Lawrence Berkeley National Laboratory
Recent Work

Title
STABILIZATION OF ELECTRON SPIN RESONANCE PROBES FOR PHOTOSYNTHESIS STUDIES

Permalink
https://escholarship.org/uc/item/63x544tq

Authors

Sun, Alexander S.
Calvin, Melvin.

Publication Date
1975

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/63x544t6
https://escholarship.org
http://www.cdlib.org/

U U v 30295

Submitted to Nature - R N R © LBL-3648

Preprint €.

| STABILIZATION OF ELEC TRON: SPIN RESONANCE PROBES

FOR PHO TOSYNTHESIS STUDIES

'RECEIVED
" LAWRENCE ‘
'RADIATION 1| ARORATORY

© FFB 201975

© LIBRARY AND
' DOCUMENTS SECTION

Alexander S. Sun and Melvin Calvin -

January 29, 1975

Prcpared for the U. S, Atomic Energy Commlssmn y
' under Contract W- 7405 ENG- 48

” For Reference

Not to be taken from this room

8¥9¢-14T



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



OO0 vd301 29

STABILIZATION OF ELECTRON SPIN RESONANCE PROBES FOR
PHOTOSYNTHESIS STUDIES | EERTE

Alexander S. Sun* and Melvin Ca1Vin

Laboratory'of Chemical Biodynamics,'Univeréiﬁy~of California

Berkeley, California

* Present address: Department of'Phyéiology-Anatomy;

: Univeréity_bf California, Berkeley, California



Summary

The major obstacle to the study of functional/structural inter-
‘re1ationships of spinach ch]orop]asfs by using spin labels has been.the
rapid loss of the epr signals upon illumination with visible light.
'The present-sfudy»demonstratés tha£ thejaddition of'ferredoxin and
NADP+ in the-pfesence.of tricine buffer at pH 7.1 or higher mitigates
the rapid loss of Biradical X (N,N'-Bis{1-oxy1-2,2,5,5-tetramethylpyrroline-
3-cérboxy)-1,2-diamihoethane) and Mondradica] Av(2,2,5,5-tetraméthy143-_
carbamidopyrroline-]-oxy]). However,-the 5-1ine epr gpectrum character-
istic of Biradical X.in aqueous solution was changed to a dominantly
3-line spectrum within a few minutes after i]]uhination in the presence
of ferredoxin and NADPY. Analysis of the double integration of the
first derivative epr spectrum revealed no decrease in Biradical X
concentration'for more than 30 mihutes bf ii]umination. Our data sug-
gest tﬁat Biradical X attaﬁhes to some soluble mécromo1ecu1e(s) and

that illumination of chloroplasts promotes such an attachment.



Introduction
Light-scattering and electron micrographic techniques have demonstrated
that gross structural changes are associated with functional changes occurring

1-4

in the ch]orOpiasts. These changes would be bétter understood at the

supramolecular level if a spin label, a probe useful 1n elucidating the ‘
structure of biological membranes, were used. However, only a few repor‘tss'8
on its application to ch]orop]asis have appeared since it was introduced
more than a decade ago. Weaver and Chon5 first reported their spin label

study in Chlamydomonas and found that the electron paramagnetic resonance

(epr) signal of Monoradical A was rapidly decreased during irradiation with

visible 1ight, suggesting that Monoradical A was reduced at a specific site

in Chlamydomonas. Corker, 23_31.6, using di-tertiary%uty] nitroxide as
a §pin label to étudy spinach chloroplast function, also found the epr .
signal lost completely wiéhin 2 minutes after 111umiﬁation. Tzapin_gg_gl;7,
using 2,2,6,6-tetramethy1-4-carpiIOi]oxybiperidine-lgoxyl, had to first
fix chloroplasts with glutaraldehyde invdifferent conformational states and
then apply the spin label in the dark. Torres-Perreiré g}_gl,e, applied
Severa] different spin labels to chloroplasts, and whi]e they were able
to find some change in the line shape of the epf spectrum of 2,2,-dimethyl-
'5,5-dipentyl-N-oxyloxazolidine during illumination, this change was acﬁomQ
panied by 30% loss of the epr signal within 10 mihutés. This photoreduction
of free radicals by ch]oroplas%s during illumination has been an obstacle -
to the use of spin labels in studying chloroplast function.

