
404 Bto~htmua et Btoph~l~a A~ta 821 (1985~ 404-412 
I ~ l~e~ lt.r 

BBA 72840 

A pH titration study on the ionic bridging within lipopolysaccharide aggregates 

Rachard T. Coughhn a , Arnold A Peterson b,**, A Haug ~, 
Henry J Pownall ~ and Estelle J McGroarty d *** 

Bay~or College of Medtcme, The Methodtst Hospttal, Houston, TX  77030, b Department of  Bmph~tcs 'Pesttctde Research 
Center, and a Department of Btochemtstrv, Mtchtgan State Umt?erstt~,, East Lan~mg MI  48824 ( U S A ) 

(Recewed April 9th, 1985) 
(Revised manuscript received September 10th 1985) 

Key words Llpopolysacchande, Headgroup mobdlty, Phase transition, pH dependence, ESR, Dlfferenttal scannmg 
calorimetry ( E colt ) 

The packing of iipopolysaccharide aggregates from rough strains of Escherlchm coh was examined at 
different pH values. Lipopolysaccharide head-group motion, measured with an electron spin resonance probe, 
was found to be dependent on pH, and indicated the existence of multiple ionizable groups. Lipopelysac- 
charide from a rough (Ra) and a heptose-less (Re) mutant were more rigid at pH 5 than at pH 10.5. in 
addition, head-group mobility of the magnesium salt of Ra lipopolysaccharide was substantially less than that 
of the sodium salt at pH 7.0, whereas at high pH (pH 12) the two salts were equally fluid. Changes in 
bead-group packing were also reflected in pH-dependent changes in the phase transition measured with 
differential scanning calorimetry. The enthalpy of the transition, AH t, for the sodium salt of Re lipopolysac- 
charide was greatest at pH 7.5 and approached zero in both the acidic and the basic pH ranges. We propose 
that fixed charges in the core and lipid A regions significantly influence lipopolysaccharide head-group 
motion and the lipopolysaccharide aggregation state. Furthermore, ionic bridging among phosphate groups 
dramatically rigidifies head group interactions in the neutral to acidic pH ranges 

Introduction 

The hpopolysacchande (LPS) of Gram-negative 
bacteria is the major hpld in the outer monolayer 
of the outer membrane, and its interactions within 
this membrane help to form a permeability barrier 
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against bile salts and hydrophoblc antlblottcs [1] 
During mfectmn, bacterial membranes tend to bleb 
into the surrounding fired The hpopolysacchande 
m these outer membrame blebs and in membrane 
fragments released dunng cell lysls constitutes the 
endotoxan that produces disseminated mtravascu- 
lar coagulatmn and induces shock as well as other 
pathogenic effects in septic patients [2] Smce llpo- 
polysacchande toxicity is r dependent on its salt 
form [3], alterations in the physical form of LPS 
may be critical m modulating its blolog~cal and 
toxic actlvlUes 

Iomzable groups within hpopolysacchande such 
as armno and acidic sugars, and phosphate, and 
ethanolanune motetles [4] contribute to produce a 
three-dimensional zone of h~gh charge density on 
the outer surface of the bacterium The net nega- 
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tlve charge gives LPS a high capacity for binding 
metal ions [5,6], these cations stablhze the mem- 
brane by decreasing the electrostatic head group 
repulsion m LPS When depleted of divalent cat- 
ions, the outer membrane releases up to half of the 
assocmted LPS and becomes permeable to antibio- 
tics and lytlc enzymes such as lysozyme [7] In 
addition, electron m~crographs of purified LPS 
have revealed a large diversity of aggregate shapes 
depending on the type of LPS, temperature, and 
ions present [8,9] 

We have examined the hpopolysaccharide ag- 
gregation state as a function of p H m  an effort to 
determine the influence of ionizable groups on 
LPS aggregate structure We propose that hydro- 
gen bonding and cation bridging between ~omc 
groups are responsible for stabilizing the lamellar 
structure of LPS in the Gram-negative outer mem- 
brane At pH extremes isolated LPS may lose its 
lamellar structure and form nonbllayer structures 

