. Hjelmstad
and R. Bell (Duke University). Units of DAGAT activity are expressed as
pmoles of diacylglycerol converted to triacylglycerol in 10 min at 25°C. The
glutathione-insulin-transhydrogenase assay was performed as described in
reference 22, with one unit of activity defined as that which degrades | ug
of insulin to TCA-soluble fragments in 10 min at 37°C (9).

Results

LPS Induces Both Synthesis and Secretion of IgM
by CHI2

Stimulation of CH12 with LPS results in an 8- to 10-fold in-
crease in the percentage of Ig-secreting cells in the cuiture
(see reference 49 and Table If). The plaque assay does not,
however, measure the change in rate or level of secretion dur-
ing differentiation. To quantify these changes we used pulse-
chase analysis (Table II). The synthesis of the u and « chains
of CH12 IgM was coordinately increased sixfold by LPS
stimulation, with IgM representing 10% of newly synthe-
sized protein in secreting cells. Secretion of IgM was stimu-
lated 12-fold. The increase in secretion was larger than the
increase in synthesis because of a shift in production from
the membrane-bound to the secretory form of IgM. Approx-
imately half of the IgM produced by unstimulated cells is the
membrane-bound form, while secreting cells produce pri-
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marily the secretory form (50). Despite the large difference
in the amount of secreted Ig, the kinetics of intracellular trans-
port did not change. The half time for acquisition of endo
H resistance remained 45 min, and the half time for IgM
secretion remained 60 min (data not shown). Thus, in vitro
stimulation of CH12 with LPS induced most cells in the pop-
ulation to become active secretors, each of them increasing
dramatically the production of secretory IgM.

The ER and the Golgi Complex Are
Amplified Preferentially

We next asked if the secretory apparatus of CHI12 is am-
plified during induction of IgM secretion. Furthermore, we
wanted to quantify the ultrastructural changes to provide a
framework for biochemical analysis. As compared with un-
stimulated cells, Ig secreting CH12 were larger, possessed
more cytoplasm, and displayed dramatically expanded ER
and Golgi (compare Fig. 1, a and b). To quantify these and
other ultrastructural differences, electron micrographs were
analyzed by stereology.

The most obvious structural change was the expansion of
the rough ER. Membrane area of the rough ER increased
3.3-fold, from 400 + 51 um? in nonsecreting cells to 1,318
+ 154 um? in secreting cells (Fig. 2 a). Likewise, the vol-
ume of the rough ER increased 3.7-fold (from 10 + 1 pm’
to 37 + 5 um?; Fig. 2 b), occupying 14% of the cytoplasm
of LPS-stimulated cells. Visual inspection of the micro-
graphs also revealed that the number of transitional elements
of the rough ER increased approximately in proportion with
the area of the organelle (Fig. 1, broad arrows). In addition
to the increase in rough ER area and volume, there was a 3.5-
fold increase in the density of ribosomes bound to the ER
membrane, from 76 + 15 to 263 + 32 per um? of ER
membrane (Fig. 1 and Fig. 2, c-d). Since the ER membrane
area increased 3.3-fold, there were 12-fold more ER bound
ribosomes per LPS-stimulated CHI2 cell. This provides
enough translational capacity to account for the increase in
Ig synthesis.

Whereas the amplification of the rough ER is dramatic,
our measurements underestimate the true differences be-
tween nonsecreting and actively secreting CHI12 cells. This
is because both cell populations are heterogeneous with re-
gard to Ig-secreting cell content (Tables Il and IHI). This het-
erogeneity is reflected in the distribution of values for the
fractional volume (¥.,) of the rough ER (Fig. 3). Within the
stimulated population, there are always cells whose ER V,
values fall into the typical range for unstimulated cells (Fig.
3, open bars). The percentage of such values corresponds
well to the percentage of nonsecreting cells in the LPS-
stimulated population (Tables II and III). The same correla-
tion is seen for “contaminating” secreting cells in the un-
stimulated population. When values corresponding to these
“contaminating” cells are subtracted from both populations,
the increase in rough ER volume changes to sixfold. When

40
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Figure 2. Stereological quantitation of rough ER amplification.
Membrane area (4) and volume (B) of the rough ER were
quantified from electron micrographs of CHI12 cells cultured in the
presence (black bars) or absence (open bars) of LPS, or not cul-
tured at all (hatched bars). The differences in rough ER area and
volume between the LPS-stimulated and unstimulated populations
are significant (P < 0001, two-sample ¢ test). Electron micrographs
of unstimulated (C) and stimulated (D) CHI2 cells, illustrate the
difference in density of ribosomes bound to the ER membranes.

the same correction factors are applied to other stereological
parameters, their increases during CH12 differentiation also
become more pronounced.

