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SUMMARY

| The tfipletlétate EPR sbectra'of magnefically alignéd
Qhole cells of Rhodopseudombnas viridie and Rﬁodopseudomonas
- palustris display a markéd-dependénce on the orientation of
the static EPR field with respect to the alignment field
direction. This_obsepvation implies that the primary donor
'specigsvon which the triplets are localized are ordered within
the membranes. We‘have devéloped a theoretical model for the
system‘td enable calqulation of the orientation of the magnetic
axes of the primary donor species with respect té the membranes
in which they reside. The triblet staté spectra are genérated
by én ensemble of partially ordered magnetic systems and a |
computer simulation of the éxperimental resulté. The triplet
orientation is very similar‘for the two organisms sfudied,‘.
where one axis 1ies predominantly in the plane of the
_ mgmbrane and the cher two axes have appfoximately equal

projections onto the normal to the membrane.




- INTRODUCTION - .
Electron paramagnetlc resonance (EPR) technlques have

been used-exten31ve1y in the study of-trlplet states in
_ . 1 v

photosynthetic bacteria”. Experiments performed at zero .

fleld, and at high field, have focused on the triplet state.
‘as a probe into the structure of the reaction centerz’ |
and as'an_lndlcator‘ln ‘redox tltratlons of the various
'pecmpbnents‘involved'in‘the primary.light reactions of
baeterial,photOSYnthesis4-6.

The primary donob'(designated_P) in bacterial photbsYn—'
_ thesis is.a dimeric baeteriochlerophyil'species u;7-g; There
is strong evidence'fhaf'the triplet state_readily.observed in
'.vabious.photdsYnthetichacterial ofganisms-belongsvtovthis_ d
dimer;o but is not parf of the'nain'pathway leading to
photosynthesisll. This triplet'state forms as_thefresult of
a fadidal pair recombination reaction that eCCUrs between the‘
oxidized prlmary donor and a reduced 1n1t1al acceptor (labeled

I). This happens when the electron flow has been blocked at

- a p051tlon immediately follow1ng I6 ll

In this paper we con31der the. trlplet states of two
species of'photosynthetlc bacter;a, Rhodopseudomonas viridis

‘and‘Rhadopseudomonas.paZustris.t' Both of these bacteria

are prolate ellipsoidal'organisms with highly ordered : . L

1:;ps'.-pa'Zu"st:m‘is differs from Rps.»viridis'in its pigmentation. o
Rps vzrzdzs is a bacterlochlorophyll b contalnlng organlsm,

' whereas Rps. paZustrts has bacterlochlorophyll a as 1ts

'ma]or plgment,




(cylindrical) internal.membrane.stru‘cturéélz_ll+ (see‘Fig.-l).

" Reaction center'particles which contain the primary donor

are dispersed throughout these membranes. Electron microscope

studies suggest that there is some degree of ordering of

these particles in the membraneslz.

These bacterial organisms tend to align with their

longitudinal axis perpéndicular to an applied sfrong magnetic

15,16 .

field This occurs in whole cells as the result of an

induced diamagneticrmoment within the membrane sturCtureslS.

Recently, Paillotin et alls, using linear dichroism and -

photoselection techniques on magnétically-aligned Rps.
' viridis cells have observed an orientation of the reaction

‘center complekes within the bacterial membranes and have

concluded that the primary donor resides in a fixed geometric

relation to the membranesls. Two,transifion moments of the

primary donor centered at 970 nm and 850 nm have been cal-

culated to lie paraliel to and at an angle greatep than 55°
to the membrane planes, respectively. Chéracterization of
thé two other bacteriochlorophyll molecules in the readtibn'
center of Rps. viridis using.this techﬁique revealed that -
they are also coherently arranged. |

In the present work we'présent a friplet staté EPR Study
complementary to the aforementioned linear dichroism in-
vestigation. We have magnetically aligned whole cells of

Rps. viridis and Rps;»pdlustris'and studied their triplet



state properties using a iight mo&ulqyion technique. By
positioning the sample so that the static EPR field is
either parallel or perpendicular fo the alignment field
direction, an orientation effect on the triplét signals is
observed. From a khowledge of the distribution of the “
magnetically aligned cells and their internal membrane
structure, we are -able to calculate the projectiqns that the
triplet magnetic axes make with respeét to the normai to the
membranes. -

" Our approach is to conStrﬁct a édmputer model that treats
the samplevof aligned bacterial organismé és'anlénsemblevof‘
partially ordered triplet states. An orientational diétribu-
tion function that describes the manner and the degree of the
system ordering is derived and used in simulating the observed
spectra.. In addition to the orientation information, zero-
fiéld splitfing parameters and relative intersystem crossing

rate constants for the triplet states are calculated.



