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EPR spectra of 3-carboxy-proxyl (CP) in dry biological tissues
exhibited a temperature-dependent change in the principal value
A’,, of the hyperfine interaction tensor. The A’,, value changed
sharply at a particular temperature that was dependent on water
content. At elevated water contents, the break occurred at lower
temperatures and appeared to be associated with the melting of
the cytoplasmic glassy state. To investigate the reason for the
change in A’,,, we employed echo-detected EPR (ED EPR) spec-
troscopy. The shape of the ED EPR spectrum revealed the pres-
ence of librational motion of the spin probe, a motion typically
present in glassy materials. The similarities in temperature depen-
dency of A’,, and librational motion of CP in pea seed axes
indicated that the change in A’,, arose from librational motion.
ED EPR measurements of CP as a function of water content in
Typha latifolia pollen showed that librational motion decreased
with decreasing water contents until a plateau or minimum was
reached. ED EPR spectroscopy is a valuable technique for char-
acterizing the relation between molecular motion and storage
kinetics of dry seed and pollen. © 2000 Academic Press

Key Words: seed; pollen; librational motion; spin probe; ED
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INTRODUCTION
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of nitroxide spin probes in organic glasses revealed that tt
molecules undergo librational motion (orientational oscilla
tions of a molecule)q, 11). This kind of motion appeared to
be a general property of guest molecules in glass-formir
liquids 6, 12.

Previously, the molecular motion of a polar spin probe
3-carboxy-proxyl (CP) (Fig. 1), was determined in pea axe
using continuous wave EPR (CW EPR) and saturation transf
EPR. This highly polar spin probe was used to exclusivel
obtain a signal of the spin probe in the cytoplasm. More apol:
spin probes have the tendency to partition into the lipid pha:
with drying (6). Saturation transfer EPR revealed that the
rotational correlation time of CP was in the order of 1@
10%s (10). CW EPR spectroscopy has shown that a change
the principal valueA’,, of the hyperfine interaction tensor for
CP in pea seed axes aifigipha latifoliapollen was dependent
on water content and temperatui®. (A relation was found
between theA’,, and storage stability of these biological tis-
sues as a function of temperature and water content. Tt
correlation suggested that storage stability might be controlle
by molecular mobility. However, the question was raised ©
what type of molecular motion was responsible for the changg
in A’,,, because it is unlikely that rotational motion is involved.

The presence of intracellular glasses in biological systemsit has been shown that t#€ ,, temperature dependence may

has been established for over a decdded), The formation of
glasses has been correlated with the ability to endure the

be induced by librational motion8). A’,, is linked to the
drgan- squared amplitude of motiema®> by the relation

quiescent state for a long time, enabling these biological sys-

tems to maintain their viability until they resume life when they
become hydrated3( 4). The decreased molecular mobility
within the glassy cytoplasm has especially been implied to
restrict reactions leading to the loss of viabilit, (5. To whereA,, and A, are the principal values of the hyperfine
obtain a better understanding of the kinetics of detrimentaiteraction tensor for immobilized nitroxide (assuming tAat
reactions responsible for the loss of viability, an in-depth studnd A,, are close and therefore may be substituted by the
of molecular motions in seeds and pollen is desirable. averaged valud\ ). It is furthermore assumed in [1] that the
A powerful technique for studying molecular motions irmotional axis lies in thexy plane of the molecular framework
seeds and pollens is EPR spectroscd)y This technique has (see Fig. 1). Recent studies have shown thatAthe temper-
been applied in the study of rotational and librational motioreture dependence is a general property of molecular glass
of spin probes in glass-forming substances, such as sufdéd®). In this study, we used ED EPR spectroscopy to confirr
cooled ethanolf), polymers {), sugar-water system8,(9), this motional model in axes of pea seeds and pollemygha

and biological material$( 10. Echo-detected EPR (ED EPR)latifolia.