Materials and Methods 

Ltpopolvsaechartde preparatton 
Escherwhta coh stratus D21 (a K12 rough strata) 

and D21f2 (an Re LPS-producmg strata) [10] were 
grown at 37°C m nutrient broth (1% tryptone, 
02% yeast extract, 04% NaC1) Lipopolysac- 
chande was isolated using either hot aqueous phe- 
nol (D21) or phenol /chloroform/pet ro leum ether 
(D21f2) as previously described [6] The sodium 
salt of LPS (NaLPS) was obtained by dmlyzlng 
electrodlalyzed LPS against three to five changes 
of 10 mM NaEDTA, pH 7 0, at 4°C, followed by 
extensive dialysis against double-dlstdled water 
Samples used for differential scanning calorimetry 
(DSC) were passed through a Chelex-100 column 
preequIhbrated at pH 8 2 The magnesium salt of 
LPS (MgLPS) was prepared by dialyzing the 
NaLPS against 10 mM MgC12, followed by exten- 
sive dialysis against double-distilled water Ele- 
mental analysis of the salts was carried out as 
described elsewhere [6] Levels of LPS were 
quantltated using the thlobarblturIc acid analysis 
for KDO [11] 

Electron spin resonance probing 
The head-group mobility of LPS, suspended at 

a concentration of 10 mg/ml ,  was monitored with 
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the ESR probe CATj2 The sample pH was ad- 
justed either by suspending the sample in 50 mM 
of potassmm citrate (pH 5 5-6 5), potassmm phos- 
phate (pH 6 5-8 5 and pH 11-12 5) or potassmm 
borate (pH 8 5-10 5) buffers, or by the ad&tlon of 
HC1 or NaOH to unbuffered solutions Head-group 
mobdlty was determined by measuring the hyper- 
fine splitting parameter, 2Tma , The head-group 
motions detected in samples in different buffers at 
the same pH values were identical regardless of the 
buffers used, indicating that the buffer dld not 
dlfferentmlly alter LPS structure Heterogeneity of 
the bound probe's environment was calculated by 
measuring the half-width of the low-field peak at 
half-height (A)) All ESR experiments were carried 
out at 37°C on a Varlan ESR Spectrometer model 
E-112 

Dtfferenttal scannmg calortmetrv 
Differential scanning calorimetry (DSC) of LPS 

was performed on a Perkln-Elmer DSC-2 5-10 
mg of LPS m 0 07 ml of double-dlstdled water 
were placed m a DSC pan and sealed An equal 
volume of double-dlstdled water was placed in the 
reference pan Temperature scans were made from 
- 5 ° C  to 75°C with heating rates of 125 
Cdeg/mIn All calorimetry data were obtained 
from samples during the heatmg phase and repre- 
sent the average of at least three scans In all cases 
the scans were completely reversible Molar en- 
thalp~es were obtained from the molar concentra- 
tion of LPS as determined by assaying for KDO 
[11] m the sample pan following calorimetry 

'I P -NMR analyses 
~IP-NMR spectra were obtained with a Vanan 

XL-200 spectrophotometer operated at 81 MHz 
Samples were prepared by &ssolvmg LPS m 2% 
deoxycholate, 5 mM EDTA, pH 8 0 Measure- 
ments were made at 45°C and are the averages of 
(2-4) 105 transients 

Light scattering 
The intensity of 90 ° scattered light was mea- 

sured by simultaneously scanning the incident and 
scattered hght from 230 nm to 500 nm using LPS 
samples suspended at &fferent pH values as de- 
scribed for the ESR experiments 
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Results 