We next quantified the increase in area and volume of the
Golgi stack. The membrane area of the Golgi stack in-
creased 3.3-fold (from 32 1 11 to 110 + 42 um? per cell)
and its volume increased 4.1-fold (from 1 + 0.3 to 4.1 +
1.4 pm? per cell; Fig. 4, a and b). Interestingly, the ratio of
ER volume to Golgi stack volume is a constant 10:1, both
before and after CH12 differentiation. The Golgi complex in-
cludes noncisternal structures such as vesicles and the trans-
Golgi reticulum. While we did not directly quantify the
changes in these structures, we did measure the volume of
the specialized “Golgi exclusion zone” which contains these
structures and the Golgi stack, but excludes other organelles
(Fig. 4 ¢). The volume of this zone increased from 5 + 1.5
to 17 £ 5 um® per cell during differentiation (Fig. 4 a).
Therefore, growth of the Golgi complex involves propor-
tional expansion of both the stack and its associated vesicle-
rich area. Because the average number of cisternae per Golgi
stack profile did not change (4.5 1+ 1.0 in both unstimulated

Figure 1. Morphological changes during CHI2 differentiation. Electron micrographs of CHI2 cells cultured for 48 h in the absence (A4)
or presence (B) of 50 ug/ml LPS. Note the dramatically amplified rough ER in LPS-stimulated cells and the increased density of ribosomes
bound to the ER membrane. N, nucleus; M, mitochondrion; L, lysosome; G, Golgi complex; arrowheads, rough ER; thin arrows, type

C retroviruses; broad arrows, transitional elements of the ER.

Wiest et al. Expansion of the Rough Endoplasmic Reticulum
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Table Ill. Quantitative Analysis of CHI2 Differentiation

Parameter Ascitic Unstimulated Stimulated Induction*
Cell vol

(um’) 195 + 17 229 + 25 397 + 41 1.7
Cytoplasmic

vol (um’) 118 + 10 140 + 16 260 + 28 1.9
Nuclear vol

(um?) 77+ 17 90 + 11 137 + 16 1.5
PM area

(um?) 265 + 27 359 + 47 416 + 57 1.2
Mitochondrial

vol (um?) 10 £ 1 10 +2 18+3 1.8
Cytoplasmic

protein (1075 ug/cell) ND 4.5 + 0.05 7.0 £ 0.05 1.6
Percent secreting

cellst 51+ 18 6.6 + 1.0 56.4 + 5.1 8.5

* Except for the area of the plasma membrane, the measured differences between the unstimulated and stimulated populations are statistically significant

(P £ 0.05).

+ Measured by a plaque formation assay on each cell population, before fixation for EM.

and stimulated populations; n = 50), it follows that the Golgi
complex grows either by elongating the cisternae, or by in-
creasing the number of Golgi stacks per cell.

The amplification of the ER and Golgi complex exceeded
the increase in structures not directly involved in secretion.
The cell volume, cytoplasmic volume, and mitochondrial
volume all increased less than twofold (Table III) with the
area of the plasma membrane showing no significant change.
Therefore, we conclude that the amplification of secretory
organelles during CHI2 differentiation is preferential.

Differentiation Is Not Accompanied by Increased IgM
Concentration Within the ER

Together, the stereological measurements and the measure-
ment of transport rates enable calculation of the flux of IgM
molecules through these cells. Of particular interest was how
the concentration of IgM within the ER changed after differ-
entiation. The rate of IgM secretion by CH12 is estimated

Figure 3. Histogram of rough
ER volume fractions in CHI2
populations. The volume frac-
5l tion (V) of the rough ER was
| calculated individually for cells
e 10 { in each CHI2 population (see
sonstmulated | Materials and Methods). Open
10 n - 47 bars in the ascitic and unstim-
ulated populations represent V,
values within two SEM of the
stimulated population. Con-
""""" Stmulated | versely, open bars in the stim-
mean - 0140 - 0023 ulated population represent val-
ues within two standard errors
of the mean for the unstimu-
lated population. Note that the
proportion of outlying values
in each distribution (ascitic,
6.7%; unstimulated, 14.9%;
and stimulated, 25.5%) agrees well with the percentage of “con-
taminating” cells as judged by plaque formation (Tables II and III).
n, number of cells analyzed in each population.

