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Changes in the cell surface oligosaccharides in human fetal lung fibrobl~Lsts (IMR-90) are studied as the cells progregs 
to senescence using nuclear magnetic resonance spectroscopy (NMR) and a biochemical assay. A lectin-based 
affinity-binding technique is used which measures the organization of carbohydrates on the cell surface. Proton N M R  
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 
alterations in the conformation or  structure of the cell surface oligosaccharides and local constituent water. 

Introduction 

The cell surface oligosaccharides have been shown to 
be important  in developmental, maturat ion,  and trans- 
formation processes. The surface oligosaccharides direct 
the developmental staging and  adhesion-dependent dif- 
ferentiation in Dic tyos t e l ium cells [1,2], The oligo- 
saccharides have also been shown to be important  in 
epithelial migration and in the enunciation of functional 
cytotoxicity [3-5]. Tumor-specific surface markers have 
been shown to be altered oligosaccbaride residues [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 to senescence [8-10]. The studies used Icctin- 
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: Ric inus  c o m m u n i s  agglutinin, (RCA-120) 
which is specific for /3-D-galactose; concanavalin A 

Abbreviations: ConA, concanavalin A (biotinylated lectin): PBS, 
phosphate-buffered saline; BSA, bovine serum albumin. 

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

(ConA) which is specific for a-D-glucosyl and mannosyl 
sugars: and the wheat germ agglutinin (WGA), which is 
specific for N-acetyI-D-glucosamine. Different changes 
were observed for each of the lectins. These were changes 
or losses of affinity class distribution, changes in bind- 
ing capacity, and  changes in lectin-membrane complex 
mobility. The observations from the lectin assays reflect 
changes in the structure or conformation of the cell 
surface oligosaccharides. 

In this study a nuclear magnetic resonance (NMR)  
technique is used to define s t ruc tura l /eonformat ional  
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 N M R  spectra of cell~ a:e 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 oliqosaccharides from measure- 
ments of the relaxation properties of the water protons 
associated with the oligosaccharides. The spin-lattice 
(T~) and  spin-spin (T,) relaxation times of water are 
influenced greatly by interaction with macromolecules 
in solution [11]. As water binds to the macromolccule 
the effective correlation time is changed, which reduces 
the spin-spin relaxation time. In a solution of water and 
a macromolecule, the observed relaxation time is a 
weighted average of the relaxation times of the bulk 
veater and the bound water [12]. 
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The measurcment of the relaxation time of the bound 
water is complicated by the contributions from the bulk 
water. This can be overcome by freezing the sample. 
When a solution of" water and a rnacromolecule is 
frozen, the signal from bulk water is not observed. 
However, a peak is detected from the associated water 
which does not freeze because the rlacromolecule 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 sensitive to the structural differences between 
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 siglial is con- 
firmed through treatment of cells with t-butanol and 
swainsonine. The t-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 ceils 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 t-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 perturbat ion in 
the linewidth of the unfrozen water. 

Materials and Methods 

Cell culture and sample preparation 
The IMR-90 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 C a / M g  free phosphate-buffered saline (PBS), 
containing 2.7 mM KCI, 1.5 m M  KH~PO 4, 80 mM 
N a 2 H P O  4, and 0.137 M NaCI (pH 7.2). The cultures 
were then incubated with 0.2570 trypsin (Flow Lab) at  
310 K for 2 -3  minutes. After transfering the cell sus- 
pensions to centrifuge tubes the cells were washed twice 
with complete medium [8], counted and resuspended in 
complete medium for 60 -90  min. Aliquots of ( 2 - 3 ) .  107 
cells were resuspended in complete medium supple- 
mented with 10% dimethyl sulfoxide (DMSO) (Sigma) 
then placed in 5-mm N M R  sample tubes, and  centri- 
fuged at 100 × g for 5 rain. The tubes were placed in a 
rate freezing appara tus  in the neck of a 35HC (Taylor- 
Wharton)  liquid nitrogen dewar. The freezing rate was 

calibrated to be 0.5-1.0 K / m i n .  The cells were main- 
tained at 173 K until the N M R  analysis. 