The content of phosphate and pyrophosphate 
groups bound to LPS from E coh strains D21 (Ra 
strain) and D21f2 (Re strain) was determined by 
applying ~]P-NMR spectroscopy The types of 
phosphate groups were identified by thetr chem- 
ical shifts as phosphomonoester  (0 5 to 4 5 ppm), 
pyrophosphomonoester  ( -  6 0 to - 4 5 ppm and 
- 11 5 to - 10 ppm), pyrophosphodmster ( - 10 0 
to - 9 0 ppm, Fig 1) [12,13] The spectrum of LPS 
from strain D21 is similar to previously published 
spectra of LPS from other E cob K12 strains [8] 
and is consistent with the presence of approxi- 
mately 7 5 phosphates per 3 K D O  umts as meas- 
ured by elemental and sugar analysis [6] Integra- 
tion of this spectrum shows that 40% of the sagnal 
can be attrtbuted to monophosphate,  44% to pyro- 
phosphomonoester,  and 16% to pyrophosphodles- 
ter (Fig 1A) There was no indication of mono- 
phosphodmster substltunon The pyrophosphodl- 
ester is presumably substituted with an ethanola- 
mine group 

The ~Ip-NMR spectrum of LPS from strain 
D21f2 (Fig 1B) was slmdar to that of another 
heptose-less E coh mutant [13] and revealed that 
of the 2 4 phosphates per 2 KDO residues present 

A 

~ - -  e 4 a 

v4.,.~ / I , ~  ,'1 ~j 

0 -2 - 4  - 6  - 8  -10 -12 -14 
p p m  

8 6 4 2 0 - 2  - 4  - 6  - 8  - 1 0  - 1 2  -14  
p p m  

Fig 1 qI~-NMR spectra of the NaLPS from (A) strata D21, 
and (B) strata D21f2 

[6] 73% were monophosphate and 27% pyrophos- 
phomonoester  Thus, m contrast with the D21 
strain, there was no evidence of ethanolamlne rub- 
StltUtlOn on D21f2 LPS, since phosphodiester link- 
ages were not detected 

The ESR spectra of CATI2 m LPS aggregates 
from the Ra strain (D21) showed large &fferences 
m mobility dependmg on the LPS salt form and 
pH (Fig 2) To examine the influence of pH on 
the motion within LPS aggregates, sodium salts of 
LPS from both the D21 and D21f2 strains were 
adjusted to various pH values with buffers or with 
the direct addltton of NaOH or HC1 and then 
probed with CAT 1 

CAT~e mobility in LPS from strain D21f2 m- 
creased as the pH was raised from 5 0 to 10 5, 
indicating that head-group mobility was depend- 
ent on pH Addltton of sodium hydroxide to 
NaLPS, initially at approx pH 7, indicated a 
single tltratable group at approx 2 -4  OH / L P S  
(Fig 3A) In addition, head-group moblhty of this 
NaLPS in buffered solutions measured b2r the 
hyperflne splitting parameter (2Tm~ ,) of CAT]e 
resolved two tttratabte groups in the basic range 
with pK,  values of approx 8 5 and 10 (Fig 3B) A 
third lontzatton was detected in the acidic range 
b e t w e e n p H  5 0 a n d 7 5  B e t w e e n p H 7 5  and 85, 
where there was no stgntflcant change in head- 
group mobdlty, there was an increase in hetero- 
geneity of the probe stgnal as measured by the 
width of the low-field peak, lndtcatlng multiple 
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Fig 2 ESR spectra of CAT12 in LPS from E colt strata D21 
at 37°C 
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of CAT12 bound to NaLPS from strata D21f2 (A) LPS was 
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pH 

B 

56  
L~I 

4 8  (gouss) 

4 0 - - x - -  
lie 

populations of probe residing In shghtly different 
environments 

The magnesium salt of LPS from the Ra strain 
(D21) underwent large changes in head-group mo- 
tion with changes m pH At pH 7, MgLPS was 
much more rigid than NaLPS, whereas at pH 12 
the two salts were nearly Identical (Fig 2, Table I) 
The effect of high pH on MgLPS fluidity was 
completely reversed by neutralization of the sam- 
ple with HCI This indicated that the increase m 
head-group moblhty at pH 12 was not the result of 
alkaline hydrolysis during the brief time of this 
experiment The slightly increased head-group mo- 

TABLE I 

HYPERFINE SPLITTING OF CATI~ IN E COL1 D21 
LIPOPOLYSACCHARIDE AT 37°C 

Preparation Half-width (G) d 

NaLPS pH 7 18 9 
NaLPS, pH 12 18 6 
MgLPS pH 7 25 1 
MgLPS, pH 12 19 0 
MgLPS pH 7--+ pH 12 ~ pH 7 24 7 
MgLPS p H 7  + 5 8 m M N a C 1  248 