MATERIALS AND METHODS
. Rps. vzrzdzs cells were grown according to the method
of.Eimhjellen, et'al.l Freeze dried Rps. palustris was
- obtained from the American Type Culture Colleefion.(Strain
ATH 2.1.6) and grown in a culture medium described by,Moritav
. and Miyazakils.' Both Becteria.were harvested separately by
centrifugation at 70dOXg for lb‘min, washed with_,025 M Tris
‘(pH, i 7.5) buffer during the final spin, and stored at -20°C
until ready for use. All of-the1samples utilized in the
present work were prepared undef e nitrogen atmosphere and
‘contained 0.02 M sodium dithionite, 1.0 x 107° M methyl
.viologen,”.OS M glycine-(pH, 10.1) buffer and 50% ethylene
glycol.. |

Magnetic alignment of-fhe cells was achieved in the
dark byvplacing the sample between the pble faces of a 21 kG
magnet and freezing in a liquid nitrogen flowing cryostat. .
The sample was stored at 77°K in the dark. |

EPR measurements were accomplished .using a Varian E- 109
spectrometer at X-band with 100 kHz fleld modulation and
equipped with an Air Products Helitron'cryostat.b The triplet
states of the bacteria were detected using a light modulation
technique similar to that used by other authorslg’zo. The
‘output of theERR._syetem was‘fed'difectly-to a PrineetOn
‘Applied Research Model 220 lock-in amplifier. The'reference

signal for the lock-in. was taken from a 33.5 Hz chopper.



-ba

Excitation of the bacteria iﬁto their triplet states was
*aéhiéVed’using a tungsten lamp filtefed by 5 cm of water and
fdcusédvthrough thé 75% transmitting grid of a Varian
TMiio(Ef233) microwave cavity. Light intensity was kept
beioﬁ 25 mW/cmzt - Experiments were done routinely at 11°K,
'vand no temperature'dependence of the ratios given.in.Table 1
.v was observed up to 20°K. VMiAcr'owave power was kei)t below the s'aturation level.
Finally,tbecause tﬁevexperimehtal'signalé_shoWn.in,‘
;-Figures'z and 3 are distorted in field position and in
‘intensity‘bwihg to sweeping the recorder tdo quickly,. the
_signal’amplitudes ﬁéed in the computer'simulations were hot
Jtaken from these spectra. Instead, the amplitudes were
measured.by dialingithé magnetic field to coincide with the
‘sigﬂél pOsitidns.and recording the peak heights afteria
Sﬁfficient time for the éignals to reach the maximum level.
Because the pairs of meaéured sighal_intensities were found
to be the_same.within_experimental erfor, the values for the

ampiitudes are hereafter designated Xi, Yi; Y; and z*.




" RESULTS AND DISCUSSION

Theoretical Model of Triplet State EPR

The Hamiltonian matrix for the triplet state in the

zero-field,basis.is’given in the usual fo Lzl
|T,> | T,> |T,>
r . - . -
{TXI X -?gBHZ ngHy
w = <Ty| igBHz{. Y -ngHX o (1)
<TZI -'LgBHy thHx Z
_ J
where
| Tx>€:—£l88-aa>
-t Y2
| T >= ~X|BB+a0> , . (2)
y o | - R
| T_>= —=|aB+Ba>

and X, Y, and Z

are the principal values of the spin-dipolar interaction |
tensor. These quantities are related to the two independent

spin parameters |D| and |E| by the eqnations_



x=3pl + Bl
L el - | o
Y =giol - 15l - 3
;
Z = - §lD| .

The eigenstates and eigenvalues of X are cléarly dependent
upon the orientation of the static EPR field invthé principal
a#is-system of the friplet.’,Once this orienfation is | |
séecified, the Hamiltonian can be diagénaliZed numerically
to obtain the wavefunctions_andvenergy levels of the system.

Because the experiments were performed in the high field_
limit (lg6§ | > Ibl,lEI); one expects the eigensfates of X

to be close to the high-field éigenstates

ITyy> = low>

IT,> = 2lag+po> | (%)
N c -

|T_,> = |88>

| The eigenstates of X can be expressed;as linear combinations
of the zeré—field states. The appropriate.linéar combinations
depend upbn the oriehfation of the static EPR field,_g » in
‘the principai axis system. Qualitatively, the componénts

of thevITb>sfate depend ‘upon the projection bf-?. onto the
X,y and z magnetic axes;'é.g},vif H if.x, then 1TO> =.|TX>,

etc;



_When H is not precisely along’a;maghetic akis,.cne

jobtaihs three energy levels close to IT |T > and |T_;
R designated ITa>5 ITé>_and lTY>. This de51gnatlon is structured
.80 that Ea ~ E#l?'EB ~;E03andiEy ~ E—l’_ and it will be genera}ly
true that as a consequence of the high field approximation_
IEB,;_EQ|, IEB,; EY|-~~IEBH.|;f°r all orientations.. Ultimately
‘the eigenstates are expressed as
T R L N N B

|T; j-'lﬂ <j - - (5)

i

i =z a, B,y, i = X,¥,2, where cj are. the Plgenvector

coeffic1ents whlch come from the dlagonallzatlon of the Hamlltonlan matrix (eq 1)

Because the trlplet state belng considered is formed Dy
a radlcal pair mechanlsm;l, at'hlgh magnetlc flelds the
.lightAinduced'triplet is assumed'tcvbe populated in the']TB>.

spln sublevel exclu31ve1y -This-assumptiCH iS'consistent
w1th the spin polarlzatlon pattern of the observed trlplet