The t-butanol-washed cells were prepared by resus- 
pending the cells for 30 min at  298 K in a 2.570 solution 
of t-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 wcrc carried in culture from popu-  
lation doubling level (PDL) 11.3, to assure a constant  
recording of the growth parameters.  At  PDL 45, which 
was calculated to represent 1 or 2 passages 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 
Mannheim) at 1 /~g/ml in 20 ml of growth media. The 
swainsonine 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.  

N M R  measurements 
Measurements of linewidth were made on a General  

Electric GN300  N M R  spectrometer operat ing at  a 
frequency of 300.1 MHz. Eight transients were summed 
to achieve sufficient signal to noise. Spectra were 
acquired using 1024 da ta  points  with approximately a 
45 ° tip angle (5 #s  pulsewidth) and  a 8000 Hz sweep- 
width. No  apodization functions were used. The over- 
lapping proton signals of the water and  DMSO were 
deconvo lu ted  us ing the G E  sof tware  p r o g r a m  
(3EMCAP. All samples were run unlocked. 

Low temperatures were achieved by passing cold N 2 
gas over the samples. The temperature was maintained 
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 p rogram 
BIOSOFT from Elsevier Publications (Cambridge,  
U.K.). 

Results 

Fig. 1 shows a typical spectrum of a frozen cell 
suspension at 213 K. The signal from the unfrozen 
water protons at  4.8 ppm has a Lorentzian line shape, 
and the linewidth was determined using the G E  pro- 
gram GEMCAP.  As the temperature of the suspension 
is increased the water and  DMSO resonances nar row 
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 1MR-90 PDL 47 cells. At  all four different 
temperatures, the senescent IMR-90 cells have a smaller 



/ i / 
/ \ 

~ [ - ~ ~ - T -  . . . .  i . . . .  I . . . .  i . . . .  ~ . . . .  i • 
20 15 ~0 s o s -~: ~:,,. 

Fig. 1. Proton NMR spectrum at 300.1 MHz of frozen cell suspension 
in freezing medium containing 10$ DMSO. at 213 K. 
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Fig. 3. Proton linewidth of the water in frozen cell suspensions verxu~, 
temperature f~r IMR-g0 cells PI)L 41 before t-butanol wash (~), and 

after t-butanol '~.'ash (HI). 

l inewidth than  the I M R - 9 0  cells a t  P D L  20. A compar i -  
son of  the ra t io  of  the intensit ies of  the unfrozen water  
resonance  to the D M S O  resonance  for the I M R - 9 0  cells 
a t  P D L  29 and  P D L  47 showed that tht, a m o u n t  of  
unf rozen  wa te r  r ema ined  unchanged ,  sugges t ing  that 
the  l inewidth change  did  not  result  f rom a change  in the 
a m o u n t s  of  cellular mater ia l .  T h e  l inewidth values range  
f r o m  936 Hz  at 203 K to 219 Hz  at 233 K. The  results  
o f  a S tudent ' s  t-test showed that  the data ,  for the two 
cell types, a t  203 K are  not  s ignif icant  to the 5% level. 
T h e  S tudent ' s  t-test pe r fo rmed  on the da ta  f rom the 
o the r  t empera tures  showed that  the results are signif i-  
can t  to at  least the  5% level and  at two tempera tures  
(213 K and  233 K)  the  conf idence  level in the d i f ference  
was  grea te r  than 1%. 

Fig.  3 shows a plot o f  the l inewidth versus  tempera-  
ture for I M R - 9 0  cells at  P D L  41 for two samples ,  one  
p r epa red  in the normal  m a n n e r  and  the o ther  washed  
with  t -butanol  before  freezing. At  all four  temperatures ,  
the  cells that  were washed  with t -butanol  show a signif i-  

cant  reduction in the observed l inewidth of  the water .  
The  reduct ion in the l inewidth is far  greater  than the 
exper imenta l  error  de te rmined  for the da ta  used in Fig. 
2. In tegra t ion of  the water  peak area  for the samples  
washed  with t -butanol  showed a 25% reduct ion in the 
amoun t  of  unfrozen water  compared  to a s imilar  sample  
that was  not washed  with t-butanol.  There  is a dif-  
ference in the water  l inewidth for the IMR-90  cells used 

in Fig. 2 with respect to that of  the cells used in Fig. 3. 
This  change  is a t t r ibuted to the d i f ference  in the P D L  
n u m b e r  of  the IMR-90  cells, and  m a y  result f rom 
changes  in the cell surface as  the cells progress  to 
senescence.  