A/zz: Azz+ (Azz_ AL) <a’> ,

(1]
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COOH . accuracy of+0.5K. Measurements at 77K were performed ir
I a quartz dewar vessel filled with liquid nitrogen.
¢
N—O — RESULTS

'/Y Typical CW EPR spectra of CP in dry pea axes are shown
FIG. 1. Structure of the nitroxide spin probe 3-carboxy-proxyl (CP). Thé=ig. 2 in their usual form of the first derivative of the resonanci
principal axes of the nitr_oxid_e hyperfir_]e ir_1te_rac_tion tensor are indicated byabsorption with respect to the magnetic field. Tie, values
y. andz. The probable librational motion is indicated. were determined from the separation between the two out
peaks. This separation decreased when the temperature \
increased. The high polarity of the spin probe causes it to |
present in the glass-forming aqueous cytoplaSmHowever,
at high temperatures, a second, small component appearec
|:|_e spectrum (Fig. 2, top spectrum) which could be attribute
) CP partitioning into the lipid phase present in the pea ax

EXPERIMENTAL

Mature male inflorescences @fypha latifoliaL. were col-
lected from field populations near Wageningen, The Nethd
lands, in 1996 and allowed to shed their pollen in the labor
tory. Pollen (94% germination) was cleaned by sieving through’ _13'

a fine copper mesh, dried to 0.05-0.08 g water/g dry wt, angrgure 3 S_hOWS the temperature dependence ofAhe

stored at 253K until use. Pea seeBis(im sativuntv Karina) values of CP in pea axes with water contents of 0.07 or 0.12
(99% germination) were obtained from Nunhems Zaden Bx<yater/g_dry wt. At high temperatures a remarkable departu
(Haelen, The Netherlands) and stored at 278K until use. ["om a linear dependence was observed. When the water c

For spin labeling of these organisms, the polar nitroxide sp‘iﬁm of the pea axes was I0\_Ner, the break at which the d_ewgtu
probe 3-carboxy-proxyl (Sigma) was used (Fig. 1). Because%‘i‘curred commgnced at higher temperatures. Arrovx_/s indice
its high polarity, CP is present in the cytoplasm of tisst@s (the glass transition temperaturgf as measured by differen

Typha latifoliapollen and pea axes were labeled according H Scanning calorimetry (DSC), obtained frof0f. The sharp
(5). Briefly, the tissues were hydrated in water until their wat

quecrease i\’ ,, coincided with theT, (Fig. 3), as was found
content reached approximatel g water/g dry wt. The tissues_preViOUSIy 6). At t_he temperatures inv_estigated, the possibl
were then incubated in a solution of 1 mM CP and 200 mM 6@f|uence of rotational molecular motion on the CW EPF
the broadening agent potassium ferricyanide for 60 min. AftSPECtra can be ruled out because the rotational motion itis t
being labeled with CP and dried, samples were subsequert@" in this region$, 14). Therefore, the abrupt changeAn,,
stored over various saturated salt solutions or phosphorus paiundTs is likely to be associated with librational motion. To

toxide (ROs) at 298K for at least 3 days to obtain various
water contents. For EPR measurements, samples were hermet-
ically sealed in 2-mm-diameter capillaries to prevent changes
in water contents. After the EPR measurements, samples were
taken out of the capillary and water contents were analyzed by
weighing the samples before and after heating at 369K for
36-48 h and calculating the water loss on a dry weight basis.

Continuous wave EPR spectra were recorded with a Bruker
X-band ESP 300E EPR spectrometer. A low microwave power
(200 wW) was used to avoid saturation. Temperature was
controlled using a temperature controller with liquid nitrogen
vapor as the coolant. Samples were rapidly cooled to 123K and
allowed to equilibrate for 30 min. Subsequently, spectra were
recorded with 10K increments in temperature, equilibrating the
sample for 5 min after each increment.

Echo-detected EPR spectra were obtained with a pulsed
Bruker X-band ESP-380 FT EPR spectrometer. Electron spin
echo was generated by two microwave pulses, with duration of
40 and 80 ns, respectively. The pulse amplitude was adjusted B (G)
to provide an/2—m pulse sequence. ED EPR spectra were _ -
taken by scanning magnetic field, while the time delay FIG. 2. _CW EPR spectra of CP in pea§eed_axescont§|n|ng Q.O?gwater

dry wt at different temperatures. Two vertical lines are given to illustrate th

betweer_‘ th? two _pUlseS was kept Con.Stam- The temperat&g&ease of the principal valueA2,, of the hyperfine interaction tensor with
was maintained with a thermocontrol unit ER4111VT, with alcreasing temperature.

