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ABSTRACT: Dipolar interactions with neighboring metal ions can cause enhanced spin-lattice relaxation 
of free radicals. We have applied the theory of dipolar relaxation enhancement and shown that the dependence 
of the enhanced relaxation on the protein structure surrounding the free radical can be used to obtain distances 
from the free radical to the protein surface. To test the theoretical predictions, we have examined the effect 
of added Dy3+ complexes on the microwave power saturation of free radicals in two protein complexes of 
known structure: myoglobin nitroxide and the reaction center from Rhodobacter sphaeroides. Three cases 
have been considered: (1) metal ions bound to a specific site, (2) metal ions bound randomly over the protein 
surface, and (3) metal ions distributed randomly in solution. Only case 3, which assumes no specific binding, 
gave good agreement between the distances obtained by using the two model systems. The effect of added 
Dy3+ complexes on the microwave power saturation of signal IIslow from photosystem I1 (PSII) was used 
to determine the location of the stable tyrosine radical giving rise to signal IIslow. Assuming that the surface 
of a membrane-bound protein can be approximated as planar, we have obtained distances from the tyrosine 
radical to the membrane surface in thylakoids, in PSII membranes, and in Tris-washed PSII membranes. 
The distances we have determined are in good agreement with those predicted on the basis of a structural 
homology between the D1 and D2 subunits of PSII and the structurally characterized L and M subunits 
of the reaction center from purple non-sulfur bacteria. We have also examined the temperature dependence 
of the microwave power at  half-saturation (P1 2) of signal IIslow from 4 to 200 K in dark-adapted PSII 
membranes. Above 70 K, the PI l2  increases as &.5, which is consistent with a Raman relaxation mechanism. 
But between 10 and 70 K, the Pl12 is nearly independent of temperature. Such temperature independence 
of the is highly unusual. 

x e  EPR' signal IIslow species, D+, was the first radical 
observed from PSII (Commoner et al., 1956) and is known 
to be associated with the electron-donor side of the photo- 
system. Recent studies have identified D+ as a tyrosine cation 
radical (Barry & Babcock, 1987), and site-specific mutagenesis 
has indicated it to be Tyr-160 of the D2 polypeptide from the 
PSII reaction center core (Debus et al., 1988). Signal IISI, 
is called "slow" because it is stable on the order of days at 0 
O C .  D is oxidized in the light, via the S2 and S3 states of the 
02-evolving complex (Babcock & Sauer, 1973). These S states 
refer to the model of Kok et al. (1970) postulating five in- 
termediate oxidation states (S states So+) of the 02-evolving 
complex which store the equivalents to oxidize H20 to 02. 
Evidence that D+ oxidizes the So state to S, in the dark has 
led to speculation that the role of D+ is to maintain oxidizing 
equivalents that prevent PSII from being trapped in the dark 
in the possibly unstable So state (Styring & Rutherford, 1987). 

Signal IIslow has a line width of - 19 G and a g value of 
2.0047 f 0.0002 (Kohl, 1972). The signal exhibits partially 
resolved hyperfine structure attributed to protons (OMalley 
et al., 1984). There have been a number of studies on the 
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decay kinetics of signal IIsIow and great interest in identifying 
the molecule giving rise to the signal. Nevertheless, many 
aspects of the magnetic properties of this free radical, including 
the temperature dependence of the spin relaxation rates, had 
not been explored until recently. In order to characterize some 
of the magnetic properties of D+, we have studied the tem- 
perature dependence of the microwave power saturation of 
signal IIslow between 4 and 200 K in dark-adapted thylakoids, 
PSII membranes, and Tris-treated PSII membranes (which 
lack three extrinsic polypeptides and Mn). 