15] Ascitic
| Mean = 0.058 + 0.000

Number of Cells
. )

10

.nllllllll..ll

0.05 010 015 0.20 0.25
RER Volume Fraction
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to be 180,000 u,x, molecules/cell/min (24). Based on the
half time for acquisition of endo H resistance and the volume
of the ER, we estimate the concentration of IgM in the ER
of secreting cells to be 3.6 nmol/ml (0.8 mg/ml). This estima-
tion is reasonable, because ERp99/endoplasmin, one of the
most abundant ER proteins, is estimated to be 10 mg/ml in
the ER (25). IgM does not comprise a large proportion of
the lumenal contents of secreting cell rough ER (see Fig. 6).
Because nonsecreting cells synthesize sixfold less IgM and
have fourfold less ER volume, we calculate that IgM concen-
tration in their ER is only 1.6-fold lower than in secreting
cells. Therefore, even though IgM synthesis is induced con-
siderably during differentiation, there is essentially no ac-
cumulation of IgM in the ER.

Our data also enable us to calculate the extent to which
secretory IgM is concentrated during passage from the ER
to the Golgi. Assuming that transit through the Golgi stack
takes 10 min (from our measurement of secretion rate), the
concentration of IgM molecules in the Golgi stack is 7.3
nmol/ml (1.6 mg/ml). Therefore, secretory IgM is concen-
trated about twofold when it moves from the ER to the Golgi.
This is much less than the sevenfold concentration factor cal-
culated for viral spike proteins in baby hamster kidney cells
(17, 43). This is largely because of the differences in intracel-
lular transport kinetics of these proteins.

Expression of Some Known Proteins
Increases in Proportion to ER Size while that of Others
Is Unchanged

Given the dramatic amplification of the rough ER, we wished
to examine the underlying changes in protein expression. In
particular, we asked whether the ER grows by increasing all
its resident proteins uniformly, or if the abundance of certain
proteins increases preferentially. We therefore isolated RM
fractions from both secreting and nonsecreting cells and
compared their protein composition (Table IV). RM from
both cell populations were substantially enriched for the in-
tegral membrane rough ER markers, ribophorins I and II
(Table IV). RM protein represented ~2 and 4% of the cyto-
plasmic protein of nonsecreting and secreting cells, respec-
tively (n = 5). Since secreting cells contained 1.6-fold more
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Table IV. Assessment of Microsomal Fractions from Secreting CHI2 Cells*

Marker¥ Lysate$ Load zone SM RM Enrichmentll
Protein (mg) 137.0 105.9 2.3 5.6 -
Kappa chain 1.5 1.0 11.1 3.8 2.5
1AP p73 23 0.3 5.3 223 9.7
Ribophorin I 4.7 1.8 6.3 249 53
Ribophorin I 2.7 1.7 23 13.5 54
WGA binding 1.8 1.4 11.5 2.7 1.5
Galactosyltransferase (U/ug) 2.7 1.6 13.9 7.3 2.7

* Analysis of the fractions isolated from unstimulated CHI2 celis revealed a similar distribution of diagnostic markers. While the yield of RM protein was lower
from unstimulated cells, enrichment for ER markers was greater, as predicted by stereology (data not shown).

% Unless specified otherwise, all measurements are in arbitrary OD units derived from densitometric scans of 30 ug protein per sample.

§ The fractions are: lysate, postnuclear supernatant of cavitation lysate; load zone, content of sample underlay band after centrifugation; SM, smooth microsomes;

RM, rough microsomes.
Il Specific activity in RM relative to lysate.

total cytoplasmic protein (Table III), there was roughly
three-fold more RM protein per LPS-stimulated cell, in good
agreement with the ER expansion measured by stereology.