‘ state spectra (see Flgs. 2 and 3), whlch have been dlscussed

in great detail by many aUthorsll 20, 22

The effects of trlplet state deactlvatlon are 1ncorporated

' v1a a 51mpllf1ed ver51on of the models. descrlbed by W1nscom23,

'and Levanon and Vegazu Thelr klnetlc equatlon for the

-‘trlplet sublevel populatlons as .a function of time 1is




where -

3
"
o]

gives the steady state populations of the three triplet spin
sublevels,

| ) pun —

(8)

represents the populating rates of the three sublevels, and

kK W W W W 7]
a oaBf ay af Sy
K = + + .
. Ysa kg*Way*Meo  Way )
W . W k_+W. +W
Yo Y8 Y Yo YB

where ka’ kB ahd kY are the rate constants for intersystém
crossing vetween the triplet sublevelé ana the gfound state,
and the W's ape the rate constants for spin-lattice
relaxation between the triplet spin suble?els..

If only the,lTBS level is populated in the light-
modulated genefétion of fhe triplet.state, one can set
AB_=

of light modulation. The interéystem rate constants can be

Aosih(wt)_ and A = A_ = 0, wherew is the frequency
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‘expressed as

k. = £ |eX|€ k. .
I l JI._kJ » - o _ ) (10)
- 3 ‘ ,
i= a,B,y
J = %,y,2

'where the”kx, k"and-kz values can befdetermined experi-
| 24,25 | '

.ﬁentally (efg._by optical defection of magnétic reso_f
nahée), or by'compufér simulation (see beléw). The'ébsence
6f a:femperature'deﬁendéﬁcefdf the triblet SPéCtrum.in the

 témperature region in thch the experiments were performed
and the obserVatiqn of substahtial spin polafization indicate
that spinélétticé'reléxation is‘éf:negligible importance. It
i; éssqmed hereafter that kx;'ky and kz > wij; and therefore
Wij = 0 in equation (9). |

:YA.simplified'Set of differential equations iSjnoﬁ:

obtained. These are

dn |
Lo o :
a-f— kana (ll)
dn 3 o ‘ '
—B. = - \ 1 y : . ) e !
® 7 k6n6+ AQ sin(wt) : (12)
dn : . , :
afl _ kyny. | | _ (13)

These are easily solVed_fo'yield an expression for the

pbpulation;diffefenée'bétween two of the levels. Neglecting
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exponential terms that will average t? zero in the next step,

the result in the'limit of low microWave.poWeb is

g -ndvng o aw

on, = g

An_ = (nB - nY)'~ nB | ' o (15)
) , -_Aosin(wt+¢)

An, = An_ = (Q2+k62)l/2 (16)

where ¢bis the phase différence between the reference and detector
signals. In the light-modulation experiment the reference signal
‘given by R = Bsin(wt) multiplies equation (16) and averages

& (a chopper frequency

of 33.5 Hz is used and k values for similar bacterial systems

over time. Furthermore, because k

are known to be at least an order of.magnitude largerz) one

obtains

27/ w

‘An_, = fﬁigv f Aosin(wf+¢)_B-§in(wt) dt. (17)
0

- Adjusting the phase difference between the reference and

detector siénals to be zero (i.e. ¢=0) and integrating,

equation (17) reduces té | |

aR, = }%; | o - - (18)

where C is a constant term.
Thus each discrete orientation yields two transitions,
one in emission and one in absorption. Since the EPR

intensity, I, of a transition is proportional to the population
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‘dlfference, An ' thetealculated:ampiitudes~are_weighted by

i,
the inverse of the intersystem crossing rate, kB,IWhich
dependS'upon,the‘contribUtions‘of kx’ ky and kg to kB,vas

- described in equation (10).

.TripleteState:EPR-fron'a Randomly_Ordered Ensemble.
Thefexperimental EPR intensity at a particular static

EPR field, |H I, is an ensemble average of the trlplet

 _signals'from all pqsslble orlentatlons of thejmagnetlc

B systemf For a randomly oriented ensemble.wevhave

0. 0 ' : '

'nwheréf‘i(e;¢,[§vl) is the'intensity_of'the triplet‘signal_ati.
fiéid [H'l when.the-static'EPR:field is specified by the |
 'angles ‘8 and ¢ in the pr1nc1pal ax1s system of the trlplet.
From the prev1ous sectlon two tran51tlons with energies €1
.'and ez are obtalned by dlagonallzlng the trlplet hamlltonlan
.'ymatrlx [eqn (l)] w1th H %? Hy.and H determlned by 6 and ¢

The 1nten51ty 1s

‘.I(e by |H |)«= ké(e ¢ IH |5 {expl- (e |H l) /6 ]

. ;é:expE?(eif: Ig-r)?/ﬁzj}, A ’~, :(20) 
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where it is assumgd that each trénsition has a gaussian
profile with line-width 6, and the intensify.asséciated with
€, is negative‘becausevthis transition is'in‘emission.

The overall spectra; linéshape depehds upén‘thefzerof
field spiitting parameters,’ |D| and |E|, and the intersystem

crossing rates, kx’ k and,kZJ When these are known, eqn.