In the present study ferredoxin and NADP+ were used bécause, as physio-
- logical electron acceptors in chloroplasts, they not only compete favorably
) with'other'&ébeptors'for'electrbns, but also provide é'very éctive photosyn-

thetic cTec;ron transport reaction.9 For this reason,. they not only protect



spin labels but assure that the work is being done with active photosynthetic

.systems

Resuits

Spinach (Spinacia oleracea var. early hybrid No. 7) was planted in

a growth chamber and chloroplasts were isolated- as preyiously reported.9
In very dim greeh light, chloroplasts were’added‘to the reaction mixture
(described in Fig. 1), mixed in a test tube for 5 sec, then introduced.
into a f]af quartz epr sample tube. The sample tube was placed in the
' epf cavity of a Varian E-3 epr spectrometer, the cavity being kept com-
pletely in the dark. Even a brief'éxposure of the Eeaction mixture to
Tight after the chloroplasts were added would cause the Biradical X to
lose its characteristic 5-1line spectrum. The samp]é was illuminated by
an American 0pt1ca] microscope lamp and a Corn1ng IR f11ter I1-60 placed
in front of the epr sample cav1ty |

The typical 5-1ine epr spectrum of Bir;dical X is shown in Fig. 1.
In the dark, the 5-1ine spectrum is Simi]ah to'the A type epr spectrum'

N i.e., b1rad1ca]s undergo rap1d and unhindered

descr1bed prev1ous]y,
tumbling and bending through conformat1ons many of wh1ch are favorable

to spin exchange. After i]]uminating for 2-6 min, peaks 1,3, and 5 of the
5-line epr spégtrum increased in intensity while peaks-2~and 4 4ocreased.
 This spectrum is'simi1ar‘to the B-G type épr spectrum of Biradical XIX, .

: N,N'-Bis(Trimethy]émmoniUmiodide ethylamide) of N,N'-Bis(1-oxy1-2,2,5,5-
.._tetramethylpyrro]ine-35carboxy)ethy]enediaﬁine-N,N'5diacetic acid, in

v glycero] at 160°C, whefé these biradicals undergo slower tumbling and bending

in a more viscous environment and the spin-exchange is less favorable than that of
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Type A.1]' The double ihtegration‘of the.first derivativeveph specfra (to
COfrespgnd to the area under a simple absorption spectrum) remained con--
stant for more than 30 min after illumination, as shown in Fig. 1, suggest-
ing that the total number of unpaired electrons remaingd unchanged. Becéuse
the epr absorption is easily saturatéd and also debehds on the geometry’of '
fhe sample tube in the cévity, we used very low power and did not change
the instrumental settings on the epr spectrometer throughout the course

of the experiment. Repeated measurements of Biradical X in the reaction
mixture without chloroplasts indicated the average standard deviation of
double integrations to be *+ 10%. When the sample was illuminated for 30 min
and then placed in the dark for.36 hours, or when ch1orop1a$ts were removed
“from the samp]e'fo]]owing 30 min of illumination and then allowed to remain
in the light for 36 héurs, the 3-1ine spectrum returned to its original
5-1ine spectrum (see Fig. 1.).

After illumination of the sample, as shown in the 3-1ine spectrum in
Fig.‘l, the intensity of hyperfine components at 19w field (peaks 1 or
3) was higher than that in the hig1field_(peak 5), and two side peaks
developed outside of peak 1 and 5. Nb attempt was made in this study to
interpret these changes. | | -

Fig. 2 shows the height ratio of peak 2 to peak 1 as a function of =
the time of illumination. The minimum ratio, i.e., Hy/Hy = 0.2, was |
achieved within 6 hin after i][umination, after which the rafio remains
relatively constant for about 30 min of i]ﬁumination. The rapid change
of the HZ/HI ratio to its minimum indicates a conformational change of
Biradical X rather than photoreddction, which woild be manifested as a