Fig. 4 shows a plot o f  the l inewidth versus  tempera-  
ture for IMR-90  cells at  P D L  47 with and without  a 
t rea tment  with swainsonine.  The  cells that were not 
treated with swainsonine  display narrow lines as ob- 
served for senescent  cells. Cells  t reated once  with 
swainsonine  display wider  lines than the unt rea ted  cells. 
Swainsonine  alters the cell surface  by p reven t ing  the 
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Fig. 2. Proton l inewidth of  the water in frozen cell  suspensions  versus 
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Fig. 4. Proton l inewidth of the water in frozen cell su.*~l~nshms versus 
temperature for [MR-C)0 cells PDL 47 wi th  swainsonine treatm,:n! (11). 
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TABLE I 

Effect of t-butanol o,, t'ell surface oligosaccharide functional organization 

Treatments PDL Morphological Kll Ki2 R I R 2 Scatchard analysis 
classification ConA/MMP, 

TAnovar a 

None 23 nonsenescent 1.06E06 2.22E03 2.17E-0.5 3.09E-03 
+ 2.1 E05 + 5.0E03 + 1.8 E - 06 + 2.6 E - 04 

None 43 senescent 7.74E03 1.47E-03 5.0105 
+ 2.3E03 + 1.0E- 04 

t-BuOH h 20 nonseneseent 1836 +92 1.02E-02 5.0389 
+ 3.7 E - 03 

t-nuOH 43 senescent 1934 + 282 1.08E- 02 5.0384 
+ 1.4E-04 

" Studenl's t-test as part of T and analysis of variance. Groups all had six data points and the t-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. 

h Y-Butanol extraction. 2.5~ t-butanol in PBS for 20 min at 298 K, followed by PBS washes and assessment of viability. 

expression of  complex  carbohydra tes  on the cell surface.  
This  change  in the cell surface is mani fes ted  in the 
wider  water  line in the frozen cell suspension.  

Table  I shows da ta  for exper iments  des igned to assess 
the effect  o f  t -butanol  extract ion on the abi l i ty  of  the 
cell surface ol igosaccharides  to interact  with exogeneous  
lectins. The  detai ls  of  the methodologies  used are g iven  
elsewhere [8-10]. The  cells, ei ther  control  o r  t -butanol  
extracted,  werc  fixed, washed  and  blocked with  
P B S / B S A  (0.1%). Biotinylated lectin (ConA f rom Vec- 
tor) and  var ious  concent ra t ions  of  synthet ic  compe t i to r  
l igand (methyl  a - o - m a n n o p y r a n o s i d e  f rom S igma)  were 
mixed with the cells. Af t e r  washing,  fur ther  steps of  
avidin,  b io t inyla ted-a lka l ine-phosphatase  and  subs t ra te  
were used to develop the assay. The  optical  dens i ty  of  
the resul t ing solut ions (405 nm)  was  t r ans fo rmed  into a 
bound  over  free ( B / F )  pa rame te r  and  plot ted aga ins t  
the compet i to r  concentra t ion.  C o m p u t e r  p r o g r a m s  
originally des inged by D.  R o d b a r d  ( N I H )  were  used to 
analyze the da ta  and  choose the  opt imal  statist ical  fit 
( 1 - 5  parameters) .  The  da ta  show that  cellular senes-  
cence and t-butanol  extract ion result in the appa ren t  
down-regula t ion  of  the cell surface,  the loss of  the 
high-aff ini ty  concanaval in  A site while not  s ignif icant ly  
af fec t ing  the senescent cell populat ion.  These  da ta  are 
only a part ial  representat ion of  the entire cell surface  
ol igosacchar ide  display. Similar  results were observed  
with the o ther  lectins. 

Discussion 

The  observed water  signal in the frozen cell suspen-  
sions arises f rom the interact ion of  the wa te r  with 
macromolecules  and  other  substances  that  d is rupt  the  
crystal  lattice of  the water.  There  are m a n y  contr i-  
but ions  to the unfrozen water  signal besides the water  
at the cell surface.  These  include water  bound  to o ther  

intracellular contents ,  and  the D M S O  present  in the 
freezing mixture .  The  con t r ibu t ion  of  these subs tances  
to the l inewidth is a s s u m e d  to be cons tan t  f rom sample  
to sample  so that  any  changes  in the p ro ton  l inewidth  of  
the wa te r  is due  to changes  at the cell surface.  T h e  
D M S O  is present  in the s a m e  quan t i ty  in all the sam-  
ples. The  intracellular  con ten t s  have  been shown to va ry  
only  sl ightly as  the  cells age  even though the assembly  
rates of  s o m e  cytoskeletal  e l ements  are  al tered [18]. T h e  
cont r ibu t ion  to the signal  f rom wate r  a t  the  g lycocalyx 
will be large because  of  the  grea te r  sur face  a rea  [19]. 