Likewise, the location of D+ in the PSII reaction center has 
not been established. To obtain distance information, we have 
used the effect of added Dy3+ complexes on the microwave 
power saturation of signal IIslow. Bloembergen (1949) and 
Abragam (1955) developed the theory for the enhanced re- 
laxation caused by dipolar interactions with rare earth ions. 
Changes in relaxation and line widths have since been used 

' Abbreviations: (BChl)2+, bacterial chlorophyll dimer; chl, chloro- 
phyll; D+, tyrosine radical in photosystem I1 giving rise to EPR signal 
I18,,,w; EDTA, ethylenediaminetetraacetic acid; EPR, electron paramag- 
netic resonance; F e Q A ,  iron-quinone electron acceptor of photosystem 
11; HEDTA, N-(hydroxyethy1)ethylenediaminetriacetic acid; kDa, kilo- 
dalton(s); MbNO, myoglobin nitroxide; MES, 2-(N-morpholino)- 
ethanesulfonic acid; MOPS, 3-(N-morpholino)propanesulfonic acid; 
PSII, photosystem 11; Rb. sphaeroides, Rhodobacter sphaeroides; Tris, 
tris( hydroxymethy1)aminomethane. 
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to examine the accessibility of paramagnetic sites in proteins 
to rare earth ions, such as Gd3+ and Dy3+, added to solution. 
Hyde and Rao (1978) extended this technique by examining 
the effects of rare earth ions on free radicals in a quantitative 
way. We have applied Hyde and Rao's (1978) theory to the 
case where added rare earth ions are acting on a protein-bound 
free radical. To test the validity of the theory, we have ex- 
amined the effect of added Dy3+ complexes on the microwave 
power saturation of free radicals in two proteins of known 
structure: MbNO and the reaction center of Rhodobacter 
sphaeroides. Based on the results of these model systems, this 
method has been applied to determine the location of D+ in 
PSII. 

For our study in PSII, Dy3+ was chosen as the exogenous 
rare earth ion because it is the most potent relaxer and was 
added as the Dy-EDTA or Dy-HEDTA complex to avoid 
disrupting the Mn site and to alleviate specific binding effects. 
Uncomplexed lanthanide ions have been shown to disrupt O2 
evolution (Zitkus et al., 1987) and release extrinsic poly- 
peptides and Mn (Ghanotakis et al., 1985). Our results for 
the negatively charged Dy-EDTA complex and the neutral 
Dy-HEDTA complex were compared to determine whether 
electrostatic interactions influence the approach of the complex 
to the protein surface. To scale the Dy effect, we used 
myoglobin nitroxide (MbNO) and the bacterial chlorophyll 
dimer in Rb. sphaeroides as the model systems. The bacterial 
reaction center is believed to have a high degree of structural 
homology to PSII and should provide an excellent model for 
distances to D+. 

MATERIALS AND METHODS 
Spinach thylakoids were prepared from dark-adapted 

market spinach by the method of Yocum et al. (198 l), ending 
in a pH 6.0, 30% (v/v) ethylene glycol, 20 mM MES, 15 mM 
NaCl, 1 mM EDTA buffer with 1 mg/mL bovine serum 
albumin. PSII membranes were obtained by the procedure 
of Berthold et al. (1981) with the modifications described by 
Beck et al. (1985). O2 evolution was measured with a 
Clark-type O2 electrode, and rates between 450 and 600 pmol 
of 02 / (mg of ch1.h) were obtained with 250 pM added 23 -  
dichloro-p-benzoquinone as an electron acceptor. All spinach 
samples were pelleted and resuspended in pH 6.0, 30% ethylene 
glycol, 20 mM MES, 15 mM NaCl, 0.05% Triton TX-100 
buffer for use in the EPR experiments. All steps were per- 
formed in dim green light. 

Tris-washed PSII membranes were prepared by incubation 
of PSII membranes in pH 8.0, 0.8 M Tris-HC1 buffer at 0.5 
mg of chl/mL for 30 min on ice, in room light. Membranes 
were pelleted, then resuspended again with the Tris buffer, 
and then repeatedly pelleted and resuspended in pH 6.0, 30% 
ethylene glycol, MES-NaOH, NaCl buffer containing 1 mM 
EDTA to remove the Mn. Residual Mn after Tris treatment 
was found to be about 10%. Mn was quantitated by treating 
the samples 1:l with 1 M HC1 for 30 min and then freezing 
the samples and measuring the EPR signal intensity of the 
hexaaqua Mn compared to a standard of known Mn concen- 
tration. 

