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ABSTRACT Mn2+, Cu2+, and nitroxyl amines have been shown to bond to plant homopolygalacturonan matrices in a
spatially sequential fashion. As a consequence of this special form of cooperativity the lattice constant (K), determined
from Van Vleck's second moment relationship, approaches 1 only when the average number of dipolar interactions per
spin approaches 1 (e.g., an array of dimers). Assuming that one paramagnetic ion or nitroxyl amide pair is bonded per
polymer block within the matrix when K = 1, the anionic ligand's average degree of polymerization (DP) can be
estimated from the concentration of bonded paramagnetic dimers (e.g., [I /X], I = DP; x is the mole fraction of bonded
paramagnetic dimers). We have utilized this technique to estimate the average molecular size of homopolygalacturonan
blocks in intact higher plant cortical cell walls (DP -83), Nitella cell walls (DP -27) and a commercially available
galacturonic acid polymer (DP -35). The DP determined from both the intact cortical cell wall lattice and the
polygalacturonan were similar to literature values; these findings argue that the electron paramagnetic resonance,
(EPR) dipolar spin-spin interaction technique reported herein is a valid approach for estimating molecular size in plant
cell walls.

INTRODUCTION

The primary cell wall and middle lamellar complex of
plants is roughly analogous to the skeleton of animals.
These mostly polysaccharide matrices are biologically
important because they are believed to influence cell
morphology and structure as well as take part in the size
exclusion and ion exchange properties of the symplast.
Uronic acid-containing polysaccharides are one of the most
abundant matrix components of the primary cell walls of
most higher plants (1) and certain algae (2, 3). These
sugar acid-containing matrix polysaccharides (1) exist as
homopolymers with rhamnosyl residues, upon which neu-
tral sugar side chains reside, interrupting the polyuronide
main chain into regions or blocks. Heretofore, the struc-
tural features of uronic acid-containing cell wall compo-
nents have been studied almost exclusively by the chemical
analysis of fragments released from the matrix via acid or
enzymatic hydrolysis (1-7) and therefore provide little
information about the higher-order structure or molecular
size of these sugar acid domains in intact cell wall systems.
One of the major problems concerning the determination
of molecular size of these important cell wall polymers is
that they can form extended arrays in aqueous solution
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and, therefore, the determination of molecular weights by
means of colligative or size exclusion properties can pro-
vide spurious information due to aggregational effects
(6, 8, 9). Thus, any method which could provide a reason-
able estimation of the average molecular size of these
blocks in an intact lattice would be of potential use in
further understanding the structure and function of the
matrix polysaccharides.

Generally, dipolar interactions (10) are one of the most
useful homogeneous interactions in electron paramagnetic
resonance spectroscopy. These spin-spin interactions have
long been utilized in molecular biology (11-15) to deter-
mine, for example, metal-metal distances between two
binding sites on the surface of an enzyme (13). In previous
studies (16-18) direct evidence was presented that certain
paramagnetic species (Mn2", Cu2+, or a nitroxyl amine)
can ionically, as a metal complex, or covalently, as an
amide, bond to plant homopolygalacturonans in a spatially
sequential fashion. Thus, the occupation of some initial
carboxyl site by a metal (16, 17) or by the reaction with the
nitroxyl amine to form an amide (18) induces an alteration
in the polymer's structure which allows for nearest neigh-
bor site occupation. This process results in adjacent site
bonding to form a sequential array. The evidence for this
phenomenon was: (a) that the second moments ((H2)av.)
or line widths (AHpp) of the electron paramagnetic reso-
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FIGURE 1 Chemical structure of the 4-amino-2,2,6,6-tetramethylpiper-
idine- 1 -oxyl-amide derivative of a galacturonan block segment.

nance (EPR) spectrum of cell wall acid sugar polymer salts
of Cu2' and Mn2, or the nitroxyl amide of a homopolygal-
acturonan were highly broadened at relatively low concen-
trations; (b) the broadening effect was reversible by com-
petitive bonding with a diamagnetic species of similar size;
(c) at the dilute limit, where the concentration of bonded
paramagnetic species approached zero, the observed /\Hpp
or (H2)aXs approached those of the paramagnetic moiety
in a dilute glass matrix. Here we present evidence that the
concentration of the bonded paramagnetic species at which
the number of dipolar interactions per spin is approxi-
mately one is related to the average degree of polymeriza-
tion of the acid sugar ligand.