Expression of specific ER proteins was examined by per-
forming enzyme assays and immunoblots on samples from

£150
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Figure 4. Stereological quantitation of Golgi amplification. The
volumes of the Golgi exclusion zone and Golgi stack (4), as well
as the membrane area of the Golgi stack (B) were quantified from
electron micrographs of cells cultured in the presence (black bars)
or absence (open bars) of LPS, and ascitic cells (hatched bars). The
differences in estimates of Golgi parameters for the unstimulated
and stimulated populations are statistically significant; Golgi zone
volume (P < 0.025), Golgi stack volume (P € 005), and Golgi
stack area (P < 0.1; ¢ test). C, electron micrograph illustrating the
Golgi exclusion zone (broken line).
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secreting and nonsecreting cells. Equal quantities of protein
from cell lysates and from RM were analyzed, and the im-
munoreactivity of specific proteins was quantified (Table V).
Ribophorins I and II are integral membrane ER proteins
thought to be involved in ribosome binding (1, 27, 28, 33).
BiP/GRP78 is an abundant lumenal ER protein thought to
bind, among other things, Ig heavy chains until they pair
with light chains (7, 18, 19). All three proteins exhibited
similar expression patterns. Whereas their specific immuno-
reactivity was substantially higher in lysates of LPS-stimu-
lated cells (between 3.5- and 6-fold; Fig. S, lanes /-2; Table
V), their immunoreactivity within the RM fraction increased
only about twofold or less (Fig. 5, lanes 3-4; Table V). In
contrast to the lack of substantial change in ribophorin abun-
dance within the RM of secreting cells, there was a fourfold
increase in abundance of ribosomal RNA (Table V). This
agrees well with the increased density of ER bound ribosomes
measured by stereology.

The majority of the increased expression of the ribopho-
rins and BiP can be attributed to proliferation of the ER
membranes, and not increases in the concentration of these
proteins within the ER. This result agrees with that predicted
from both the stereology and fractionation analyses. In
secreting cells the ER occupies twice as much of the cyto-
plasm as in nonsecreting cells. Thus, a protein which is four-
fold more abundant in the cytoplasm of secreting cells should
be only about twofold more abundant in isolated RM frac-

LYS RM Figure 5. Immunoblot analy-

- 4+ = 4 sis of ER protein expression

A during differentiation. Equal
quantities (30 ug) of protein

from cavitation lysates (LYS)

- and purified rough microsomes
(RM) were resolved by gel
electrophoresis and blotted

8 onto nitrocellulose. Samples
from unstimulated (—LPS) and
stimulated (+LPS) cells were
probed with a rabbit antiserum
reactive with ribophorin I (4),
at a dilution of 1:150, or with a supernatant of an anti-BiP hybrid-
oma (B). The blots were then incubated with ['*I]protein A, and
visualized by autoradiography. rl, ribophorin I; arrowhead, p68.

LPS:

rl | —

BiP ——

1507



Table V. Changes in Expression of Known ER Proteins during CHI2 Differentiation*}

Lysates Rough Membranes
Unstimulated Stimulated Induction Unstimulated Stimulated Induction

Ribophorin 1 1.0 4.5 4.5 16.0 27.5 1.7
Ribophorin II 0.8 2.8 35 11.4 5.3 1.3
Ig binding protein 1.0 6.1 6.1 7.5 16.5 2.2
28S Ribosomal RNA# ND ND ND 0.8 33 4.1
Glycosylation site 32 5.4 1.7 ND ND 0.6l

binding protein
Protein disulfide

isomerase (mU/ug) 1.51 £ 0.10 1.42 + 0.21 1.1 ND ND 0.4
Diacylglycerol

acryltransferase

(pmol/ug) 1.40 + 0.33 2.03 + 0.15 1.5 ND ND 0.6l
P68 1.2 11.7 9.8 9.0 45.0 5.0

* All measurements, uniess specified otherwise, are in arbitrary OD units generated from densitometric scans of immunoblots (30 ug protein per sample).
 All ratio measurements are based on multiple blots (exposures of differing durations) of samples obtained in three different experiments.

§ Generated from densitometric scans of a dilution series of ethidium bromide stained ribosomal RNA which was isolated from 30 ug of RM protein from unstimu-
lated and stimulated CHI2 cells. The linear regions of the dilution series from three experiments were compared.

Il Extrapolated specific activity in RM.

tions. Our results regarding expression of BiP and the ribo-
phorins agree with this prediction.