Sperm whale myoglobin (Sigma) was dissolved to approx- 
imately 0.4 mM in pH 7.0, 30% ethylene glycol, 50 mM 
MOPS buffer and converted to the NO-ligated form with 8 
mM sodium dithionite and 2 mM sodium nitrite [modified 
from Blum et al. (1983)l. Buffers were degassed by bubbling 
with gaseous N2, and sample preparation was carried out under 
a N2  atmosphere. 

Lanthanide-containing buffers for the PSII and thylakoid 
samples were prepared by chelating DyC13-6H20 or LaCl3. 
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7H20 with an excess (45) of EDTA or HEDTA in the sample 
buffer at pH 6.0. Samples were suspended in the buffer with 
the appropriate concentration of the chelated lanthanide, 
pelleted, and resuspended in the same buffer to 2-4 mg of 
chl/mL. The addition of the chelated lanthanides caused no 
loss of O2 evolution activity. Dy-EDTA-containing buffers 
for the MbNO samples were prepared at pH 7.0. The 0.4 mM 
MbNO stock solution was then diluted 1:l with Dy-EDTA- 
containing buffer to give 0.2 mM MbNO and the desired 
Dy-EDTA concentration. 

Purified Rb. sphaeroides reaction centers were helpfully 
supplied by Dr. Harry Frank and Shahriar Taremi (University 
of Connecticut, Storrs). The bacterial samples were prepared 
at pH 7.5 in 30% ethylene glycol, and the reaction center stock 
solution was diluted to give an optical density of approximately 
1.1 at 800 nm and the desired Dy-EDTA concentration. 

EPR spectroscopy was performed on a Varian E-9 spec- 
trometer. All of the EPR data presented in this paper were 
obtained by using a 100-kHz field modulation. Temperature 
control in the 4-100 K range was achieved with an Oxford 
ESR-900 liquid helium cryostat. In the 80-220 K range, 
temperatures were obtained with a liquid N2  cooled gas flow 
system controlled by a Lakeshore Cryotronics DRC-34C 
temperature controller. Temperatures below 40 K were 
measured by using a silicon diode sensor or a carbon glass 
resistor in an EPR tube at the sample position. Higher tem- 
peratures were measured with a pt sensor, also in an EPR tube 
at the sample position. A plot of the intensity of signal IIsIow 
versus (temperature)-' followed Curie law behavior between 
13 and 220 K; this was used to verify the temperature cali- 
brations. A Cr3+/Mg0 crystal, which remained at room 
temperature, was inserted via a port in a modified front plate 
for a Varian E-23 1 cavity and was used as a microwave power 
standard on each scan. 

Determination of Pl12 Values. Portis (1953) and Castner 
(1959) have derived expressions for the effect of progressive 
power saturation on an inhomogeneously broadened resonance. 
Beinert and Orme-Johnson (1 967) reduced these in the limit 
of inhomogeneously broadened lines to Sav'P/(l + P/Pl/2)1/2, 
where S is the EPR absorption signal amplitude, P is the 
applied microwave power, and Pllf is the microwave power 
at half-saturation. Pl12 is proportional to the mi- 
crowave magnetic field needed to saturate a spin packet and 
defined by (H112)2 = 1/yZT1T2. For intermediate cases be- 
tween perfectly homogeneous and inhomogeneous, the ab- 
sorption amplitude can be empirically fit to the function: 

S = K f i / ( l  + P/Pll,)b/2 (1) 

where b is the inhomogeneity parameter determined by the 
ratio of the Lorentzian spin packet width to the Gaussian 
envelope width and K is a proportionality factor. For the EPR 
derivative amplitude, b varies from 1.0 to 3.0. Following the 
method of Rupp et al. (1978), the saturation profiles were fit 
to eq 1 by using a nonlinear least-squares fitting program 
(Bevington, 1969). Preliminary fits were done by allowing 
b, and K to vary simultaneously. For EPR signal IIslow, 
the value of b obtained from these fits was found to increase 
monotonically with temperature. This is expected when the 
homogeneous line width becomes larger with increasing tem- 
perature. Final fits were done with the value of b specified 
to ensure that b varied smoothly with temperature. For signal 
IIslow, the line width is largely determined by inhomogeneous 
broadening arising from unresolved hyperfine interactions. 