MATERIALS AND METHODS

Preparation of the higher plant cortical cell wall matrices (16, 17) and the
nitroxyl amides of polygalacturonic acid (18), the structure of which is
shown in Fig. 1, were performed as described elsewhere. Mature cells of
the giant fresh water alga, Nitella, were purchased from Carolina
Biological Supply Co., Burlington, NC.' Fully-elongated (e.g., the third
or fourth cell from the apex) internodal cells which were .2.5 cm and
without apparent parasites were utilized for the Cu2" ion exchange
experiments (19). The cells were excised from the main filament and
plasmolysed in the presence of 1% (wt/vol) Na+ dodecyl sulfate (Aldrich
Chemical Co., Inc., Milwaukee, WI). The cytoplasmic components were
easily removed by gently flattening the cells out in a direction parallel to
the main axis. The Nitella cell wall material was then sonicated 10 s in a
fresh medium as above followed by a second rinsing in deionized and
distilled water. Only transparent cells were kept for experimental pur-
poses. The wall material prepared in this fashion was partially dehydrated
consecutively in 20 and 40% (vol/vol) ethanol:H20 at least 2 h each. Cu2"
exchange experiments were performed by equilibrating wall matrix
powders in 10-6_10-2 M CuC12 in 40% (vol/vol) ethanol:H20. After -24
h, the solutions were decanted and the powdered cell wall ghosts were
washed three times in 40% (vol/vol) ethanol:H20. The treated wall
material was then fully dehydrated consecutively in 60, 80, and 100%
(vol/vol) ethanol:H20 followed by critical point drying. This method of
drying has been long observed by microscopists to maintain cell wall fiber
morphology because the specimens are not subjected to either the surface
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FIGURE 2 'H-'3C polarization transfer experiment on Nitella cell walls
showing the calculated best-fit curves (Eq. 2) for the remotely protonated
C=O resonance, mainly due to the acid sugar matrix (2, 25), and a
highly-protonated resonance, the CH3 of rhamnose. Parameters yielding
these curves were: 'YCH3 = 1.04 (the maximum measured signal intensities
have been normalized to a maximum value of 1), aCH3 = 144 As, (CH, =
2.02 ms, -yco = 1.54, aco = 354 lss, Bco = 2.53 ms. Insetfigure: CPMAS
NMR spectrum (0.8 ms of 'H-'3C thermal contact) obtained using
20,000 transients with a recycle time of -2 s.

tension forces or the freezing and sublimation boundaries associated with
other drying procedures. Cross polarization and magic angle sample
spinning 13C nuclear magnetic resonance (CPMAS NMR) spectra of
Nitella cell wall material prepared in this fashion reveal no aliphatic
resonances, other than rhamnose's C-6 and/or acetylated polysacchar-
ide's (6 - 19 ppm) methyl resonances, indicating a low abundance of lipids
from cytoplasmic membranal components which might have adhered to
the wall matrix (Fig. 2, insert).

For EPR experiments, intact dehydrated and critical point dried cell
wall matrices (3-5 mg dry weight) or the lyophilized nitroxyl amides of a
homopolygalacturonan were loaded into 3 x 4 mm (inside diameter x
outside diameter) quartz EPR tubes. All EPR spectra were collected on a
E-109B spectrometer (Varian Associates, Inc., Palo Alto, CA) interfaced
with the IBM 9000 computer system (IBM Instruments Inc., Danbury,
CT). Quantitation of the various paramagnetic species and spectroscopic
parameters for Mn2" and the nitroxyl amides have been described
previously (16-18). Cu2" line widths were measured directly from the
first derivative g, component as the difference in field strength, expressed
in Gauss, between the maximum and minimum amplitude (AHpp-) with a
scan range of 1.6 kG, 3 kG field set, 4 G modulation amplitude, 9.1 GHz,
and - 1.5 mW microwave frequency and power, respectively. This
measure of line width is directly proportional to the true anisotropic line's
width (AHbL = AHac + 1.17). Second moments ((H2)ave) for both
Mn2, (Fig. 3) and nitroxyl (18) amide computer simulations and
experimental spectra were calculated by the method of even moments
(20)