_ : Ly
(20) ecan be. evaluated numerically at many field pdsitions
to simulate the triplet spectrum. |

- Simulation of Random TripletvStafe Spectra

‘The IDL? lE|, K> ky and k, parémeters wepé‘adjusfed'to
-obtain the best fit to the random tfiplét state spectra of
Rps. viridis and Rps. palustris. This wés accomplished.by
measuring the amplitudes'of the triplet éignals at a number
vof-key field.positions (see Figs. 2 and 3), calculating
ratios, Rp, of these amplitﬁdes (see Table 1) and fitting the
theoretical spectrum to thése ratios.
As a generaivprdcedure the |D| parameter was fit firét

‘by adjusting it to agree with the separation between the

f and 7 outermost peak positions (Figs. 2 and 3).' Then the
|[E| value was adjusted td.the positions of the X_, Yi, xt and '
peaks, and_the'kX and ky values were fit to the experimental'zi/x“
'and’Zt/Yi ~ ratios, respectively. BecaUsé there_is some

experimental uncertainty in détermining_the field corresponding

to Y] and YI, the Y, and Y, amplitudes were used as checks on

~the E parameter. The parameters'that best fit the random
triplet state spectra of Rps. viridis and Rps. palustris are
given in Table 2. Calculated spectra are displayed in Figs.

‘4a and Sa;
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Triplet State EPR from Partially Ordered Ensembles
»Our_appreech_fe the calculation of the triplet state EPR -
speetrum of a”partially ordered_ensemble is to determine a

distribution function,v(6,¢), specifyingethe-pfobabilify that

a member of the ensemble has a static EPR field direction whose:

orientatibn in the principal axis system of the triplet is
'ebetweeh efand'e+d8 ¢ and ¢+d¢ ’The:EPR_intensity given by

Wequatlon (19) now becomes

o 2w v : ' :
I(|H l)_sij' f 1€6,¢,|H |) 0(8,¢) dedeé.  (21)
T 0 0 T | o
';The»detsils of the methed of caleulatioﬁ_of D(6;¢),are,
vﬁresented'ih avseparéte-publieationza Which'treafs;beth_the :
generel casevsnd.the.specific one>of'magneticelly,aligned |
'Rps; biridis eells; Ihvthe present.paper the‘defivatién'.
'.of.D(6,¢)'will'be-discussed‘quélitafi?ely'and the intereSted
vreader is refered to'reférence_EQGj for a mathematically
ffigofous approach.‘ |
As.discﬁssed previously the‘bacteria’used'in’these
experlments are -’ approx1mately prolate elllp801ds (see Fig. 1 ).
' The ‘internal membranesfbrmlconcentrlc, roughly cyllndrlcal
.sheets nav1ng a common ‘axis w1th the longitudinal axis of the
H'cell. The reactlon center partlcles, which contain - the'
paramegnetlc spec1es g1v1ng rlse to the llght 1nduced trlplet

'state spectra are 1mbedded 1n these membranes.:7"

i
1

v
i
!

i
s
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 Three axis systems which will be useful in characterizing

the distribution of the magnetic systems are now defined

(see Fig. 1 ):

1) - The laboratory axis system is one in which the

static EPR field has fixked components. The orientation
- of various members of the ensemble of spin systems‘is

specified with respect to this fixed reference frame.

2) - The principal magnetic axis system ‘ is the
coordinate system in which the diéolar Hamiltonian.

LK = Se De S is dlagonal <Iteis related to the inter-
mediate axis system by a flxed set of Euler angles,
‘d', B' and Y'.

3) The intermediate axis system serves as a

bridge between the laboratory frame‘and the'principal
magnetic axis system. .One can think of the magnetic |
system as being enclosed in a cube. The unit vectors

of the ihtermediste axis system lie along three joined
edges of the cube. The magnetic system is fixed within
the Cube, so that an Esler rotation matrix, AC(a',8',Y'), .
will bring the magnetid axis system into coincidence with
the intermediete‘axis. This transformation is the same
for every member of the ensemble.

The ensemble of magnetlc systems is generated by per-_

.intermediate axis system
forming a set of symmetry operations on an A which is

laboratory axis system
1n1t1ally superlmposed on the A . These symmetry operations

can be derived from a cons1deratlbn of the orienting process
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and the mOrphology of the'organism. 'The ensemble so
génerated is an ensemble of intermediate axis systems. It
vwil»ll’ be necessary later to transfor'n to the pvrincipa_l axis system.
As mentioned befOre?the 21 kG magnetic field:axis_aligns

the ceils-so‘that_their'longitudinal axes lie in a plane
normal to the alignment field. BecauSe this is. the only
restription,'there are still two symmetry operations which.
_ oan heiberformed on the'cells; rotation X 'vabout‘the
allgnment fleld and rotatlon U about the longltudlnal
ax1s of the cell These operatlons are 111ustrated in
Fig. l..‘ |

| Linear dichroismls, photoseleCtionls; and the present
experlments suggest that the reactlon center partlcles are
hlghly ordered w1th1n the membranes.' A convenient and thSl-‘
cally reasonable conventlcn 1s that the membrane surface de-
flnes a unlque axis normal to it. ThlS analy31s hypothe81zes a

v . intermediate axis systems

‘random distribution of A about this dlrectlon and therefore
‘generates a third symmetry operation A (see Fig. 1 ). - The
theoretlcal analy51s is greatly fac111tated by~ ch0031ng the
membrane normal to be coincident with the z axis of the 1ntermed.1ate axis

. system.
~If the above ordering were perfect, i.e. the cells were S
perfect ellipsoids, the membranes perfect cylinders, the
alignment_in'the magnetic field complete, and the.unique

‘reaction center particle axis always 0° from the normal, it

would'be easy to generate'the‘ensemble'from the above symmetry
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operations. However, it is necessary to'take into account deviations
from these conditions. The most significant deviations are'likely to be
inperfbctions in fhe cell shape and membrané surface.. This can be o
described by a tilt of the membréne normal from thé perféct cylinder

" normal. We call this tilt the wobble angle, w, (see Fig. 1).