To determine whether rapid-passage effects were influencing 
our values, we compared data obtained for signal IIslow 
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with loo-, lo-, 1.0-, or 0.27-kHz magnetic field modulations 
at 5.2 and 12.6 K. At these temperatures, eq 1 gave a better 
fit to the data when the field modulation frequency was lower, 
perhaps because of small rapid-passage effects at the highest 
modulation frequencies. But the distances obtained from the 
effect of Dy-EDTA on Pl12 were not significantly different 
with different modulation frequencies. 

Distance Determinations. Theory. Dipolar interactions with 
neighboring metal sites cause fluctuations in the local field 
observed by a free radical, dependent on the lifetime of the 
spin state of the metal ions. Time-dependent perturbation 
theory can be used to show that this will result in an en- 
hancement of the relaxation of the free radical. Since re- 
laxation mechanisms are additive, this dipolar-induced term 
is simply added to the intrinsic relaxation of the free radical: 
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( / Tllmeasurcd = ( / Tl)intrinsic + ( l  / Tl)diple-induced ( 2 )  

Bloembergen (1949) and Abragam (1955) determined equa- 
tions for the enhancement of the relaxation of a free radical 
due to the influence of paramagnetic metals in a solid. As 
Hyde and Rao (1978) discuss, for rare earth ions such as Dy3+, 
one term of these equations will dominate. So for the effect 
of one Dy3+ ion on the relaxation of a single free radical, the 
expression of interest is 

Innes and Brudvig 

(PI/Z)measured = (PI/2)intrinsic + (Pl/Z)Dy-induced (6) 
The Dy-induced term will be proportional to the Dy-in- 
duced l / T l .  If the Plj2 terms in the presence and in the 
absence of Dy3+ are measured, the Dy-induced can be 
determined from the difference. If the change in PI/' caused 
by a given concentration of Dy3+ is designated AP1l2, we can 
write 

API/z  = CA[Dyl(Cr4) (7) 
i 

where the constant C represents the collection of terms that 
are expected to remain much the same for all dipolar inter- 
actions between free radicals and Dy3+ ions. 

The effect of added Dy3+ on the spin-lattice relaxation of 
the free radical is measured as a change in PI/' with Dy3+ 
concentration: A P , I ~ / A [ D ~ ] .  In order to determine the 
distance dependence of this effect, it is necessary to calculate 
Cir4 over all possible sites for the Dy3+ ion. When Dy-EDTA 
is added to samples, three scenarios can be imagined. 

(1) The first possibility is that the Dy-EDTA is binding to 
a specific site on the protein and that only the Dy bound to 
this site is contributing to the enhanced relaxation. In this 
case there is only one possible binding site, i = 1, and an rd 
dependence results: AP1/2/A[DyJ = Cr4. It is unlikely that 
this is the appropriate treatment for the samples considered 
in this paper. If there were tight binding to a single site, the 
site would fill rapidly, giving saturation of the effect with added 
Dy3+. For the samples in this study, a linear increase of Pl12 
with [Dy] was observed up to 20 mM Dy-EDTA, the highest 
concentration used. This would argue for such a low affinity 
that the "binding site" would have a concentration similar to 
that of the random sites in solution. 

( 2 )  The Dy-EDTA could be bound nonspecifically to the 
surface of the protein. This is a more likely possibility. Dy3+ 
chelated by EDTA has two remaining coordination sites, 
usually occupied by water. The Dy-EDTA complex could 
bind to the protein surface by ligating to surface carboxyl 
groups. Likewise, the EDTA complex could form hydrogen 
bonds with surface groups. To determine a distance depen- 
dence in this case, it is necessary to evaluate Cir" over all 
possible sites, i, on the surface of the protein. If the distribution 
of the sites for Dy-EDTA is envisioned as continuous, this sum 
can be treated as a surface integral of the form 

where cjz = (g/4)(rj)'(rk)'(h2 sin' 8, cos' %,)r4 and the 
subscripts j and k refer to the free radical and the Dy3+ ion, 
respectively; r is the distance between the sites; Br is the angle 
between the radial vector and the magnetic field. 