.
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FIG. 3. Temperature dependence of thg, values of CP in pea seed axes
having water contents (g/g) of 0.07 g water/g dry wt (closed symbols) or 0.12 g
water/g dry wt (open symbols). Arrows indicate the on$gimeasured by ARy
DSC, obtained from1(0). e 10G 349 K

further investigate this phenomenon, we performed ED EPRFIG. 5. ED EPR spectra of CP in pea seed axes with 0.07 g water/g di
spectroscopy on similar biological samples. wt (g/g)_, recorded qt different tempgratures. All spectra were obtained for tf
ED EPR spectra are obtained by detecting the electron sé@'j::altigz tf)efha::;:ebrfg‘)'(?mmm;fwave pulses= (136 ns) and were

; i T plitude.

echo signal as a function of the external magnetic field. The
time separatiom between two echo-forming pulses was kept
constant during the measurement but was varied from oQ@alitatively this may be understood as follows. The oriente
measurement to another. In this way, the relaxation rate ffgnal dependence of phase relaxation arises as a result
different field positions was studied. Figure 4 depicts thdifferent variations of the resonant magnetic fieBi,, when
echo-detected spectra of CP in dfypha latifolia pollen at the nitroxide librates. Molecular motion moves a spin off
different timest (136 and 272 ns) between the echo-formingesonance providing a phase relaxation pathway. The larger t
pulses. The spectra were normalized to their maximum ampdffect of motion onB,., the more effective the relaxation
tude in order to exclude all field-independent relaxation mecpathway. This variationdB../d6, whered is the angle between
anisms. Notable changes were observed in the shapes ofttfieemoleculaz axis and the external magnetic field, is large:
low-field and high-field components. These changes are def@i- the low-field and high-field components. Also, it tends tc
mined by the different rates of magnetic phase relaxation of thero for canonical orientations of the nitroxidg, (8). So for
nitroxide for the different orientations with respect to thehese orientations the relaxation must be slower than for othe
external magnetic fields]. The reason for such a behavior haghis is indeed observed for the outer edges which correspo
been suggested to be the result of molecular librati6nsd|. to the parallel orientation (Fig. 4).

Changing timer may result in an additional field-dependent
relaxation mechanism, so-called “instantaneous spectral diff

sion,” which also influences the ED EPR lineshapB).(An-

100 - other way of performing ED EPR experiments, which is free o
T sk this influence, is keeping the timeconstant for all measure-
g ments but varying the temperature, as shown in Fig. 5. The E
Z 60| EPR spectra were strongly influenced by temperature. A
k5 spectra were obtained for the same time separation betwe
g 40 - microwave pulsest(= 136 ns) and were normalized to their
E 00 maximum amplitude. Analogous data sets were also obtain
for CP in pea axes containing 0.12 g water/g dry wt and for C
0t in Typha latifoliapollen (data not shown).

L - | - | - ! In order to quantify the temperature dependence of the sha
3400 3440 3480 3520 of the spectra, we determined the ratio of the line height in th

B (G) low-field region at 77K ;;x) and at higher temperatureb)(

. . _ , (see inset, Fig. 6). Note that ED EPR lineshape depends on
FIG. 4. ED EPR spectra of CP ifiypha latifoliapollen at different times > . . . .
7 between the echo-forming pulses, recorded at room temperature. Weﬁgrramete_Ka L Whe.reTC is the correlation tlm_e of motion
content of the pollen was 0.04 g water/g dry wt= 136 ns, solid liney = 272 (6, 8). This parameter increases when the low-field compone
ns, dashed line. Spectra were normalized to the same maximum amplitudand high-field component decrease. The line height of the lo
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DISCUSSION
1.0
In this study, we report a change in the principal values c
the hyperfine interaction of CP in the axes of pea seeds
dependence of temperature as was found previouslyypha
latifolia pollen () andimpatiensseeds (unpublished data). The
characteristic time of rotational molecular motion for spir
probes near or abovE, is in the order of 10° to 10°* s (10).
These motions are too slow to account for changes observec