The imperfeétions intfoduce some uncertainty'intd the
.value'of this angle. This problem is treated phenomenologicaily-
by defining a distribution function, g(w), which gives the
pfobability that a member of the ensemble has a particular
-wobble, w. For the calculation this function is:faken to be

" a Gaussian
S 2,2 - '
glw) = cosw exp(-w"/A%) : - (22)

where1.7A equals the full width at half maximum and is héfeafter
referred to as the disorder parameter; and the cosw-provides the proper

volume element for the integration.
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- o oL - y .
The problem now is to obtain D(8,¢) in eqn. (21) by a

‘consideration of g(w). It suffices to calculate" D'(e' 29') .

1ntermedlate axis systems

Jthe dlstrlbutlon functlon of ,\ < having static EPR fleld

components specified by 6! and o'. It 1s,then a simple

‘matter to calculate 0(6,¢) of eq (21) from D'(6',¢') using

' the fixed geometrical relatlon between the intermediate axis system and the

~ principal axis system.

The intuitive way to approach this is to ask the questlon '

bleen a member of the ensemble with the static EPR field

spécified by 6',and;¢', what is the value of w which generated =

‘this orientation? Unfortunately, one can not answer this

question directly; because of'the,three other symmetry

operations, w is not uniquely defined by 8' and o',

Thls suggests, however, -that one could express v'(e'-¢')
as an 1ntegral over g(w) and some other functlon Whlch glves
the probablllty that ‘the ensemble member was generated via
a/wobble, w. Such ‘an expresslon can be obtalned by a formal
COOrdinate.transformation.' This‘procedure is outlinéd.by'
.friesneroet al'.26 The_finallexpreSSions for the cases of

the Static‘EPR field parallel and perpendicular to the

alignment field direction are given;below.

cosw=cos#'

D; (8') = sine’ f (1 - 205 wy=1/2.80D) 4 (g3)
_ - cos” 6 Cosw o
- cosw=1 _ .
A /2 : _ :
oo = sine' [ B oo aw W)

0
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where
L J
G, (8", W) = ———— —— — K(k,))  (25)
. /Tt sin(e™+w) J[1 * sin(8'-w) ] -
~and
>k. . ¢ * [2sin(8'-w) + sin(8'+w)] } o - - (26).

+ {[1 + sin(8'+w) ][l * sin(8'+w)]
| K(kg,is the complete elliptic integrél of the first kind, and

. _ G+(6f,w)'for[sin(6'-w) + sin(8'+w)]> O

G(o',w) = ' _ , ,
G_(8',w) for[sin(e'-w) + sin(e'+w) ]< O

Note that D' has been reduced.to an axial form, i.e. depends

A¢nly on 6'. Intuitively, this is what one would expect, since

there is orderingvin,0n1y>one angular parameter, w. Because

both Dﬁ(e') and 01(6') can be evaluated numerically, one can

then use equation (21) to simulate the'parallel and perpendicular

triplet spectra of Rps. viridis and Rps. palustris.

Simulation of Partially Ordered Triplet State Spectra

The resuits of the previous section gives the distri-
' intermediate axis systems
bution function for the ensemble of A . To use eqn. (21)

one needs the probability distribution function in theprﬁujpalgpds

» : , system.
This is obtained as follows: The static EPR field orientation 3;

. _principal axis system
characterized by 6 and ¢ in the A . The angle, 6', between
the membrane normal and the static EPR field is derived from

fhe relation

cos@' = §°§ (6,¢) o ©(28)
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w e = c"os_b'ltrj-g (CH BRI | R  7(29)
. Then © | o |

sing' . sing’
T

,vté;¢) . sing sin D' (e)_sme D_'{cos Hn-n (e*,¢,>‘1}‘“ oy

where 51ne'1s the Jacoblan fbr the transformatlon of the dlstr1but10n
funetlgingrom the 1ntermed1ate axis system to the pr1nc1pa1 axis system.26
- The variable parameters to be determlned in this 51mu-_‘
'latlon are the dlsorder parameter, A, [eqn. (22) ] and the
"orlentatlon of the normal to the membrane in the pr1nc1pal ax15 system. The:
 ’1atter is determlned by progectlons of the normal on the
three magnet;c axes and-de81gnated_Xh, Yh and Zn_(only two
mbeWhibh areeindepemdent)t‘ The.lDls |E], kx,fky:and szvalues;
"determinea Ey-the random simulation were held“cpnstant. '
'The'fittihgkprQCedmre*was_donefas»follows; Ratiosbef the -
veXperimentallyiobserVed_amplitudes were-caléulated for the -
parallel and perpehdicﬁlar;cases_(seeeTable 1). Values for
z and A.Qere chdéeh,and Plots of the theoretical»miﬁusi
:expérimental%ratiosé.(Rf-;iREL'yerses )%'were made (see
‘Figs. 6 and 7), X%.beingvvaried‘between‘O.l and 0.9.« Then

in a systematic fashion A was varied between 0.1 and 1.6, and Co

"Z was varied between 0.1 and 0.9. A set of parameters were ' -

'sought for whlch the graphs 1ndlcated (RT - R ) =0 within.
experlmental error for all.81x ratlos,

