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Changes in the cell surface nllgosacc!'andes in human fetal lung fibroblasts (IMR-90) are studied as the cells progress
to senescence using nuclear P py (NMR) and a biochemical assay. A lectin-based
affinity-binding technique is used which the ization of carb d on the cell surface. Proton NMR
studies of the water in samples of frozen cell suspensions of young and old cells provide information on the local
dynamics of the cell surface by monitoring the motion of bound water. Changes in the lectin binding density and affinity

class distribution correlate with a decrease in the water proton linewidth in frozen cells. These observations reflect

ions in the conf or

Introduction

The cell surface oligosaccharides have been shown to
be important in developmental, maturation, and trans-
formation processes. The surface oligosaccharides direct
the develop 1 staging and adhesion-d dent dif-

ferentiation in Dictyostelium cells [1.2]. The oligo-
sacchandes have also heen shown to be mpor!am in

of the cell surface olij id

s and local water.

(ConA) which is specific for a-D-glucosyl and mannosyl
sugars; and the wheat germ agglutinin (WGA). which is
specific for N-acetyl-D-glucosamine. Different changes
were observed for each of the lectins. These were changes
or losses of affinity class distribution. ch.mges in bmd«
ing capacity. and changes in lecti;

mobility. The observations from the lectin assays reﬂect
changes in the structure or conformation of the cell

In this study a nuclear magnetic resonance (NMR)

and in the of f surface oligosaccharides.
cytoloxncny [3-5]. Tumor-specific surface markers have
been shown to be altered oli harid s [6.7].

In three previous studies human fetal lung fibroblasts
(IMR-90) were shown to undergo a complex series of
changes in cell surface oligosaccharides as the cells
progress 1o senescence [8-10]. The studies uscd lectin-
based binding assays to observe the interactive proper-
ties of the cell surface oligosaccharides. These properties
are defined by specificity, affinity of interaction, and
the binding capacity. Three different lectins were used
in the studies: Ricinus communis agglutinin, (RCA-120)
which is specific for B 1 fin A

is used to define structural/conformational
changes that take place in the cell surface oligosaccha-
rides as IMR-90 cells progress toward senescence from
the properties of interacting water molecules. The pro-
ton NMR spectra of ceils ate very complicated and
little meaningful information can be obtained directly
from residues on the cell surface. This paper describes
an indirect method to study the structure and confor-
mation of cell surface oli harides from

ments of the relaxation properties of the water protons

A iatis ConA, in A (biotil lectin): PBS,
phosphate-buffered saline: BSA, bovine serum albumin.

Correspondence: R.H. Griffey. CNID, 1201 Yale Blvd. NE. Al-
buquerque, NM 87131, US.A.

d with the oligosaccharides. The spin-fattice
(7)) and spin-spin (73) relaxation times of water are
influenced greatly by i with leculs
in solution [11]). As water binds to the macromolecule
the effecuve correlation time is changed, which reduces
the spin-spin relaxation time. In a sol of water and
a macromolecule, the observed relaxation time is a
weighted average of the relaxation times of the bulk
water and the bound water [12].
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The measurcment of the relaxation time of the bound
water is complicated by the contribuiions from the bulk
water. This can be overcome by fre:zing the sample
When a solution of water and a is

calibrated to be 0.5-1.0 K/min. The cells were main-
tained at 173 K until the NMR analysis.
The r-butanol-washed cells were prepared by resus-

frozen, the signal from bulk water is not observed.
However, a peak is detected from th: associated water
which does not freeze because the rmacromolecule dis-
rupts the crystal lattice of the water [13]. The linewidth
(7,*) of this peak is sensitive to the conformation of the
macromolecule. Kuntz has shown that for frozen solu-
tions of polypeptides, those in the helical conformation
exhibit much broader lines than when studied in the
random coil conformation {14]. In another study Zipp
et al. [15] showed that the relaxation rate of the bound
water in frozen samples of normal and sickle erythro-
cytes is to the I diff

pending the cells for 30 min at 298 K in a 2.5% solution
of ¢-butanol in PBS. The cells were then washed three
times with PBS and once with complete medium and
frozen as described above.