0.8 -

h/ hy7g

77K

04k o l l the principal values of the hyperfine interaction that are dete

h 304 K

el LK AJY ¥ mined from CW EPR spectra. Modeling of ED EPR spectra c
150 200 250 300 350 400 TEMPONE in glucose and trehalose glasses has shown that
nitroxide molecules undergo orientational oscillations abot
some axis fixed in the molecular frame (librational motid)) (
FIG. 6. Changes in the line height ratit/f-7) in dependence of tem The analogous shape of the echo-detected EPR spectra
perature for CP in pea seed axes at two water contents. Water contents (gé%ed in this study revealed that it was indeed librationz
were 0.07 g water/g dry wt (closed symbols) or 0.12 g water/g dry wt (open .. . . . . .
symbols). Inset shows the calculation of changes in librational motion asn&o“on that was det_eCted in biological tissues. This typg ¢
function of temperature, using the difference between the height of the lo®P€ctral transformation was found to be common for disol
field region at 77K fi.») and the height of the low-field region of spectradered systems and supports the concept that the local mic
recorded at temperatures above 7. ( scopic structure in glassy biological cells is comparable t
other glass forming substances-b, 15.

The temperature dependence of ED EPR spectra of CP
field of ED EPR spectra at 77K was taken as 1, assuming tipata axes revealed that librational motion increased with ir
at this temperature motion was frozen out. This was confirmegbasing temperature. An abrupt changé\in, was observed
by recording a CW EPR spectrum at the same temperature ap@ve a temperature corresponding to the melting of the glas
digitally integrating the spectrum. Comparison of the CW EPRatrix (Fig. 3). The association with the glassy state wa
spectrum with the ED EPR spectrum showed that they coifurther corroborated by the increase in temperature at whic
cided, implying that motion was frozen out at 77K (data nahe break was observed when the water content of the pea a
shown). The ratio ofi/h;;c of CP in pea axes decreased witlwas decreased from 0.12 to 0.07 g water/g dry wt. The abru
increasing temperature, indicating an increase in librationedange in thdn/h., ratio was comparable to that observed fol
motion during warming (Fig. 6). Arrows indicate tflg, as the change inA’,, (compare Figs. 6 and 3). Because the
measured by DSC. The sharp decrease in the ratio occurregatameter<a®>r, increases when the ratio of the low-field
a similar temperature as that found for t#e,, (Fig. 3), component decreases, melting of the glass results in a sh:
implying that both parameters were related to the same typeigdrease in<a”>r.. Similar observations were made on spec
molecular motion. Note that the effect of motion in ED EPR ia of nitroxide spin probes present in trehalose and gluco:
much more pronounced compared with CW EPR (compagtasses§).

Temperature (K)

Figs. 3 and 6).
TheA'’,,is also known to change in dependence of the water
content of the sample, when measured at a constant tempera- 1.0
ture 6). To ascertain whether these change#\in, were also -
due to changes in libration motion, ED EPR spectra were 0.9 Q 233K
recorded for CP in pollen at different water contents and three -
constant temperatures (298, 233, and 77K) (Fig. 7). At 298K, x 0.8
the ratioh/h,, calculated as shown in the inset in Fig. 6, f“ 3
increased with decreasing water contents from 0.53 at 0.22 g < 07
water/g dry wt to 0.83 at 0.05 g water/g dry wt. At water
contents lower that 0.05 g water/g dry wt, the ratio remained 0.6 |-
constant. At 233K, the data were more scattered (Fig. 7). From -
0.22 to approximately 0.15 g water/g dry wt, the ratith,; ostb—m—r»~—t 1 .1
appeared to increase slightly. Below approximately 0.15 g/g, 000 005 010 015 020
the ratio decreased or remained constant. In general, the water Water content (g H,0/g dry weight)

content at which a minimum in librational motion (mdnh.) FIG. 7. Changes in the line height ratidé/h;) in dependence of water

was found, shifted to higher values with decreasing tempegantent for CP irTypha latifoliapollen. Line height ratios were determined at
ture. 233K (open symbols) and 298K (closed symboals).
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conditions of temperature and water content might reveal the glassy media, Phys. Lett. A 213, 77-84 (1996).
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