The best sOlutiohvforvas. viridis is given in Table 3.
As-shewn'in Fig. 6 all six curves.cress zero near X = .67
uWhere_Zh ;'bQio ahdvtherefqre Y ;t0,7u.: These:numbers are

seasily converted into the angles that‘the three principal




21

axes make with the normal by the rela;:ionsvaX = cos-lxn; etc.

A =0.4 represenf-s | the‘di_sorder in the syst_em“'as

rdaﬁnaiby- eqn.(22) . The calculated spectra for the sta-

tic EPRfield pafallel'ahd perpendicular to the alignment

field are shown in Figs. 4b and 4c.

For the Rps. palustris organism the solution in Table 3 indi-
céted a geometry‘similarrto,Rps._viridis.. A larger value for A
was‘hecessary howevef, to'simuiafe the Rps. palustris tripléf
state spectra, and this most likely réflects é.distortion of the
cells aWay from their ellipsoidal shape or ailess complete "alignment

in the magnetic field. Nevertheless, the spectra were simulated

(see Figs. 5b and 5c), and_Pig.'7 shows that (RT—RE) = 0 for all
Z

- other groups

six ratios for the parameters; Xn=;69, Yn:.69, h=.25 and A=0.6

'given in Table 3.

Typical sets 6f nqn—éolution curves for Rps. viridis
and Rps. palustris are given in Figs. 8 and 9. Clearly, no
point'along the abscissa provides a solution as préviously |
defined. |

CONCLUSION

A simulation of the random experimental spectra of these

- triplet states provides an alternate method to those of

24,25,27 for measuring their static and kinetic

parameters. The |[D| and |E| parameters ektracted from this
work do not differ appreciably from previous measurements
5,27

by other groups "The kinetic constants for the two species

of bacteria havefnot yet been experimentally determined by
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other methods. I# prinéiplé,foptical;deteCtiéh of magnetic
'resonancevcan provide a more accurate determination.of tﬁé rate 
cbhstants, HGWever, there have been serious discrépancies'iﬁ
the valués‘fcf these decay chstants;reported by different
gfoups for similar syétemsz527;- Ouf method provides an |
:.inerendént measurément of the relétiVe values of k., ky and
'kz.' | | | |
| 'Itjis interesting to note that the'kihetic.consfants ex-
'fracted from theSeimeaSupements and given in Table 2 display
 é'diffeféht'tfend for Rpsf vifidis.(i.e., ky>kx>kz) than for
Rps, paZu§tris'(i.e1, kx>ky>kz).’ The factors contro;lingf
these trends are. beyond the scope and focus of the present

-wofk; they have been dealt with in detail in previous
28,29 o

publiqatiOns
,;Modeis fo: the'oriéntatidh of the.triplet'magnetic axes of the
~primary électron donor'with'respect to thé meﬁbranes in‘Rps; viridis
aﬁd Rps. palustris are.givén in Fig. 10. Figs. 2 and 3 shbw that the
effecf of orientation on the triplet state specfravfor the two
‘drganisms is very similaf, Therefbre, it'is/not_surprising that‘
. thevcalculétion yields siﬁilar geometries for the triplet magnetic
axes in the twovspééies. - Perhaps more remarkable.ié thevfaét that
a unique orientafiéh of the'triplet_ﬁagnetic axes exists in two
differenf bacterial organisms having'dhemically'distinct primary
donors. - | | |
o For both Rps. vifidis‘and Rps. palustris only one
region of the three dimensional space spanned by the-tﬁreev

‘independent parametefs,.xn; Zn'and A, gave a solution to the
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orientation problem within experimental error. This region
of solution was approximated by a recgangular parallelepiped
with boundary conditions given in Table 4. The region of
solution was relatively large for Rps. palustris since the
orientation effect was small. The larger orientation effect
in Rps. viridis led to a correspondingly smalier region of -
solution for this organism. The error limits that appear mvolve the
fepeétébiiity of the'éfperinéntal measurements as stated in the legend 6f
Table 1. Our investigation of the 1light intensity dependence, microwave
power dependence and temperature depeﬁdence of the amplitude ratios given
in Table 1 led us to the conclusion that systematic errors from these

sources were negligible.

These results represent the first report of an oriented
triplet state in photosynthetic systems. It is therefore appropriate
to contrast our technique with other methods of extracting
orientation information; e.g., linear dichroism. First, our
method provides a good quantitatiVe estimate for the degree of
disordering of the system; this is reflected in the narrow range
of acceptable valueé for A. The determination of thé"disorder
parameter from linear dichroism experiments is much more
uncertainls. Secondly, we obtain information about the orientation

of magnetic axes rather than optical transition moment directions.