T h e  t -butanol  wash  is known  to r e m o v e  smal l  
a m o u n t s  of  m e m b r a n e  b o u n d  pro te ins  wi thout  d a m a g -  
ing the cell [16]. W h e n  the  cells were  washed  wi th  
t-butanol ,  the l inewidth  of  the  wa te r  s ignal  na r rowed  

cons iderably  and  in tegra t ion  showed  an  app rox ima te ly  
a 25% decrease  in the in tensi ty  of  the  signal  f r o m  
unfrozen water .  T h e  change  in the  in tensi ty  and  line- 
width  of  the unfrozen wa te r  could only  result  f r o m  
al tera t ions  or  reorganiza t ion  of  the  o l igosaecbar ides  a n d  
bound  prote ins  at the cell sur face  which results  f r o m  an  
increase in the  d i so rder  of  the  local crystal  lattice. The  
t rea tment  of  the cells wi th  swainson ine  is fur ther  evi-  
dence  that  changes  in the  cell sur face  are  man i fes t ed  as 
changes  in t~e observed  N M R  wate r  l inewidth  in f rozen 
samples  of  cell suspensions .  Swainson ine  inhibi ts  the 
Golg i  enzyme a - m a n n o s i d a s e  11 and  leads  to the fo rma-  

tion of  hybr id- type  o l igosacchar ides  on  the cell sur face  
[18]. Th i s  reorganiza t ion  of  the o l igosacchar ides  on  the 

cell surface  is observed  as  an  increase  in the  N M R  
l inewidth of  the unf rozen  wa te r  pro tons .  

Tab le  1 shows a decrease  in the  b i n d i n g  af f in i ty  of  
C o n A  for o l igosacchar ide  res idues  on the surface  of  
I M R - 9 0  cells as they age. A prev ious  s tudy  [9] showed  
changes  in the aff in i ty  of  the  lectin b ind ing  as well as 
changes  in the mobi l i ty  of  the cell sur face  o l igosaccha-  
r ides were  noted as I M R - 9 0  cells aged.  Th i s  obse rva t ion  



corre la tes  with a na r rowing  of the proton l inewidth 

noted for aged cells in the present  study. If one neglects 

con t r ibu t ions  to the l inewidth due to field inhomogene-  

ity, the l inewidth is a complex funct ion of the mot ional  

proper t ies  of  the wate r  molecule.  As the corre la t ion 

t ime  for the molecular  reor ien ta t ions  decreases the sig- 

nal  will  broaden.  In this study the motion of the water  

molecules  becomes less hi~,dered as the cells progress to 

senescence. This  decrease  ia l inewidth  was observed by 

K u n t z  et al. [14], for a loss of  o rder  and  suggests that  

the change  in the pro ton  l inewidth  may be due to 

con fo rma t iona l  : hanges  in the cell surface ol igosaccha-  

rides. 

Conclusion 

This  s tudy shows that  the dynamics  of cell surface 

o l igosacchar ides  and  bound  prote ins  can be moni tored  

though  the proper t ies  of  in te rac t ing  water  molecules,  

which  are  observed in rozen cell suspensions.  T h e  ob- 

served changes  in the p ro ton  l inewidth with senescence 

cor re la te  wi th  changes  in surface s t ructure  observed in 

prev ious  studies using lect in-based aff ini ty assays [8 -10].  

It is thought  that  the changes  in the o l igosacchar ides  are  

e i ther  confo rma t iona l  changes  or  a loss of  the oligo- 

sacchar ides  from the cell surface.  Fu r the r  s tudies are  

unde r  way to p inpo in t  the exact  mechanism by which 

the changes  in the cell  surface o l igosacchar ides  a re  

mani fes ted  by the proper t ies  of  associa ted water.  
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