2 A\H m 6l1(H)}H2 lave= AH6I( _iZ(i - H0)2{ ). (1)

In Eq. 1, {6I(H)/6HJi represents the relative first derivative signal
intensity of each data point, AH the magnetic field interval between
adjacent data points (0.67 G) and Ho, the magnetic field value (at g,,)
where the double integral was '/2 maximum. Mn2, ( H2)a,e values (Fig. 3)
varied linearly with respect to the empirical line broadening factor (LBF;
Fig. 3, inset) which, as shown previously (16), varied linearly with the
ratio of simulated Gaussian line widths (AHpp) to line separations in the
experimental LBF range. Similar simulations have been performed for
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FIGURE 3 Relationship between the second moment
((H2)a.,) of Mn2" derived by numerical integrations (Eq. 1)
for experimental (closed circles) and computer-generated first
derivative Gaussian lines (open circles) and the line broaden-
ing factor (LBF). The LBF is defined in the inset figure.
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the nitroxyl amides of homopolygalacturonans (18) which indicate that
the nitroxyl's (H2 )aves changed linearly with the empirical line broaden-
ing measure, dl/d (21), which is the amplitude between the low field first
derivative maximum and the high field minimum divided by the total
amplitude of the central hyperfine line. Thus, these findings all indicate
that the LBF as well as dl/d measures of line broadening for cell wall
bonded Mn2" and nitroxyl amides are directly proportional to their
respective (H2).ve5.
CPMAS NMR spectra (8 kHz spectral width) were obtained at a 'C

frequency of 15 MHz on a FX-60QS spectrometer (JEOL USA,
Analytical Instruments Div., Cranford, NJ) with a 'H decoupling field
strength of 11 G. 1,024 time domain data points were sampled and
zero-filled to 4,096 points for fast Fourier transformation. All chemical
shifts were assigned relative to hexamethylbenzene's (HMB) CH3 reso-

nance (6 = 17.6 ppm) based on the position of trimethylsilane. Approxi-
mately 200-300 mg of dehydrated and critical point dried cell wall
matrices were spun -2.5 kHz at the magic angle (54.70) in a Kel-F
bullet-type rotor (Kel Instruments Co., Inc., Clifton, NJ). Calibration of
the magic angle was performed with HMB before each experiment. We
have utilized CPMAS NMR for quantitative purposes because it is
difficult to measure the concentration of the carboxylate functional
groups, which are the bonding sites, in a solid lattice made up of mostly
insoluble polysaccharides using normal chemical analyses (22). For
quantitative analysis, resonance peak areas were measured by triangulat-
ing to the baseline and taking three measurements, gravimetrically or

with a planimeter, per resonance. Spectra used to determine the molar
composition of nonesterified carboxyl groups in the higher plant cell wall
matrix (16, 22) were acquired using a 0.8 ms 'H-'3C thermal contact
time. These conditions have been shown (22) to provide reasonable
quantitation of the higher plant cell wall acid sugar polymers as long as

there is an absence of paramagnetic species which necessarily perturb the
rotating frame spin-lattice relaxation process. Calculation of the molar
concentration of binding sites in the Nitella cell wall matrices was

somewhat problematic since the concentrations reported in the literature
(-30% [wt/wt]; reference 23) were significantly different than those
which we measured utilizing only one contact time (0.8 ms) as described
previously (16, 17, 22). The relative signal responses (Fig. 2) for the
C==O and CH3 spin domains of 'H-'3C polarization transfer clearly
exemplify why it is sometimes problematic to measure the macroscopic
magnetization of different spin populations having radically different
degrees of protonation utilizing only a single cross polarization transfer
time. The carbonyl resonance is particularly troublesome if the rotating
frame spin-lattice relaxation rate (#-') is large relative to the rate of 'H to
13C magnetization transfer (a-') due to its remote protonation. In the case

of the Nitella cell wall sample this latter principle is particularly true
since #c!- is fast relative to ac- and causes the observed maximum of
C={O macroscopic magnetization, seen at -800 ,us, to be -50% smaller
than the true macroscopic magnetization (,y). Thus, quantitative analysis
of Nitella CPMAS NMR spectra using only one contact time (r) could