'This information provides an independent set of data which can

be used in conjunctdon with optical measurements to.locate the
bacteriochlorophyll monomers of the special pair within the
membranes . |

The pfoblem of the orientation of the dimer pair in the
photosynthetic membrane can be divided into two parts:

1) The relative orientation of the two bacteriochlorobhyll

monomers. This can be specified by five angles and the

center-to-center distance, R12'
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»2)ﬂ’r0rientation_of the‘dimer'pair withvrespeet.to the
'membrene surface. _This'is.specified‘byvthree angles,
h]In"this'paperlwe have_determined-tne of;the three angles

:neededfto:orient the dimer pair in the membrene, The third
'angie'may not be'nniform'OVer:the ensemble, (e.g. if the dimer
pair has no jreferred'orientation‘abeut'the normal to the membrane). It
'mayfheWpossible tp.bombine our results withvthe linear dichroiem
’bhetudies'to inVestigatevthis;queStiQn:more'quantitatively-.
‘QUrmresﬁits,'in combinetion‘mith"the linear diehroiem work ,
- Set”eomeicenditionS'in'the relative orientationiof theftwo.

’ monomere. However, there are not enough 1ndependent condltlons

to determlne the six. unknown coordinates for thls part of the

' problem. We therefore 1ntend to comblne _the presentFwork and

.llnear dlchr01sm measurements with c1rcular dlChPOlsm and optieal
:detectlon of-magnetlc resOnance date'tovobtaln a.coherent,and._
'eelf-ccnsistentbpieture'of'the etrnctUre‘ofithevreaction:centerv_
in bacterial. photosynthe81s The use‘of theSevtechniqueS-in
‘comblnatlon w1ll over—determlne the solutlon to this very

: 1mportant problem and therefore,-allow us -to propoee e
structure for the relative orlentatlon of the two bacterlo-
chlorophyll monomers.w1th respect to each other and,tO’spe01fy

: the orlentatlons of the dlmer palr w1th respect to the membrane

_'1n whlch it re81des.'
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'TABLE 1

‘Experimental Amplitude Ratios

+

+ + + *
z5, X, Y

1 2
bof_the triplet peaks as defined in the Materials and Methods

and Y, refer to the amplitudes (in arbitrary units)

.Section. The errors represent the range of possible values for the ratios as

deduced from the repeatability of the amplitude measurements.

I o WA Zi/Yi | , 25 1Y
Rps._viridis' ' _
Random . -1.6 £ .1 -5.8 + 1.0 5.8 ¢+ 1.0
Parallel o -1.2: a1 ~4.1 % .7 2.5 t .3
Perpendicular - -1.7 * .1 -9.6 & 1.7 9.6 + 1.7
Rpé. palustris
" Random -2.1 % .1 -3.6 t .3 4.2 t .4
Parallel . -1.8

I+
N
1
N
.
o
H+
.
SN
N
.
[42]
H+
.
N

I+
)
|
=
~

+

o
o
-
+
(oo}

Perpendicular -2.2
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TABLE 2 *

Zero-Fleld Spllttlng Parameters and Relatlve Rate Constants ‘

for Intersystem Cr0551ng

F'I'jh_e IDI and |E] zero fleld spllttlng parameters are given in

cm-:;_ unlts.‘_ k};, 'ky and k refer to rate constants for de-

pbpnl‘at‘iovnpf' :tvhe.tripletv‘spln‘ s’ub‘ley_el_s assoc1ated Wlth.~the 'x'i.",'
| Yt and Z't tri_plet- peaks ‘-as_ _defined in the Materials and M.‘ethods;'v

L Section. The -érrors in the lDl and IEl 'Values’ ’arev caicxﬂated frem the

repeatablllty of the 51gnal p051t10n determmatlons. ”[he errors in the rate

constants a.mount to no ‘more than 2.5 and arise from the range of acceptable

k values which - f1t the random spectrum

D] | lEL 0 Kikoikl
: . X ¥ Z

Eps. viridis 0.0153 £ 0.0002  0.0037 + 0.0002 7.5:10.0:1,0
£0.0002  0.0035 + 0.0002 9.0:6.0 :1.0

Rps. palustris .~  0.0183
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TABLE 3

Orientation Parameters for the Primary Donors

in Photosynthetic Bacteria

Xn, Yn and.Zn*are thé calgulated projectiopsbcf_the x",.y" énd
z" prinéipal-magnetic axes onto the normal to the membrane. 1.7A
is the'distribution width (in radians) of the ﬁwobble" angle ,

wW. ~ The values in pafentheses afe the:angles between |
the normal to the membréhe and thé-principal magnetic axes.

Thgy are relafed to'the projectionsvby GX = cos—an, etc.

The values were determined byvthé best fit of the theoretical

'spectra to the experimental ratios ~given in Table 1.