Other known ER proteins exhibited a different pattern of
expression. Glycosylation site binding protein (GSBP), a lu-
menal protein involved in transfer of N-linked glycans to na-
scent polypeptides (15), was 1.7-fold more abundant in LPS-
stimulated cells (Table V). Because GSBP is readily lost
from microsomes during fractionation (15), it is inappropri-
ate to measure its abundance within the RM fraction. How-
ever, using the abundance of GSBP in cell lysates it is possi-
ble to predict its abundance in RM. This calculation reveals
that GSBP abundance in RM actually decreases somewhat.
We also measured the changes in enzymatic activity of pro-
tein disulfide isomerase (PDI). The specific activity of PDI
in CHI2 lysates did not change during differentiation (Table
V), so by extrapolation, its specific activity within RM actu-
ally decreases. As expected from their probable identity
(16), the expression of PDI activity was consistent with that
of GSBP immunoreactivity. Finally, like PDI, the activity of
DAGAT, an ER enzyme involved in lipid biosynthesis (11),
increased very little (1.5-fold) in cell lysates during differen-
tiation (Table V). This indicates that, like PDI, its specific
activity within the ER is slightly decreased.

In summary, when compared on a per cell basis, all the
known ER proteins that we examined exhibited increases in
overall expression during differentiation. However, it is more
informative to note that, due to increases in cell size and
rough ER content, neither these proteins nor IgM are sub-
stantially increased in abundance within the ER.

The Patterns of Expression of the Known ER Proteins
Are Representative of RM Proteins in General

To determine if expression of the known ER proteins is typi-
cal of the expression of all RM proteins, we compared the
total protein content of RM from nonsecreting and secreting
cells. Equal quantities of protein were resolved by SDS-
PAGE and visualized by silver staining. As shown in Fig. 6,
the majority of polypeptides (~75%), like BiP and the
ribophorins, was about equally abundant in the RM of se-
creting and nonsecreting cells. We did, however, reproduci-
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bly observe two groups of polypeptides whose abundance
within RM did change. The first group (e.g., p10l and p60,
marked by *), like GSBP and DAGAT, decreased in abun-
dance within RM. The other group of polypeptides (e.g.,
P99, p73, p66, and p38, marked by arrows) was significantly
increased in abundance within the RM. Therefore, the ex-
pression of this small subset of proteins (V9 %) exceeded the
overall increase in microsomal protein, and is preferential.

One RM protein belonging to this latter group was in fact
detected in the immunoblots described above. The anti-
ribophorin I antiserum used in the experiment shown in Fig.

RM
LPS: — +
180>,H
12> °
*_’—4—-— e
ge-Fit %
<
o6 T —
¢
———
53’_-—
<—— Figure 6. Expression of RM proteins
34~ during differentiation. Equal quanti-
= ties of RM protein (30 ug) from un-
28> - stimulated (—LPS) and stimulated
(+LPS) CHI2 cells were resolved by
gel electrophoresis and visualized by
silver staining. “Proteins that decrease
in abundance during differentia-
tion; arrows, proteins which increase
- in abundance. Apparent molecular
masses (in kilodaltons) are indicated
—— at left.
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5 a cross-reacts with a 68-kD protein (arrow), which was en-
riched in the RM fraction. p68 was induced ~10-fold by LPS
stimulation (Table V). Within RM, its abundance was in-
creased fivefold. This magnitude of change is larger than that
observed for the resident ER retroviral protein p73 (52) and
for the Ig chains.

Together, these results show that the expansion of the ER
during CH12 differentiation involves two major patterns of
protein expression. Most ER proteins increase approximate-
ly in proportion to the size of the ER while a minority is pref-
erentially induced.

Discussion

Our data show that LPS stimulation of the CHI2 cell line
results in a 12-fold increase in Ig secretion and a concomitant
3- to 4-fold preferential amplification of the ER and Golgi.
In addition to the expansion of the ER, the density of bound
ribosomes increases 3.5-fold, resulting in 12-fold more ribo-
somes which are translating membrane and secretory pro-
teins. For the ER, the amplification is characterized by pro-
portional increases in the expression of most resident
proteins (including BiP and the ribophorins), and by prefer-
ential increases in the expression of a few proteins.