Low-field peak to mid-field spht tmg 

blhty of MgLPS after neutrahzatlon, compared to 
MgLPS with no additives, could be accounted for 
by the presence of added NaC1 (Table I) 

The effects of pH on the phase-transttton tem- 
perature and enthalpy of LPS from stram D21f2 
were also characterized Scanning calorimetry 
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Fig 4 DSC endotherms of NaLPS from strain D21f2 (A) upon 
the addition of 3 25 mol NaOH per mol LPS (B) without the 
addition of acid or base and (C) upon the addition of 3 57 mol 
of HC1 per mol LPS The LPS samples were suspended m 
double-distdled water prior to any addmons  
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showed that the peak m the heating ~sotherm 
reached a maximum near neutral pH and de- 
creased upon the addmon of either NaOH ol HC1 
to unbuffered samples (Fig 4) The enthalpy, A H,, 
of the phase transmon for NaLPS of strain D21 f2 
was greatest at approx pH 7 5 and decreased to 
zero at high pH and almost to zero at low pH (Fig 
5) The enthalpy of the LPS phase transmon ts 
dependent on the number of acyl-chaln methylene 
umts that interact cooperatwely in the gel-to- 
hquld-crystalhne melt E coh LPS has six or seven 
acyl chains per molecule compared to two on 
phosphollplds, a comparison of the AH, for D21f2 
LPS at pH 7 (8 45 kca l /mol  LPS) with that for 
d~mynstoylphosphatldylchollne and dlmynstoyl- 
phosphaudylethanolamme (5 4 and 5 8 kca l /mol  
phosphohpld, respectwely) [14] indicates a lower 
degree of cooperative assoclaUon for LPS on a per 
acyl chain basis The phase-transmon midpoint of 
D21f2 NaLPS, measured by DSC heating iso- 
therms, decreased with added base and increased 
with added acid (Fig 6) The temperature of the 
phase-transmon midpoint at pH 5 l was about 
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Fig 5 Int~uence of pH on the enthalpy of transition of NaLPS 
from strain D21f2 
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Fag 6 Influence of pH on the transmon temperature of NaLPS 

from strata D21f2 as measured by DSC Data points represent 

the temperature at the peak m the endotherm curve Bracket,, 
indicate the upper and lower hmlts of the phase transmon b'~ 

extrapolation of the endotherm to the basehne The approxi- 
mate pH values were determined at room temperature on 

dduted samples after the DSC scans Asterisks ln&cate scans 
which showed no endothermlc peak (see Fig 4a) 

50°C, whde at pH 8 5 it dropped to nearly 20°C 
and at higher pH values was unresolved (see Fig 
4) 

Visually, D21f2 NaLPS appeared as a bluish- 
white, nonvlscous solution at neutrality, as a clear, 
wscous solution at high pH (above pH 8 5), and as 
a whne precipitate at low pH Raght-angle scatter- 
lng of hght from 230 to 500 nm by D21f2 NaLPS 
gave similar results The intensity of light scatter- 
lng at all wavelengths was more than 4-fold less at 
pH 10 as compared to that at pH 7 5 In addmon,  
the peak intensity of hght scattered by NaLPS at 
pH 5 and 7 5 was at slightly higher wavelengths 
than that at pH 10 The decrease m intensity of 
light scattering of LPS w~th increasing pH from 7 
to 10 was rapid ( <  2 rmn), whereas the change in 
light scattering upon lowering the pH from 7 to 5 
took longer ( >  5 mm) 



Discussion 

Our results suggest that the lamellar structure 
of hpopolysacchande is stabilized at neutral pH 
both by ~omc interactions within the LPS, and by 
divalent cat~on bridges In the basic pH range the 
loss of hydrogen bonds, increased hydration and 
increased negative charge of the head group ap- 
peared to result m mlcellar structures, while m the 
acidic range the diminished charge repulsion and 
hydration and Increase m hydrogen bonds resulted 
m insoluble complexes 