X Y Z A
n - n ) n . ,

Rps. viridis 0.67(48°) ~ 0.74(42°)  0.10(84°)  0.40

Rps. palustris 0.69(u46°) 0.69(46°) 0.25(76°)  0.60
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TABLE 4
Bounidary Conditions' fc}rfhé Regions of. Sdlution

‘The regions of solufio_n are ».gi‘v’e’nuby a r'ectbangular?parailelepiped, L T
| "ifhe.’ 'dvimenski:onsv"_d‘f which a‘f’e .'cllete.rmj..ned‘by X, and Z'n.'w'hic‘:h are the |

" pro_je'ct‘idns of the x" and z" magnetic axes onto the normal to ‘the

' mé'n'tbran’e',v and A whicb 1s ‘ch»e dis.o'rder paf_ame;cér ‘as- |

| v-._defin'ed in >the text. . - : ,No..solu‘tion o_utsidé these

'ré"_gions fe}l]'_.' .within experimental error.

Rps. viridis ~ 0.85<X_<0.75  0.0<Z_<0.15 . 0.3 <4 <0.5

'Rps. p&Zustfisj"0;5<Xn<0.7 . 0.0<%Z.<0.3 . 0.4<4<0.8
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'FIGURE CAPTIONS

1 Axis system and symmetry operatioh definitions. x, y and

z define the laboratory axis system . ; x', y' and z'

the:intermediate‘axis-system ;'x",_y“ and z" the

principal magnetic axis system . L is the long axis
' ’ - o Xs v and A

direction of the cell.
~are rotétipns abéut the»indicated axes. ‘%A is the alignment
fiéld diréction; and’H“} and H show thevstatig'EPR field
directions used in the present experiments. Insert

dispiays a section of the cylindrical membrane surface.

‘The wobble angle, w, is defined as the angle between the membrane normal, z',

‘and the perfect cylinder normal, N, (i.e. N ] L).

2) Rhodopseudomonqé viridis experimental - triplet state spectra.
é)v' Spectra of randomly ordered, chemically reduced whole
‘cells was taken with the followihg condifions:.sweep time ,
8 min; modulation frequency , .100 kHZ; modulatioﬁ amplitude ,
16 Gauss; receiver gain, 32; temperature , ll°K;vmicro-
wave powér, 10 uwéttsgvmiérowave frequéncm . 9.077 GHz;
iight modulation frequency,' 33.5AHz; fecérder time constant,
-3 seé; | | ‘
b) Spectra taken with the static EPR field parallel to
the-alignmentifieid. The other conditions are the same
as.a) | -
o) Spectra taken with the~statichPR field perpendicular
to the aligﬁmenfvfield._vThe-other éonditions are the

same as a).-



4)

s)v,

S a) Spectra’df randomiy'ordered,.éhemically reduced

'modulation amplitude, 16 Gauss; receiver'gain, 63;

‘the jZ*|

34

Rhodbpseudomonas palustris experimental triplet state

spectra.

whole cells was'taken with the following conditions:

sweep time , 8 min; modulation frequency , 100 kHz; ; v

temperature ; 11°K; microwave power , 10 uwatts;

| gierwave frequency , 9.077 GHz; light‘modulation
_fréqueﬁéy; 33.5 Hz; recorder time constant, 3 sec.
rb) Spectra_taken.with the static EPR field péraliel
‘fb’thévalignment.fieid.v'The Qtﬁér conditiéns are the
'same as a).

¢) ~ Spectra taken with the static EPR field perpendicular

tO the alignment field. - The other conditions are the

same as a).

Rhodopseudomonas viridis cbmpufer simulatéd'triplet state
spéctra assuming a) random,b). parallel and ¢) perpendicular
orientations of the'static.EPR field directionbwith respect
to the alignment field direction. Hspecfragare normalized,

to the |27 +'fX-| peak amplitudes.

Rhodopseudomonas palustris computer simulated tfiplet'state_

_Spectrafassuming a) random, b) parallel and ¢) perpendicular o

orientations of the static EPR field directions with respect

, to_the’aiignment field direction. Spectra are normalized to

+:|Xf|}'
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6) - Rhodopseudomonas viridis plots of theoretical amplitude
ratio ~minus_experimentalvamplitudé'ratio, RT.; Rps

versus the projection, X.» of the x" principal magnetic

axes‘bntp the normal to the membrane fér.Zn 0.10

. and A = 0V.40.

7) RhodopseudoménasvpaZustris plots of ‘theoretical amplitude
'fatio .minus experimental amplitude ratio, RT‘; Rp»
versus the projection, XnQ,Of the x" principal magnetic axes
onto the hofmal to the membrane  fof Zh = 0.25 and

A =.0.60.

8) Rhodopseuaomonas viridié plbts of theoreticél minus
"éXperimentallamplitude ratios versus the projection, X > of
the x" principél magnetic axes ontb the normal to the
membrane for a typical non-solution region (i.e. one

lying outside the experimental.érror).

9) Rhodopseudomonas.palustris plots of theoretical minus.
experimental amplitude ratios Vérsus fhé prbjecfion-, Xﬁ,
the x" prinéipal magnetic axes onto the normal to the
vmembrane for a typical non—SOIUtidn region (i.e. one

lying outside the experimental error).

10) Orientation of the triplet magnetic axes of the primary donors in
Rhodopseudomonas viridis ahd.RhodopseudomonasvpaZustris
with respect to the.cylindrical membrane surface.

By eYé Gz.and A'areagivén in Table 3.
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~ Rhodopseudomonas palustris
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