100

lead to underestimation of the carboxylate functionality since the rate of
polarization transfer was slow relative to the directly-protonated spin
species, such as the carbohydrate ring carbons or methyl groups. Since a

good estimation of available binding sites is critical to the calculation of
molecular size, we have performed a detailed cross polarization analysis
on both the higher plant cell wall system, published elsewhere (22), and
the Nitella system (Fig. 2). Fig. 2 presents a typical 13C cross polarization
experiment on Nitella cell wall matrices with best fit (24) curves utilizing
the Gauss-Newton iteration procedure for both remotely-protonated
resonances (C=O; 6 = 172.14 ppm), which are predominantly due to the
carboxyl group of the sugar acid matrix polymers (2, 25), and highly-
protonated resonances (the CH3 of rhamnose and acetylated sugars;

6 = 18.87 ppm). For the CPMAS NMR analysis Eq. 2 describes the
scalar value of the macroscopic magnetization vector (*) which varies as

a function of 'H to '3C thermal contact time (r).

flT; a, f, y] = y * {1 - e- + e-r/aI (2)

In this relation y is the theoretical maximum signal intensity of the
particular resonance in question, a is the reciprocal 'H-'3C polarization
transfer rate, ,B is the rotating frame spin-lattice relaxation time. Having a

good estimate of -y is important in the calculation of the number of
binding sites, on a mole/gram cell wall basis, because y is equivalent to
what the equilibrium macroscopic '3C magnetization scalar value would
be at an infinite value of r without rotating-frame spin-lattice relaxation.
Upon performing the complete 'H-'3C thermal contact time experiment,
using the model described above and solving for y with respect to the
C==O, CH3 as well as nonspecific ring carbon resonances, the calculated
percentages of acid sugar-containing polymers and CH3-containing poly-
saccharides in the Nitella cell wall sample were found to be 35 and 4%,
respectively.

RESULTS AND DISCUSSION

When a system of electron spins, Si, interacts with an

applied magnetic field vector, H, to produce a resonance

line each magnetic moment precesses about the z compo-

nent of H with a frequency equal to -gfH0(H
Happied H1o,1). The scalar value as well as orientation of
H will vary from one point dipole to the next when there is
a high spin density, which results in a significant H, I,0
field contribution, and causes a spreading out of the
observed precessional frequencies resulting in line broad-
ening (26). However, each resonance line has a width
determined by the sum of the dipolar and exchange
spin-spin interactions in accordance with the complete
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Hamiltonian operator (71). The 71 operator system (27)
for an ensemble of interacting spins consists of a set of ith
terms, the separate Hamiltonians for each spin species
(Zeeman energy), as well as a set of ith-jth terms which
are the sum of the various interaction operators
(20, 26, 27-34)

9y == g#H. E Szj + 57 -"ijSi * Sj + 9Vdipolar
i i>j

91dipolar = g2 {S|2' j - 3 [r * Sj ] [r 3 -3
i,j rij rij

(3)

(4)

XMn2+, the total moles of the bound dimer (e.g., total moles
of Mn2" bound . 2) divided by the total moles of uronic
acid monomer. If one considers calculations for a random-
ly-oriented lattice (16, 17, 29) the following relationships
are true

(H2)ave = g44h-2S(S + 1) E
I

c
5 i>j,

1 [K2I
E_

I
I_I

(6)

(7)

In these relations, g, j3, and S have their usual meaning; r is
the distance vector between the ith and jth spins and Aij is
a term which is proportional to the exchange integral (Y).
The summation subscript, i > j, identifies that each pair of
interactions should be counted only once. Of course, exact
computation of the Hamiltonian interaction profile is not
feasible (27). One of the most practical alternative tech-
niques (10, 26, 35, 36) for evaluating the dipolar contribu-
tion to spin-spin coupling, first developed by Van Vleck
(29), is the so-called method of moments. The second
moment ((H2)ave), which is related (29) to a Gaussian's
line width (AHpp = 2(H2)1/2), is defined as (27, 29)