Definmve identification of the polymorph~c 
phases that LPS can assume m aqueous solution 
has not been made Our results support the find- 
rags of others which suggest that LPS can assume 
both lamellar and nonlamellar phases depending 
on the temperature, pH and salt content Freeze- 
fracture electron microscopy of E colt K12 LPS 
revealed structures which appeared either as b~- 
layers or tubular mlcelles depending on the tem- 
perature and ions present [8], and X-ray dfffrac- 
uon and film balance measurements of LPS from 
Salmonella minnesota suggested that Re LPS can 
form both bllayers [15,16] and inverted mlcelles 
[15] By measuring the physical properties of LPS 
aggregates at different pH values it may be possi- 
ble to ~dentffy lomc interactions which play a role 
m stabilizing LPS aggregates m the intact outer 
membrane The pK~ values of the phosphate 
groups on LPS are assumed to be m the ranges 
1 0 -3  5 and 6 0 - 9  5 for the first and second ~om- 
zatlons, respectively Soluble phosphates such as 
phosphoric acid and pyrophosphonc acid have 
pK~ values of 1-2  and 6-7,  while the phosphate 
group on aggregates of phosphat~dxc acad has pK~ 
values of approx 3 5 and 9 0 [17,18] as a result of 
the h~gh charge density at the mlcelle surface 
Thus, the bagh charge density on the surface of 
LPS aggregates may also shift phosphate pK d val- 
ues up m a similar fashion The LPS from the D21 
strata reportedly has approx 7 phosphates, while 
that from strain D21f2 has 2 -3  [6] Thus the 
charge density on the Ra LPS aggregates is pre- 
sumably significantly h~gher than that on the Re 
isolate E coh LPS also contains an acidic sugar, 
KDO,  which should Ionize between pH 3 and 5, 
although the high surface potentml on the LPS 
aggregate could shift the pK~ values up by as 
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much as 3 pH units The LPS of strain D21 1s 
thought to have three KDO residues per molecule 
[4], while that of D21f2 presumably has only 2 
[131 

W~th these assumptions we propose that the 
observed increase m head-group moblhty of D21 f2 
LPS between pH 5 0 and 7 5, detected w~th the 
ESR probe, is the result of ionization of carboxyl 
groups on K D O  residues Previously we reported 
that for LPS isolated from D21f2 the ratios of 
cationic charges per phosphate m electrodlalysed 
LPS (pH 40)  and NaLPS (pH 7 0) were 1 51 and 
1 84. respectively [6] Assuming counter ions bind 
1 1 on a charge basis with the negative charges on 
LPS, we calculate that there are 3 6 net negative 
charges on D21f2 LPS at pH 4 0. and 4 4 charges 
on LPS at neutral pH Approx 2 4 of these charges 
result from the first lomzatlon of phosphate groups 
(pK~ 1 between pH 1 and 3), leaving one negatxve 
charge at pH 4 and two negative charges at pH 7 
which may be attributed to ionization of the 
carboxyis of the two KDO moieties 

The observed Increase m head group moblhty 
as the pH was increased from 5 0 to 7 0 is thought 
to result from an increase m charge repulsion of 
the overall molecule, from an increase in head- 
group hydration, or from the loss of potentml 
hydrogen bonding as the second carboxyl is 
ionized The addmonal  increase in head-group 
motion observed from pH 8 5 to 10 5 is presumed 
then to result from the second lomzat~on of the 
phosphate groups The addition of hydroxide ~ons 
to LPS at pH 7 resulted in a large moblhty m- 
crease at 2 -4  OH per LPS. possibly reflecting a 
structural alteration resulting from ionization of 
two phosphate moieties Emmerllng et al [19] 
showed that hpopolysaccharlde from E cob B / r  
buffered in the pH range 7-9,  and Rosner et al 
[12] determined, using ~P-NMR,  that the p K ~  
values for phosphomonoesters of LPS from an E 
coh Re mutant ranged from 6 75 to 8 1 The 
variation m pK.  values reported may be due to 
salt effects Abramson et al [18] found that the 
pK,  of the second lomzat~on of phosphatldlc acid 
shifted from 8 6 to 7 9 in the presence of 100 mM 
sodium We found that unbuffered ReLPS was 
much more rigid when compared to LPS sus- 
pended m 50 mM buffer 