The spin-lattice relaxation actually observed for a free 
radical is a superposition of the relaxation behaviors of all the 
individual radicals, each interacting with its neighboring metal 
sites. Using an argument of Kittel and Abrahams (1953), 
Hyde and Rao (1978) simplified the problem of summing over 
the contributions of all the individual free radicals, each in- 
volving a sum over the interactions with all metal ions: 

Instead, a free radical in an "average" environment is con- 
sidered, and the sum is taken over all available sites for the 
Dy complex, whether occupied or not, weighted by the prob- 
ability cr) that any given site is occupied: 

The probability (f) is proportional to the concentration of metal 
ion. It is assumed that all metal spin-lattice relaxation times 
are the same. All of the constant terms in the expression can 
be included outside the summation. Since all orientations of 
the radial vector with the applied field are equally probable, 
the angular dependence is also a constant contribution, and 
the dipolar-induced relaxation is proportional to the sum over 
all sites: 

(l/TI)Dy-induced [Dylxr4  (5) 
i 

It is the calculation of this sum that determines the distance 
dependence of the dipolar interaction. 

For a system with a constant T2, changes in l /T l  can be 
followed by measuring the P,,' value. Therefore, from eq 2: 

where the dependence of the radial distance r on 9 and 4 is 
determined by the structure of the protein under consideration. 

(3) The final possibility is that the Dy-EDTA remains 
dispersed randomly in solution. For the high concentrations 
of Dy-EDTA used here, this is the most likely case. This 
requires that we sum for the distance dependence over all space 
not excluded by the protein. The sum over a continuum of 
sites yields an integral of the form 

Again, r(%,@) is determined by the structure of the protein. 
Distance Determinations. Calculations. In order to obtain 

the appropriate distance dependence, both the distribution of 
the interacting Dy3+ ions and the structure of the protein 
surrounding the free radical must be considered. Three 
possible modes for the Dy-EDTA distribution are discussed 
above: binding to a single site, binding randomly over the 
protein surface, and dispersed in solution. We have studied 
the Dy-induced relaxation of free radicals in both water-soluble 
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proteins (MbNO) and membrane-bound proteins (PSII and 
the reaction center of Rb. sphaeroides). 

If Dy-EDTA binding at a single site is the only significant 
contribution to the change in Pl12, then Cir4  = k4, where 
k is the distance from the binding site to the free radical. This 
will hold true regardless of the particular protein structure. 
This distance dependence can be used to model effects in 
systems where there is a known binding site for Dy3+. Blum 
et al. (1980, 1983) have chosen to use an rd dependence to 
model the effect of Dy3+ complexes on the microwave power 
saturation behavior of a variety of paramagnetic sites. But 
an r4 dependence is not actually appropriate, because they 
explicitly assume that there is no unique binding site and 
postulate that the Dy3+ complex is binding to multiple sites 
over the protein surface (Blum et al., 1980, 1981, 1983). We 
found no evidence that the Dy-EDTA complex was binding 
at a specific site on MbNO, Rb. sphaeroides reaction center, 
or PSII. 

Soluble Proteins: MbNO. On the basis of crystallographic 
data (Watson, 1969), we have approximated MbNO as an 
oblate spheroid with the heme Fe offset from the center of the 
spheroid by m (A) along one of the major axes and by n (A) 
along the minor axis. 

(a )  Surface Binding of DpEDTA.  If Dy-EDTA is binding 
to the surface, Cir4  is approximated by the integral in eq 8a. 
For this model, we define the radial distance: 
r = [ p n  cos 4 + m sin 0 sin 4 + [(pn cos 4 + 

m sin e sin 4)2 + F(4)(a2 - m2 - pn2)]'I2]/F(4) (9) 

where p = a2/b2, a is the half-width of the major axes, b is 
the half-width of the minor axis, and F ( 4 )  = 1 + (p - 1) X 
cos2 4. If m and n are considerably smaller than a and b, the 
integral can be solved to a good approximation as 

Cr-6 = X 
i 

27ra2 
(a2 - m2 - pn2)4  

[(a2 - 2m2 - 2 p n 2 ) [ 2  + y 3 ( p  - 1) + ys(p - 
8p2n2[y3 + ~ S ( P  - 1)l + 4m2[2 + 