The IMR-90 cells were carried in culture from popu-
lation doubling level (PDL) 11.3, to assure a constant
rcmrdmg of the growth parameters. At PDL 45, which
was d to 1o0r2 prior to
morphological senescence, the cells were split into two
groups. Group 1 was carried in culture with no change.
Group 2 was treated with swainsonine (Boehringer
Mannhe:m) at 1 pg/ml in 20 m! of growth media. The

the two cells.

In the present study, cell suspensions of IMR-90 cells
were frozen at different points in their lifecycle and the
linewidth of the water protons was measured. Changes
in the linewidths are correlated with alterations in the
display of oligosaccharides on the cell surface (8-10].
The origin of the change in the water signal is con-
firmed through treatment of cells with 7-butanol and
swainsonine. The s-butanol treatment has been shown
to remove small amounts (approx. 1 pg per cell) of cell
surface glycoproteins without damaging the cells [16].
The treatment of the cells with swainsonine inhibits the
Golgi enzyme a-mannosidase II and results in the for-
mation of altered hybrid-type oligosaccharides on the
cell surface [17). Both the r-butanol and swainsonine
treatments of the IMR-90 cells change the carbohydrate
structure on the cell surface compared to the untreated
cells, and the alteration is observed as a perturbation in
the linewidth of the unfrozen water.

Materials and Methods

Cell culture and sample preparation

The IMR-9G cells were grown and maintained as
described previously [8-10]. Prior to freezing cell cul-
tures at 80% surface confluency were washed three
times with Ca /Mg free phosphate-buffered saline (PBS),
containing 2.7 mM KCl, 1.5 mM KH,PO,, 80 mM
Na,HPO,, and 0.137 M NaCl (pH 7.2). The cultures
were then incubated with 0.25% trypsin (Flow Lab) at
310 K for 2-2 minutes. After transfering the cell sus-
pensions to centifuge tubes the cells were washed twice
with compl dium (8}, d and resuspended in
complete medium for 60-90 min. Aliquots of (2-3)-107
cells were resuspended in di supple-
mented with 10% dimethyl su]fox:de (DMSO) (Sigma)
then placed in 5-mm NMR sample tubes, and centri-
fuged at 100 X g for 5 min. The tubes were placed in a
rate freezing apparatus in the neck of a 35HC (Taylor-
Wharton) liquid nitrogen dewar. The freezing rate was

was added to the culture medium and was
present throughout the culture period. The cells were
then treated as described above to prepare them for the
NMR.

NMR measurements

Measurements of linewidth were made on a General
Electric GN300 NMR spectrometer operating at a
frequency of 300.1 MHz. Eight transients were summed
to achieve sufficient signal to noise. Spectra were
acquired using 1024 data points with approximately a
45° tip angle (5 ps pulsewidth) and a 8000 Hz sweep-
width. No apadization functions were used. The over-
lapping proton signals of the water and DMSO were
deconvoluted using the GE software program
‘GEMCAP. All samples were run unlocked.

Low temperatures were achieved by passing cold N2
gas over the les. The p was
with a GN-series temperature control unit, and control
of +0.1°C was maintained. The samples were main-
tained at temperature for 15 min prior to acquisition of
data.

Statistical analysis was preformed using the program
BIOSOFT from Elsevier Publications (Cambridge,
UK.).