. continuous reaction since chloroplasts remain active for more than 20
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min under illumination, as shown prévious1y9‘and discussed later in‘the
text. | o
‘When we mixed the Mbnoradical A with Biradical X in aqueous soiution

of different molar ratios but kept the concentration of total nitroxide
- constant, we-cou]d simulate the epr'Spectra of/E?Z%elinbut.the hyperfiﬁe
component intensities in the high and lTow field are ndf completely iden-
tical with those in Fig. 1 which is made in the presence of ch]orop]asts:' '
For approximatioh, the ratio'of H2/H] as a function of the molar ratio of
" Monoradical A_and_Biradica] X is shown in Fig. 2.'Thé.steady HZ/Hj ratio
produced by i]]uminatibn'is” 0.2 and this would be equivalent to 60%
of Biradicals X being in conformations in which Spih exchange is unfavor-
able using,the aqueous Monoradica]iA-Biradical X mixture as cé]ibration.
Our data could not diStinguiSh whether_Biradicé]‘X lost 60% of its spin-

exchangeability'OF 60% of Biradicals X_]osf their spin exchange completely.
Nﬁen the same éXperiment, destribed in Fig. 1, wa; performed without .
" édding'ch]oroplésts, no change.in: the epr spéctrumuof Biradical X could

J_be observed. Whej‘dhloroplasts wefe-firﬁt‘added to‘the reéétion mixture

in the dark and then removed by ééntrifugation at\l,OOQ g for 10 min, the
Biradicals X ;emain,in the supernatant. I1lumination of the supernatant |
brqduced no change in the epr spectrum. Thus both“chldroplaSts.and light |
‘are essential fof inducing the change from a 5-1ine:tbia 3-line épr_specf
trum of Biradita] X. To determine whether stable chemical products from
photosynthesis will iﬁduce the'change‘in epr spectrdm 6f Biradica1 X in‘i
the dark, 1mmediate1y ((_30 sec) after a reaction miXtUre (withoutrBiradical
X) had-beén illuminated forv20'min, we a&ded Biradica] X fo tpié reactidh-

mixture. No change in the epr spectrum could bevoﬁserved for 20 min in



the dark, but when ?his same Saﬁp1¢ was i]]uminatedvthe typical changé
from a 5-line'io a 3-line epr sbectrum of Biradical X could again be
obtained. Thus this change is directly inducedvbybchldrop1asts during
i1lumination.

Three possibilities are offered to explain the change of a 5-line to
a 3-line epr spectrum of Biradicaf X. The first 15 that biradicals may be
attached to macromolecules or to membranes and fhus constrained
. in their mobih’ty.,”’]2 |

A secoﬁd possibility is that half of the Biradical X became reduced.
In this case, howéver, the total intensity of absorpiion of the epr spectrum
should have decreased. Because the double ihtegration of the first deriva-
tive epr spectra remained unchanged for more than 30 mfn of illumination as
shown in Fig. 1, the reduction of half of Biradical X should be negligible.
if there fsvany, especially when it is compared with the change from 5-line
to 3-line specfrum which could be accomp]ishéd withfp é few minutes. When
sodium dithionite was added to the reaction mixture we found that the
*5-1ine epr spéctrum’of Biradical X decreases it% intensity evenly at all
5 peaks. No ctange frbmvs—]ine‘to 3-1ine spectrum was observed. The reduc-
tion of ha]fvof Biradical X chemically is thus unlikely.

The third type of change could be that the covalent Bonds betweén
the two nitroxides were broken in thé presencé.of 1ight_and chloroplasts.
Again this procesé should be a cohtinuous reaction. The rapid change of |
HZ/H] ratio to its minimum apd the return from 3-line to 5-1ine specfrum.
in the presence or in the absence of chloroplasts does not favor this type
of change. | | | | |