Intermolecular hydrogen bonding has been lm- 
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phcated in affecting both the phase state and 
overall lipid fluidity in acidic phosphohplds [17] 
Stabilization of phosphatldic acid is greatest when 
the phosphates are half ~onlzed, when more than 
half are lomzed, charge repulsion pushes the head 
groups apart, while when less than half are ionized, 
fewer hydrogen bonds can be formed [17] Thus, 
hydrogen bonding between head groups of acidic 
llplds has been shown to ngldify bllayers and 
increase the gel-to-lIquid-crystalhne phase transi- 
tion as compared with neutral phoshohplds Fur- 
thermore, loss of hydrogen bonding at pH ex- 
tremes may lead to nonbllayer structures Hydro- 
gen bonds wtuch may form between phosphate 
moieties in hpopolysaccharlde could stabilize the 
lamellar structure and contribute to the rlgidiflca- 
tlon of the head-group region at near neutral pH 
In addition, there should be a greater hydration of 
the LPS head group with increased ionization of 
the phosphate and carboxyl groups [20,21] This 
increased hydration may result in increased sep- 
aration of LPS head groups At low pH values, the 
decrease in water within the head-group region 
may facilitate lntermolecular hydrogen-bonding, 
resulting in a closer head group packing Thus the 
effective size of the LPS head group may be de- 
pendent on electrostatic repulsion, hydration, hy- 
drogen-bonding and divalent cation bridging 

The carboxyl groups on the KDOs may also be 
able to participate m hydrogen-bond formation 
Thus we expect hpopolysaccharide from strain 
D21f2 to be maximally rigid at approx pH 4 0, at 
which point one of the two KDO carboxyls is 
charged and the phosphates are half charged The 
DSC data confirm the ESR results, in that the 
gel-to-liquid-crystal phase-transition temperature 
(T,,,) is highest at low pH The change in T,,, with 
pH explains the increased heterogeneity m the 
ESR spin probe environment observed at pH 8 5, 
since heterogeneity in spin probe motion appears 
to be greatest at a phase transition At 37°C, as 
the pH is increased from 7 to 9, calorimetry results 
suggest that LPS from strain D21f2 undergoes a 
phase transition, presumably from gel to liquid- 
crystalline Isothermal phase transitions have also 
been demonstrated in the acidic phosphohpld, 
phc~phatldylserine, upon the addition of Ca 2 + [22] 

I he absence of a DSC-detectable phase transi- 
tion or enthalpy change in Re LPS at high pH 

indicates a lack of cooperative association between 
LPS molecules and may indicate the loss of lamel- 
lar structure The large decrease in the amount of 
light scattered by the sample at high pH is con- 
Slstent with a dramatic alteration in the aggregate 
state It has been suggested that phosphohplds 
with small head groups may shift between lamellar 
and hexagonal phases depending on the charge of 
the head group and resulting effective head-group 
size [17,23] We propose that a high pH values 
hpopolysaccharlde from strain D21f2 assumes a 
hexagonal H f or tubular mlcelle structure, this IS 
consistent with our data high pH induced (1) an 
increase in head group mobility, (2) a loss of 
endothermlc transitions, (3) an increase in solution 
viscosity, (4) a decrease in intensity of scattered 
light, and (5) a lowering of the wavelengths of light 
scattered We suggest that at high pH, charge 
repulsion between head groups and an increase m 
head group hydration induces an increase m 
curvature of the LPS aggregate surface Increased 
surface charge would also cause a decrease m 
effective particle size as the LPS aggregates 
changed from a lamellar to a tubular mlcelle struc- 
ture with increasing pH 