Results

Fig. 1 shows a typical spectrum of a frozen cell
suspension at 213 K. The signal from the unfrozen
watcr protons at 4.8 ppm has a Lorentzian line shape,
and the linewidth was determined using the GE pro-
gram GEMCAP. As the temperature of the suspension
is increased the water and DMSO resonances narrow
and resolve,

Fig. 2 shows a plot of the linewidth versus tempera-
ture for IMR-90 cells at PDL 20 and at PDL 47.
Standard error was determined from two different sam-
ples of IMR-90 PDL 29 cells and three different sam-
ples of IMR-90 PDL 47 cells. At all four different
temperatures, the senescent IMR-90 cells have a smalter



Proton NMR spectrum at 300.1 MHz of frozen cell suspension
in freezing medium containing 10% DMSO, a1 213 K.

linewidth than the IMR-90 cells at PDL 20. A compari-
son of the ratio of the intensities of the unfrozen water
resonance to the DMSO resonance for the IMR-90 cells
at PDL 29 and PDL 47 showed that the amount of

water i h suggesting that
the linewidth change did not result from a change in the
amounts of cellular material. The linewidth values range
from 936 Hz at 203 K to 219 Hz at 233 K. The results
of a Student’s t-test showed that the data, for the two
cell types, at 202 K are not significant to the 5% level.
The Student’s t-test performed on the data from the
other temperatures showed that the results are signifi-
cant (o at least the 5% level and at two temperatures
(213 K and 233 K) the confidence level in the difference
was greater than 1%.

Fig. 3 shows a plot of the linewidth versus tempera-
ture for IMR-90 cells at PDL 41 for two samples, one
prepared in the normal manner and the other washed
with r-butanol before freezing. At all four ures.
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Fig. 3. Proton linewidth of the water in frozen cell suspensions versus
temperature for IMR-90 cells PDL 41 before r-butanol wash (0). and
after i-butanol wash ().

cant reduction in the observed linewidth of the water.
The reduction in the linewidth is far greater than the
experimental error determined for the data used in Fig.
2. Integration of the water peak area for the samples
washed with r-butanol showed a 25% reduction in the
amount of unfrozen water compared to a similar sample
that was not washed with r-butanol. There is a dif-
ference in the water linewidth for the IMR-90 cells used
in Fig. 2 with respect to that of the cells used in Fig. 3.
This change is attributed to the difference in the PDL
number of the IMR-90 cells. and may result from
changes in the cell surface as the cells progress to
senescence.

Fig. 4 shows a plot of the linewidth versus tempera-
ture for IMR-90 cells at PDL 47 with and without a
treatment with swainsonine. The cells that were not
treated with swainsonine display narrow lines as ob-
served for senescent cells. Cells treated once with

the cells that were washed with ¢-butanol show a signifi-
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Fig. 2. Proton linewidth of the water in frozen cell suspensions versus

temperature for IMR-90 cells: PDL 29 (W), PDL 47 (D).

display wider lines than the untreated cells.
Swainsonine alters the cell surface by preventing the
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Fig. 4. Proton linewidth of the water in frozen cell suspensions versus
temperature for IMR-90 cells PDL 47 with swainsonine treatment (),
and without swainsonine treatment (Q).
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TABLE 1

Effect of t-butanol on cell surface oligosaccharide functional organization

Treatments  PDL  Morphological K, [ R, R, Scatchard analysis
classification ConA/MMP,
T Anovar

None 23 nonsenescent 1.06E06 2.22E03 217E-05 3.09E-03
+2.1E05 +5.0E03 +1.8E-06 +£26E-04

Nene a3 senescent 7.74E03 147E-03 50105
+2.3E03 +1.0E-04

+-BuOH ™ 20 nonsenescent 1836 +92 1.02E-02 5.0389
£3TE-03

+-BuOH 43 senescent 1934 £282 1.08E-02 5.0384
+1.4E-04

“ Student’s r-test as part of T and analysis of variance. Groups all had six data points and the r-test compared the first set of data to the other
three. The 1% significance level with 10 degrees of freedom is 3.17, thus all the values are highly significant.
* 2-Butanol extraction, 2.5% ¢-butanol in PBS for 20 min at 298 K, followed by PBS washes and assessment of viability.

expression of complex carbohydrates on the cell surface.
This change in the cell surface is manifested in the
wider water line in the frozen cell suspension.