. When Monoradical A was used instead of Biradicai X, no drastic change

in the shape'of the epr spectrum was observed. aithough the ratio of the



corre]ation;time‘in the light to that in the dark Was 1.9.after 6 min
of iTluminatioh, inating some small degree of immobilization. The double
1ntegratibnuof this first dérivative 3-line epr spectrum also remained
“constant for mdre than 30 min after illumination. Lack of reduction of
monoradicals further supports the .conclusion that the photoreduction of
nitrokide free radicals is negligible undef our experimental conditions.
As in the early reports c.ited,s'8 using pH 6.5 and without adding
* NADPY and.ferredoxin (Fd) spin label signals were rapidly lost during
illumination with chloroplasts. We also found that Biradical X signals -
were completely lost within 3 min after il]uminationjunder the above
.conditions, as shown in Fig. 3. Furthermore, at pH 6.3 and 6.7 Biradical
X signals were also lost even tn the presence 6f NADP* andvfefredoxin.
9

Because the (HvO ——51———a~NADP+) react1on approaches a max1mum at

pH 7.5 and most of the e]ectrons produced by chlorop)asts during 1]um1na-

tion reduce NADP B1rad1ca] X 1S'pr0tected Other work in this 1aboratory6’13

also demonstrated that the photoreduct1on of n1trox1de free rad1ca]s

could be inhibited by adding 3- (3 4- d1ch10ro phenyl) 1 1- d1methy1urea

at 3'x 10\6

M or h1gher concentration, which is known to inhibit the

= :>NADP ) reaction. This protection of Biradica] X by.NA‘DP+

and ferredoxin 1nd1cates that the loss of epr in the1r absence is due
to the photoreddction by chlorop]asts during 11]um1nat1on.thhe site
of photoreduction}Of Biradicai X might be expected:to be close to
where NADP is reduced.
When the reaction m1xture was 111um1nated for 6 min and the typ1ca1 -

3-line epr spectrum of photo-transformed Biradical X was obseryed, we



-8-

removed the chloroplasts by centrifugatiOn;vﬁe found almost all the Biradi-
- cals X reﬁained in theupérnatant and the same 3-line epf sbecfrum was
retained there. When we passed the supernatant thfough a Sephédex G-25
column, equilibrated with 0.04 M of tricine at pH 7.5 and 0.1 M NaCl,
all of Biradical X showing a 5-1ine spectrum was recovered in fractions
30-33 wherevBiradical‘X is found hen it is app]fed'to the column alone.
This suggests that the binding is not very strong.

Under similar conditions we also found that Mohoradfca] A remained

in the supernatant, which differs from an ear]ier'report5 in which Mono-

b

radical A was reported to be attached to a specific site in Chlamydomonas.
Our dataAsuggést.that (1) at ﬁ pH higher than 7.1 and in the presence
of NADPT and ferredoxin, the photoreduction of Biradical X by ch]Oropiésts
can be slowed down during illumination; (2) Betausé NADP+ coupled through
ferredoxin competes with Eiradica] X for electrons from‘chIOrqp]asts, the
loss of epr signa]s of spin 1abéls»must be due to théir photoreduction
in the absence of NADPT and Fd. The site of redﬁction shou1d be close to"
where NADP' is reduced. (3) Our finding that chloroplasts and light are
essential for promotfﬁg the attéqhment of Biradjca]s‘to some soluble
‘macromoleCU1es Suggests that the role of these macromoTécu]es in photosyn5
thesis should be.further investigated. |
The work des¢ribed in this paper was sponsored_by the U.S. Atomjc

Energy Commission.

Received



Refefences .
1.  Deamer, D. W., Crofts, A. R. and Packer;'L} (1967), Biochim. Bibphys.
Acta, 131, 81-96.. -

2. | Crofts, A. R., Deamer, D.vw. and Packer,:L. (1967), Biochim, Biqphys;

Acta, 131, 97-118. S -
Murakami, S. and Packer, L. (1970), P1an£,Ph&sio]. 45, 289-299.
.Murakami,_s. and Packer, L. (1970), J; Cell. Biol. 47, 332-351.

. Weaver, E. C. and €hon, H. P. (1966), Sciehée 153, 30i—303.

S s w

Corker, G. A., Klein, M. P. and Calvin, M. (1966), Proc. Natl. Acad.