+ 
- 1111 (10) 

( b )  Random Distribution of Dy-EDTA. If Dy-EDTA is 
distributed randomly in the frozen solution, the same definition 
for radial distance, eq 9, is used in the integral (eq 8b). Again, 
an approximate solution is obtained: 
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mated as an infinitely large plane, the radial distance is simply 
r = kl cos 4, where kl is the distance from D+ to the surface 
of the plane. In PSII membranes, both membrane surfaces 
are exposed. If both surfaces are treated as planar, rl = kl 
cos 4 and r2 = k2 cos 4, where k2 is the distance to the plane 
approximating the inner membrane surface. 

( a )  Surface Binding of Dy-EDTA. For samples, such as 
thylakoids, where only one side of the membrane is exposed, 
the solution to the integral (eq 8a) is straightforward and yields 

C r +  = ( 2 ~ / 5 ) k ~ - ~  (12a) 
i 

For samples, such as PSII membranes, where both membrane 
surfaces are exposed 

(1 2b) CF6 = ( 2 ~ / 5 ) ( k , - ~  + kz4) 
i 

( b )  Random Distribution of Dy-EDTA. If Dy-EDTA is 
dispersed in solution, the integral (eq 8b) for thylakoids uses 
the same simple expression as above for r.  This results in a 
concise solution: 

C f 6  = ( ~ / 6 ) k ~ - ~  (13a) 
i 

In PSII membranes, the enhanced relaxation is a function of 
the distance from D+ both to the outer membrane surface ( k , )  
and to the inner membrane surface (k2 ) :  

= ( ~ / 6 ) ( k ~ - ~  + k2-3) (13b) 
i 

When the surface of a large protein or a membrane-bound 
protein complex can be approximated as an infinite plane, 
Cir4  can be expressed as a simple function of the distance 
from the free radical to the surfaces of the protein. If the 
membrane can be sealed to limit the approach to only one 
surface, the expression for Cird  contains only one variable, 
k,. And having determined kl ,  using eq 12b or 13b, as ap- 
propriate, will allow us to solve for k2. This approach can be 
generally applied to free radicals in suitable membrane pro- 
teins. 

Membrane Proteins: Rb. sphaeroides. We have modeled 
the bacterial reaction center from the structure presented by 
Yeates et al. (1987). The L and M subunits are approximated 
as an elliptical cylinder embedded in the membrane, with the 
H subunit as a hemisphere protruding on one surface. 

(a) Surface Binding of Dy-EDTA. Dy-EDTA binding to 
the membrane surface for the bacterial reaction center is 
approximated in the same way as for PSII membranes, except 
for the surface of the H subunit. The radial component over 
the hemisphere of radius k3 is described as r2 = kl) cos 4 + 
[ k i 2  cos2 4 - (k22 - k32)]1/2, where kl) = k2 - w (w is the 
distance from the Dy3+ to the surface, occupied by the EDTA 
complex). The resulting expression is 
C r 4  = ( 2 ~ / 5 ) ( k , - ~  + k24 cos5 42) + 

i 
( ~ / 4 0 ) [ ( 1  - coss c ~ ~ ) / c o s ~  42]kl)-4 (14) 

where 42 is the angle between the axis of the cylinder and the 
radial vector connecting the site of the radical and the junction 
where the hemisphere connects to the plane. 

(b)  Random Distribution of Dy-EDTA. If the Dy-EDTA 
remains in solution, the bacterial reaction center is still ap- 
proximated as above, and integrating over all space not ex- 
cluded by the planes approximating the membranes and L and 
M subunits, or by the hemisphere of the H subunit, results 
in an expression: 
c r d  = ( ~ / 6 ) ( k , - ~  + k2-3 cos4 42) + 

where X = [ v ' p  + (p - 1)1/212. 
These results for Cird  are completely general and can be 

applied to any model protein that can be approximated as a 
spheroid, if it contains a free radical site located so that m and 
n are small compared to a and b. But because of the complex 
dependence on the structural parameters, this dependence is 
not useful for obtaining distances in uncharacterized water- 
soluble proteins. 