Table | shows data for experiments designed to assess
the effect of s-butanol extraction on the ability of the
cell surface oligosaccharides to interact with exogeneous
lectins. The details of the methodologies used are given
elsewhere [8-10]. The cells, either control or t-butanol
extracted, were fixed, washed and blocked with
PBS/BSA (0.1%). Blolmylalcd lectin (ConA from Vec-
tor) and various of
ligand (methyl a-D-mannopyranoside from Slgma) were
mixed with the cells. After washing, further steps of
avidin, biotinylated-alkaline-phospk and
were used to develop the assay. The optical density of
the resulting solutions (405 nm} was transformed into a
bound over free (B/F) parameter and plotted against
the competitor concentration. Computer programs
originally desinged by D. Rodbard (NIH) were used to

intracellular contents, and the DMSO present in the
freezing mixture. The contribution of these substances
to the linewidth is assumed to be constant from sample
to sample so that any changes in the proton linewidth of
the water is due to changes at the cell surface. The
DMSO is present in the same quantity in all the sam-
ples. The intracellular contents have been shown to vary
only slightly as the cells age even though the assembly
rates of some cytoskeletal clements are altered [18]. The
contribution to the signal from water at the glycocalyx
will be large because of the greater surface area [19].
The t-butanol wash is known to remove small
of bound proteins without damag-
ing the cell [16]. When the cells were washed with
t-butanol, the linewidth of the water signal narrowed
iderably and i ion showed an
a 25% decrease in the intensity of the signal from
unfrozen water. The change in the intensity and line-
width of the unfrozen water could only result from
1 ions or ization of the oli harides and

analyze the data and choose the optimal istical fit
(1-5 parameters). The data show that cellular senes-

hound proteins at the cell surface which results from an

cence and r-butanol extraction result in the app
down-regulation of the cell surface, the loss of the
high-affinity concanavalin A site while not significantly
affecting the senescent cell population. These data are
only a partial representation of the entire cell surface
oligosaccharide display. Similar results were observed
with the other lectins,

Discussion

The observed water signal in the frozen cell suspen-
5ions arises from the interaction of the water with
lecules and other that disrupt the

uyslal lattice of the water. There are many contri-
butions to the unfrozen water signal besides the water
at the cell surface. These include water bound to other

crease in the disorder of the local crystal lattice. The
treatment of the cells with swainsonine is further evi-
dence that changes in the cell surface are manifested as
changes in the observed NMR water linewidth in frozen

ples of cell pensi Swai ine inhibits the
Golgi enzyme a-mannosidase 11 and leads to the forma-
tion of hybrid-type oligosaccharides on the cell surface
{18]. This reorganization of the oli harides on the
cell surface is observed as an increase in the NMR
linewidth of the unfrozen water protons.

Table 1 shows a decrease in the binding affinity of
ConA for oligosaccharide residues on the surface of
IMR-90 cells as they age. A previous study [9] showed
changes in the affinity of the lectin binding as well as
changes in the mobility of the cell surface oligosaccha-
rides were noted as IMR-90 cells aged. This observation




correlates with a narrowing of the proton linewidth
noted for aged cells in the present study. If one neglects
contributions to the | idth due to field inh -
ity, the linewidth is a complex function of the ional
properties of the water molecule. As the correlation
time for the molecular reorientations decreases the
nal will broaden. In this study the motion of the water

lecul less hind

d as the cells progress to

This d i i idth was observed by
Kuntz et al. [14], for a loss of order and suggests that
the change in the proton linewidth may be due to
conformational changes in the cell surface oligosaccha-
rides.

Conclusion

This study shows that the dynamics of cell surface
li harides and bound p can be monitored
though the properties of interacting water molecules.
which are observed in rozen cell suspensions. The ob-
served changes in the proton linewidth with senescence
correlate with changes in surface structure observed in
previous studies using lectin-based affinity assays [8-10].
It is thought that the changes in the oligosaccharides are
either conformational changes or a loss of the oligo-
saccharides from the cell surface. Further studies are
under way to pinpoint the exact mechanism by which
the changes in the cell surface oligosaccharides are
manifested by the properties of associated water.
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