(H2)ave =f2 (H- Ho)2f(H) dHIff(H) dH, (5)

whereupon Ho is the position coordinate for the exact
center of the EPR spectrum. All the data presented here
assume that the interaction profile is completely dipolar in
nature with very little contribution of spin (27, 28, 30, 33,
37, 38) or coulomb (39) exchange, another form of homo-
geneous (32) spin-spin interaction. Spin or coulomb
exchange interactions can cause a narrowing in the EPR
spectrum due to the rapid fluctuation, -4/h, and averag-
ing (27) of H.,a due to mutual spin flips. We have
disregarded any exchange effects since homopolygalactu-
ronan intrachain carboxylate distances, which constitute
the bonding loci, are relatively large (=10-15 A; 16-18,
40).

Fig. 4 presents the calculated ( H2 )avc for Mn2' bound
to a higher plant cortical cell wall matrix as a function of

Thus, assuming that only dipolar spin-spin interactions
occur, for reasons discussed previously, the second moment
is related to the reciprocal sixth power of the distance
between a group of i-jth interacting spins (10, 20, 26, 27,
31, 33, 34, 36, 41). In the above equations d is the nearest
neighbor distance parameter for an ordered array and K
varies with the lattice arrangement (17). We have utilized
the K term because changes in (H2 ave cannot be attributed
entirely to the nearest neighbor distance parameter. As a
paramagnetic species begins to fill the lattice an increase in
the number of dipolar spin-spin interactions will occur at
each ith spin. For example, K = 1 for two interacting spins,
1.4 for a linear array, 2.45 for a two-dimensional hexa-
gonal array with six nearest neighbors (Fig. 5) and K = 3.46
for a three-dimensional hexagonal close packing array with
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FIGURE 4 Dependency of higher plant cell wall-bound Mn2" second
moments ((H2)ave) on the molar ratio of Mn2" dimers to the total anionic
ligand monomers (X). The arrow points to that value of ( H2 ), taken to
be where K = 1 (Eqs. 6 and 7).

0~~~~~
FIGURE 5 Two-dimensional hexagonal array (17) with six nearest

neighbors (K = 2.45; open circles represent the divalent cations), relative
to the center ion, of a homopolygalacturonan lattice.
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12 nearest neighbors. Considering nearest neighbor inter-
actions only, K2 is an estimate of the number of near
neighbor interactions at distance d even in a system with an
extended array due to the decreased weighting of distant
interactions. As K approaches 1, K2 provides an accurate
estimation of the number of near neighbor interactions per
point dipole (42) since, in this low concentration region, the
number of distant interactions are negligible. As shown
before (17), we can approximate the dimer-only nearest
neighbor distance parameter from the extrapolated zero
concentration-( H2)ave intercept (Fig. 4); at this value of
(H2)ave (e.g., at the arrow), K iS -1. Assuming that d
remains relatively constant with addition of the paramag-
netic species, we can calculate the number of strongly
interacting spins per ith point dipole using the expressions
above (Eqs. 8 and 9) from each of the empirically-derived
values of (H2 )ave. If the sequential bonding mechanism
(16-18) is true, the concentration of bound paramagnetic
species at which the number of dipolar spin-spin interac-
tions is -1 is related to the size of the homopolygalactu-
ronan blocks since the probability of bonding at near
neighbor sites is far more likely than any other position
within that same block. Because of this type of bonding we
can assume, as a first approximation, that one paramag-
netic ion pair bonds per polymer block within the matrix
when K iS - 1. If this assumption is true the anionic ligand's
average degree of polymerization (DP) within each block
copolymer can be estimated from x when K = 1

{1/XI,K-1= DP, (8)
whereupon x is the mole fraction of paramagnetic dimers
bound.