Sci. U.S. 56, 1365-1369. | - |

7. \ Tzapin, A;'I., Molotovsky, Y. G., Goldfield, M.‘G; and Dzjubenko;vv. S.
(1971), Eur. J. Biochem. 20, 218-224. |

8. Torres-Pereira, J., Meh]horh, R , Keith, A. D and Packer. L. (1974),
Arch. Biochem. Biophys. 160, 90- 9. ' |

9. Sun, A. S. and Sauer, K. (1971), Biochim, B1ophys Acta, 234, 399-414.

10. Mackinney, G. (1941), J. Biol. Chem. 140, 315-322. |

1. Ferruti, P., Gill, D., Klein, M. P., Wang, H. H., Entine, G. and
Calvin, M. (1970), J. Am. Chem. Soc. 92, 3704-3713.

12. Calvin,_M Wang, H. H. , Entine, G., Gil1, D. 'Ferruti, P;, Harpold,
M. A. and Klein, M. P. (1969), Proc. Matl. Acad. Sci. U.S. 63, 1-8.

13. ‘Ne1, J. S., Ph D. thesis in Comparat1ve B1ochem1stry (]975), Un1vers1ty

of Ca11forn1a Berke]ey.



=10~

Figure Legends
Fig. 1. The chahge'of the first derivative epr specfrum of Biradical X
during illumination. |
The reaction mixture contained the foTlowing in pymoles per ml:
Tricine 90, at pH 7.5 or as indicated; MgCl,, 7.5; NADP®, 0.67; ferredoxin,
| 33 ug; Biradicai X, 16.7; Monoradical A, 33.4; chldrbp]asts, 167 ug chloro-
phy11. Biradical X and Monoradical A were synthetsized by Dr. P. Ferruti |

N Ferredoxin was isolated from spihach as reported

in this laboratory.
previous]y.g EPR spect%a were measured at X-band in a Varian E-3 spectro-
meter. Scanning rate, 50 gauss/min; field modu]atidn, 1 gauss; time con-

stant, 0.3 sec; microwave power 2 mwatts. Chlorophyll concentration was
determined according to Ma_ckinney.]O white light of intensity 45 mwafts/cm2 
at the surface of the sample tube. A a double integration (absorption
area) df the first derivative epr spectra normalized to be unity in the
dark. (a) in the dark, (b) scan started 2 min after light was turned on,
(9) 6 min of i]]umination,.(d) 30 min of illumination, (e) 30 min of
i1lumination followed by 36 hr in the dark. g
Fig. 2. The rafio of height at péak 2 to peak 1 as a function of the
| time of illumination and of the molar ratio pf-Biradica] X andv_
Monoradical A. | | _
(a) Hy =ihéight of peak 1, H, =height of peak 2.'Exbérimenta1 condi -
tions same as described in Fig._z. o |
(b) Biradical X is mixed with Monoradical A ét.different ho]ar ratios
in aqueous>so1ution. The total concéntration of'nftroxide free radica1 is
1.0 nﬁ]]iequiva]enf. o | _ |
Fig. 3. The efféct'of pH, nADP* and ferredoiin onvthe photo-transformation
of-Biradical X by -chloroplasts during i]TUﬁination. '

The reaction conditions are the same as in Fig. 1, except that )
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the pH was varied and no NADP' or ferredoxin was added as indicated in
the figure. The double integration of the first derivative epr spectra

of Biradical X was normalized with respect to 'th‘atvin.the dark.

(A) NA‘DP+ and ferredoxin were added: (a) —+ —+ — pH at 7.1,
7.5, 8.0 and 8.5, only data obtained at pH 7.1 is sh.own. (b) — x K
oH 6.7, (c) —— ¢ — o— pH 6.3. o |

(B No NADP' or ferredoxin was added; b(d) —— —\.‘3.;—"—.6 pH 75

(e) — =~ - -4 pH 6.3,
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{a)

(b)

A=1.08

{c)

A=0.99

(d)

A=0.92

———~——L-—~_~__J.________]__“J_ .
3210 . 3230 3250“—-
Gauss.

XBL751-5010

Fig, 1.



BIRADICAL X CONCENTRATION
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0 2 4 6 . 8 10
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Fig. 2.
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