Morphological Differentiation of CHI2 Resembles that
of Normal B Cells

Ultrastructural changes like those that occur during CH12
differentiation have been reported for normal B lymphocytes
stimulated with LPS, pokeweed mitogen, and specific anti-
gen plus helper T lymphocytes (48, 49, 51). The only quan-
titative study, however, was performed by Simar on lymph
node B lymphocytes stimulated in situ by injection of eryth-
rocytes (49). He reported a tenfold increase in ER volume
fraction, a larger amplification of rough ER than we report
here. The difference between the two studies can be accounted
for by the higher baseline measurements reported here, which
are the result of the following: First, CHI2, even without
LPS stimulation, is already somewhat differentiated as com-
pared to resting B cells (4, 50). Second, the baseline in Si-
mar’s in situ study necessarily includes some non-B cells,
which have inherently less ER. In light of these factors, we
do not consider the two sets of measurements to be signifi-
cantly different. The agreement of the morphological differ-
entiation of normal B cells and CHI2 is very good, demon-
strating the utility of analyzing CH12 differentiation in vitro.

Increased Ig Production Is Accommodated by
Coordinate Induction of a Battery of ER Proteins

In CH12, the expansion of the ER is accompanied by an in-
creased density of bound ribosomes. As a result, CH12 has
the capacity to synthesize 12 times more membrane and
secreted proteins. This is enough to account for the induction
of Ig production. Because the ER volume increases, the con-
centration of IgM within the ER increases only about two-
fold, even though Ig synthesis is induced sixfold.

During expansion of the ER to produce more IgM, one
might expect that resident ER proteins required for IgM syn-
thesis and processing would be induced to a similar degree
as IgM. This expectation is fulfilled for some, but not all
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of the proteins that we examined. Ribophorins I and II are
thought to function in binding ribosomes to the ER membrane
(1, 27, 28, 33), mostly because the capacity of membranes
to bind ribosomes is stoichiometric with the abundance of
the ribophorins (33). However, ribophorin expression in CH12
increases far less than the increase in ER-bound ribosomes.
Therefore, unless there is a substantial free pool of ribopho-
rins I and II before differentiation, we conclude that these
proteins are either not needed at all, or at least not needed
stoichiometrically for ribosome-membrane interactions. This
is further substantiated by previous results (21). Of course,
it is possible that other ER proteins which are involved in
ribosome-membrane interactions, like docking protein, are
limiting before differentiation. Our preliminary data sug-
gest, however, that docking protein expression changes dur-
ing differentiation even less than ribophorins. This pattern of
expression is consistent with the proposed catalytic role of
the docking protein (16).

Concomitantly with its synthesis, CH12 IgM is glycosylated
and its folding is stabilized by intra- and interchain disulfide
bonds. Since these modifications are required for IgM secre-
tion (2, 18, 47), the enzymes responsible must be able to ac-
commodate the increased production of IgM. Two of the
modifying activities, GSBP and PDI, probably reside in the
same protein (15), and one might expect that this protein
would be induced. In fact, we find that the representation of
GSBP within the ER actually decreases, as does PDI activ-
ity. Thus, the ratio of enzyme to substrate (IgM) is lower
in secreting cells. This indicates that sufficient disulfide ex-
change and glycan transfer capacities must preexist to cope
with the increased workload upon differentiation. Roth and
Koshland have reported that PDI activity is elevated 12- to
85-fold in Ig secreting tumors, as compared to nonsecreting
tumors (47). However, these authors also report that Ig secret-
ing normal spleen cells contain only threefold more PDI than
nonsecreting spleen cells. Our measurement of PDI/GSBP
agrees well with their measurement in normal spleen cells,
suggesting that the high concentration of PDI in various tu-
mor lines may be associated with transformation rather than
with the secretory activity of these lines.

BiP is another lumenal ER protein that is thought to be im-
portant for IgM assembly and secretion (7, 18, 19). Unlike
GSBP/PDI, BiP’s concentration in the ER actually rises
slightly during differentiation, as does the concentration of
IgM. This agrees with qualitative data showing that BiP ex-
pression is higher in Ig secreting tumors, as compared with
tumors representing earlier stages in B lymphocyte differen-
tiation (Wiest, D., unpublished observations). The corre-
spondence between BiP expression and the accumulation of
Ig within the rough ER supports the notion that BiP interacts
stoichiometrically with Ig (and other proteins) during fold-
ing (19, 26).