Fig. 6 presents the higher plant cell wall matrix K2 values
as a function of X` for both Cu2' and Mn2,. We have

V

presented two X` axis systems representing different
models for the localization of the methyl ester domains
(ME). In Model 1 we assume that the ME functional
groups of homopolygalacturonans are equally represented
within each block; in Model 2 we assume, as has been
proposed previously (1), that MEs are confined to their
own separate blocks or domains and therefore do not reside
in the same regions as the free acid form. The DP
estimated for Models 1 and 2 were -83 and 37, respec-
tively.
The major evidence that the hydrophobic ME function-

alities occur sequentially, as opposed to a random distribu-
tion throughout the lattice, is that the enzyme which
de-esterifies these functional groups does so sequentially
(1, 4) or blockwise. Other evidence for this hypothesis is
that (17), as the anionic ligand matrix fills with a para-
magnetic divalent cation, the number of strong dipolar
spin-spin interactions is larger than one would expect for a
random array of MEs which would necessarily disrupt the
paramagnetic lattice with diamagnetic holes. That the ME
groups occur sequentially does not prove, however, that
these domains reside in separate blocks. Indeed, in this
system, if a paramagnetic amine is specifically reacted
(18) to the cell wall matrix acid sugar polymers (Fig. 7 A)
to form the nitroxyl amide the ME resonance disappears
(Fig. 7 B); this apparent broadening effect is completely
reversible by reduction of the nitroxyl (N-O.) to the
hydroxyl amide (N-OH) with ascorbate. This apparent
loss of the ME resonance could be due to several mecha-
nisms (43-45): the paramagnetic's effect on (a) rotating-
frame spin-lattice relaxation (the spectra shown were
collected with 0.8 ms of 'H to 13C thermal contact), (b) the
spectral density of the ME resonance or (c) T,-driven T2

. cU2.
oO Mn2-

A

184 230

Xc>.

FIGURE 6 Plot of K2 for Cu2, (solid circles) and Mn2, (open circles)
bound to the higher plant cell wall lattice versus reciprocal X for two
models of the methyl ester (ME) domains. Model 1 assumes that the ME
domains are equally distributed in blocks along with the free acid form
(X = moles dimer/total moles uronide). Model 2 assumes that the free
acid domain does not coexist with the ME domain (x = moles dimer/
moles uronic acid monomer). The arrows point to that region on the curve
where {1/X,,-, DP of the homopolygalacturonan blocks for the two
models (DP = 83 or 37 for models 1 or 2, respectively). Typically
broadened Cu2, spectra have been shown previously (22).

B
200 175 150 125 100

o/ ppm
75 50 25

FIGURE 7 CPMAS NMR spectra of higher plant cell wall matrices
(0.8 ms of 'H-'3C thermal contact) obtained using 10,000 transients (A)
or 40,000 transients (B) with recycle time of -2 s. Spectrum A represents
the control experiment (no nitroxyl amide). Spectrum B is the same as A
but with the free acid reacted (18) with 4-amino-2,2,6,6-tetramethylpi-
peridine-l-oxyl to form the amide (.-2 x I1'9 spins/g). Upon reduction of
the nitroxyl group with ascorbate B reverts to A.
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FIGURE 8 Dependency of Nitella cell wall-bound Cu2" line widths
(AHpp) on the molar ratio of Cu2" dimers to the total anionic ligand
monomers (x). The arrow points to that value of AHpp taken to be where
K = 1 (Eqs. 6 and 7; AHpp = 2(H2)a'12). Typically broadened Cu2"
spectra have been shown previously (22).

whereupon that part of the free induction decay associated
with the ME resonance is not sampled due to a rapid decay
of its FID envelope in the dead time before data acquisi-
tion. Regardless of the mechanism these data support the
hypothesis that the ME functional groups occur, at least in
part, as proposed in Model 1 since electron-nuclear dipolar
spin-spin interactions occur only with relatively near
neighbor species. Model 1 is also supported by the fact that
the larger homopolygalacturonan fragments released from
a higher plant cell wall matrix, after partial enzymatic
hydrolysis (5), had a DP of -70 which is reasonably close
to the DP calculated via the dipolar spin-spin interaction
technique described above.