At low pH there is also a large decrease in 
enthalpy in D21f2 LPS which may Indicate a loss 
of lamellar structure This may reflect a transition 
to an inverted micelle or hexagonal H n structure 
resulting from a decrease In head-group size, con- 
comitant with a decrease in charge, and a maxi- 
mum in hydrogen bonding Studies with acidic 
phosphohpids have shown that they can undergo 
an isothermal lamellar-to-hexagonal-H n phase 
transition with decreasing pH [17,23] That Re 
LPS can also adopt a hexagonal H n structure at 
low pH is consistent with the observed precipita- 
tion of the sample, its large light scattering, and 
the decrease in head-group mobility 

The hpopolysaccharlde from strain D21, when 
compared to LPS from the D21f2 strain, contains 
additional sugars, and phosphate, carboxyl and 
ethanolamine moieties As a result of these ad- 
ditional groups, the spin probe's motion is less 
restricted in the D21 LPS than in LPS from strain 
D21f2 Most likely the aggregate packing arrange- 
ment is such in the D21 sample that the lipid A 
portions of the molecules are further separated due 
to the larger head-group size compared to the 



sample from D21f2 The greater spin-probe mobil- 
lty of LPS from D21 at pH 12 as compared with 
that at pH 7 is likely the result of the second 
ionization of approx 5 phosphate groups (4 mono- 
phosphates and 1 pyrophosphomonoester) and 
possibly some carboxyl groups In addition to 
hydrogen bonding among phosphates and carbox- 
yls, the ethanolamines may be able to form pro- 
ton-transfer complexes with phosphates [24,25] 
which may add to the cohesiveness of the aggre- 
gates IsoelectrIc focusing of LPS samples has indi- 
cated a p I  of between 6 1 and 6 6 [26,27] This is 
unexpected, since the phosphomonoesters on LPS 
should each carry at least a single negattve charge 
above pH 3 Perhaps these samples of LPS were 
neutrahzed with tightly bound cations such as 
C a  2+ o r  Mg 2÷ so that the complex appeared neu- 
tral near pH 6 5 

The overall properties of lipopolysacchande 
from strain D21 at high pH values were slmtlar to 
those of LPS from strain D21f2, the samples at 
basic pH were clear, viscous, and showed high 
head-group mobility, suggesting that aggregates of 
Ra LPS may also assume a mlcellar structure At 
low pH values, however, D21 LPS exhibited less of 
a tendency to form a precipitate than did LPS 
from D21f2 Presumably, the longer polysac- 
chande chain, as well as the higher charge density 
on D21 LPS, hinders the formation of inverted 
mIcelles 

The head group of NaLPS from strain D21 f2 is 
appreciably more rigid at 37°C than the head 
group of D21 NaLPS as measured by CAT12, yet 
the fluidity of the acyl-cham regions of the LPS 
from the two strains is the same when measured 
with the ESR probe 5-doxyl stearate [9] Perhaps 
the head group of D21f2 LPS with its 'open'  
structure is easier to charge-neutrahze by protons 
and monovalent cations than the head group of 
D21 LPS, which may be efficiently neutralized 
only by divalent cations Addition of magnesium 
I o n s  t o  D21 LPS significantly decreased head- 
group motion Previous studies have shown that 
multlvalent salts of LPS were much m o r e  r i g i d  

than monovalent salts at temperatures from 0°C 
to 50°C [9] This rlgldificatlon may be the result of 
greater charge-neutralization within the aggregate 
or divalent bridging between negatively charged 
groups It has been shown previously by electron 
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microscopy that aggregates of D21 MgLPS at pH 
7 appear lamellar whereas NaLPS appears as rib- 
bons (perhaps an intermediate between H E and 
lamellar) [9] 

While this study is not definluve in asslgmng 
polymorphic phases to hpopolysaccharlde, it does 
strongly suggest that it may change between lamel- 
lar and nonlamellar phases at dtfferent pH values 
Overall, the aggregate structure of LPS appears to 
depend on temperature, pH, and the ions present 
Non-lamellar or hexagonal phases appear to form 
at pH extremes, indicating that the degree of ioni- 
zation of the phosphate and carboxyl groups on 
LPS, and thus the hydration of the LPS, the 
hydrogen bonding and divalent cation cross-bridg- 
ing that can form, are crmcal in stabllizmg a 
lamellar structure 
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