The known proteins whose expression we examined are a
very small sampling of the total resident ER proteins. The
comparative analysis of total protein composition shows that
the expression of most (75%) of CH12 rough ER proteins
mirrors that of ribophorin I, ribophorin II, and BiP. This
analysis also shows that only a few ER proteins decrease in
abundance, like GSBP/PDI, or increase substantially, like
p68 (see below). Thus, the overall protein composition of the
ER is maintained during differentiation.
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Possible Mechanisms for Regulating the Concerted
Response to Secretogen

Our results show that a host of ER proteins respond in con-
cert to the stimulation to secrete Ig. This raises two ques-
tions. First, how are so many proteins regulated coordinate-
ly? Second, what is the link between the production of a
secretory product and expression of ER proteins? Several
regulatory schemes can be envisioned. Perhaps, coordinate
induction of many proteins results from homologous regula-
tory elements shared by their genes, all of which respond to
the same stimulus. If so, there should be a common mes-
senger regulating the same set of proteins in a variety of cell
types in response to their respective secretory stimuli. Alter-
natively, the secretory product itself may secondarily regu-
late many ER proteins. The accumulation of the secretory
product might then trigger the amplification of the ER mem-
branes. Along these lines, Kozutsumi et al. proposed that
stable association of BiP/GRP78 with misfolded proteins
decreases the free pool of BiP/GRP78 in the ER lumen, and
this signals induction of BiP expression (26).

Recent data provide some support for such a “feedback”
model of ER regulation. Rose et al. (46) and Normington et
al. (39) describe induction of the yeast homologue of BiP/
GRP78, KAR?2, not only under conditions which cause ac-
cumulation of misfolded proteins, but also in sec mutants,
which accumulate properly folded secretory proteins within
the ER (46). Because regulation of BiP/GRP78 in mammalian
cells is at the transcriptional level (44, 10), there must be a
sensor that relates the accumulation of proteins in the ER to
the nucleus. BiP itself may be the putative ER sensor, how-
ever, there is no direct evidence to support this contention.
We hypothesize that to fulfill the role of a sensor, this compo-
nent must interact with all membrane and secreted proteins
during some stage of processing. In this way it could sense
an accumulation of secretory proteins, as implied by the sec
mutants, or an increased level of translocation. The hypothe-
sis that an increased concentration of the secretory product
signals amplification of the ER predicts that at an early time
in the differentiation process there is a significant accurnula-
tion of the secretory product in the ER.- At later times, the
concentration of the secretory product in the ER would di-
minish as the ER expands. In this study we examined only
the endpoint of differentiation, at which time IgM concentra-
tion in the ER is only twice its concentration in non-secreting
cells. Measurement of the ER concentration of IgM at an
earlier time after LPS stimulation will test whether there is
a transient peak in IgM concentration that could serve as a
signal.

Preferential Induction of a Subset of RM Proteins

The coordinate regulation discussed above does not apply to
a small percentage of RM proteins, those which are not in-
duced and those which are upregulated significantly more
than the majority. The preferentially induced proteins are
particularly interesting, because among them may be pro-
teins that are necessary for efficient intracellular transport.
Preliminary characterization indicates that many of these
preferentially induced proteins are integral membrane pro-
teins (data not shown). One protein, p99, is probably equiva-
lent to ERp99/endoplasmin (25, 29, 34). It is reported by
Lewis et al. to be tenfold more abundant in post-nuclear
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membranes of LPS-stimulated splenic B cells (28). We see
a similar induction of p99, if we correct for the differences
in the methods used. Lewis et al. also reported that four
other ER proteins (p49, p59, p61, and p72) are induced dur-
ing spleen cell differentiation (30). The magnitude of the
reported induction, however, is equal to or smaller than the
change we find in BiP expression. Therefore, these proteins
behave like the coordinately induced majority of ER pro-
teins. Along with p99, we find that p68 is induced preferen-
tially in CH12. p68 is an integral membrane glycoprotein,
present in the ER of many secretory cell types (Wiest, Meyer,
and Argon, manuscript in preparation). In fact, this protein
was first observed in canine pancreas (21). It will be interest-
ing to establish why proteins like p99 and p68 are induced
more than most other ER components (i.e., escape coor-
dinate regulation), and to ask what role such proteins play
in secretion.
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