Nitella is an important plant taxa with respect to cell
wall chemistry because it is frequently used as a model
system for higher plant species (19) in studies of cell wall
elongation. The major difference in primary structure
between the higher plant and the Nitella systems is that
this alga has very few ME functional groups (23) as shown
in the CPMAS NMR spectrum (Fig. 2, inset) whereupon
this particular resonance (a 54 ppm) is barely observ-
able. EPR experiments on Cu2+-labeled Nitella cell walls
(Figs. 8 and 9) utilizing the method described above
indicate that this species of large fresh water algae had
smaller block homopolygalacturonans, Ii /XlK-1 27, than
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FIGURE 9 Plot of K2 for Cu2' bound to the Nitella cell wall lattice versus
reciprocal x. The arrows point to that region on the curve where
I1/xL. = DP of the homopolygalacturonan blocks (DP = 27).

400 r
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x 4.

FIGURE 10 Dependency of polygalacturonate-bonded 4-amino-2,2,6,6-
tetra-methylpiperidine- 1 -oxyl (as the amide; reference 18) second
moments ((H2)a,e) on the molar ratio of spin-label dimers to the total
anionic ligand monomers (X). The arrow points to that value of (H2)a,,
taken to be where K = 1 (Eqs. 6 and 7).

the higher plant matrix discussed above. Relating our
estimated block homopolygalacturonan DP to the previous
models of ME localization is not meaningful since this
plant species has so few hydrophobic domains. If the block
size of the acidic polysaccharide lattice is related to X-', as
we suggest, the dipolar spin-spin interaction technique
could be useful in studying the involvement of matrix
polysaccharides in cell extensive growth.

If x is related to the average size of homopolygalactu-
ronan blocks when K iS -1, as we have proposed, then
experiments with a similar system of known molecular size
should provide a reasonable test. In the experiments shown
in Figs. 10 and lIthe nitroxyl amine, 4-amino-2,2,6,6-
tetramethylpiperidine-1-oxyl, which has been shown (18)
to bond covalently to plant homopolygalacturonans in a
way remarkably similar to divalent paramagnetic species,
was reacted to various levels with a matrix of known DP.
Again, we assume that the extrapolated zero concentra-
tion-( H2)aVC intercept (Fig. 10) is equal to ( H2)ave when K
is -1. Plotting K2 as a function of X` (Fig. 11) illustrates
that, utilizing the dipolar spin-spin interaction method, the
measured DP of this homogeneous polymer was -35. The
number average molecular weight for these same polymers
(6) from reducing end-group titration has been demon-
strated to be 6,100 ± 400 D or having a DP 30 and is in
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X.O

FIGURE 11 Plot of K2 for a polygalacturonate-bonded 4-amino-2,2,6,6-
tetra-methylpiperidine-l-oxyl lattice versus reciprocal x. The arrows
point to that region on the curve where {l /Xl_ DP of the homopolygal-
acturonan blocks (DP = 35).
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good agreement with the EPR dipolar spin-spin interac-
tion method.

CONCLUSION
In this manuscript we have argued that the concentration
of the bonded paramagnetic species where the number of
dipolar interactions per spin is -1 is related to the average
degree of polymerization of acid sugar matrix polysaccha-
rides in a higher plant as well as an algal cell wall system.
Using the assumptions stated previously we have calcu-
lated that the average molecular size of the acidic matrix
polysaccharide blocks in higher plant cell walls was on the
order of 83; literature values of DP vary from =25 (4) to
-70 (5) for enzymatically-cleaved fragments and strongly
argue that our technique provides reasonable values. Using
these same assumptions for a polymer of known molecular
size we calculated a DP of =35 which was in good
agreement with the true number average molecular weight
as measured by reducing end-group titration (6). Since the
DP determined from both the intact cortical cell wall
system and the polygalacturonan were similar to literature
values, our findings argue that the EPR dipolar spin-spin
interaction method reported herein can be a useful nonde-
structive technique for establishing the degree of polymer-
ization in these systems. If the assumptions stated previ-
ously are true, our EPR method indicated that Nitella cell
walls had a DP = 27 which was significantly smaller than
the block homopolygalacturonans in the higher plant
matrix discussed above. This observation suggests that
there are fundamental structural differences between the
matrix polysaccharides in the Characeae and those in
vascular plants.
Received for publication 21 September 1987 and in finalform 13 April
1988.
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