Membrane Proteins: PSII. D+ in PSII is part of a large 
membrane-bound protein complex. In thylakoids, only the 
outer side of the membrane is exposed to Dy-EDTA. If it is 
assumed that the outer membrane surface can be approxi- (n/48)[(1 - cos4 ~ J ~ ) / C O S ~  421kl)-3 (15) 
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FIGURE 1: Continuous microwave power saturation of EPR signal 
II~low in dark-adapted thylakoids. The concentrations of Dy-EDTA 
added were (a) 20 mM, (b) 15 mM, (c) 10 mM, and (d) 0 mM. The 
curves are offset on they axis by an arbitrary amount. Conditions: 
temperature, 14.0 K field modulation width, 4.0 G. Inset: EPR signal 
IIsI, in dark-adapted PSII membranes. The intensity of signal IIdow 
was measured as the peak to base line height as indicated by the arrows. 
The scan was centered at 3250 G with a width of 100 G. The signal 
at 3288 G is from the Cr3+/Mg0 crystal. The intensity of the Cr3+ 
signal was measured as the peak-to-peak height. 

The equations for the sum over the radial vector dependence, 
Z i p ,  are applicable to any protein that can be approximated 
with the same geometric forms. With the appropriate equa- 
tions for Cir4 from a model system, the proportionality 
constant, C, can be determined by plotting the change in the 

value versus the change in the concentration of Dy-EDTA 
to obtain the slope, APIl2/A[Dy]: 

(AP1/2) /(A P Y l )  

Cr4 C =  (16) 

The constant C should be roughly the same for any free radical 
interacting with Dy3+ at the same temperature, but the values 
are determined by factors (such as the cavity Q) that will vary 
with the instrumentation. Data for the model system and the 
unknown sample should be measured on the same spectrom- 
eter. This value for C can then be applied to APII2/A[Dy] 
data for an uncharacterized system, and a value for Cir4 can 
be determined. If Cir4  can be expressed as a simple function 
of the distance from the free radical to the surface of the 
protein, this distance of closest approach can be determined. 

RESULTS 
Temperature Dependence of Signal IIsrow Relaxation. The 

signal intensity, S,  of EPR signal IIslow was measured as the 
peak to base line height of the lowest field peak (inset to Figure 
1). Figure 1 shows typical plots of the continuous microwave 
power saturation behavior for signal IIslow from thylakoids. 
Data are shown as log ( S / d P )  vs log P, where P is the mi- 
crowave power. In this presentation, log ( S / d P )  remains 
constant in the limit that P << In the P >> P!lz limit, 
log ( S / d P )  exhibits a linear dependence on log P, having slope 
m = -0.5b. 

The microwave power saturation for signal IIslow from 
dark-adapted PSII membranes was measured over the range 
4-200 K (Figure 2). Also included in Figure 2 are data for 
signal IIslow from thylakoids. Between 13 and 40 K, the Pl12 
of signal IIslow from PSII membranes appeared to be only 
slightly higher than that from thylakoids. In the high-tem- 
perature region, T > 70 K, the Pl12 of signal IIsIow from PSII 

i 
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FIGURE 2: Temperature dependence of the P I l 2  of signal IIslow in 
dark-adapted PSII membranes ( 0 , O )  and thylakoids (0). The circles 
represent P1 (mW) data taken with a liquid He cryostat; the open 
squares are blj2 data taken with a liquid N2 cooled system. The data 
taken with the liquid N2 cooled system were normalized to the liquid 
He Pllz values to adjust for changes in the microwave cavity Q factor 
caused by the different temperature control e uipment. The slope 

dence. The error bar at 14 K for the PSII membrane data indicates 
the standard deviation for this Pl12 determination, which is the average 
of five measurements on different PSII preparations. Conditions are 
described in Figure 1. 

of the higher temperature data indicates a p. 9 temperature depen- 

membranes exhibited a P5 temperature dependence. This 
is consistent with a Raman relaxation mechanism and is similar 
to the Po dependence reported for the P 1 / 2  of ultraviolet-in- 
duced tyrosine radicals (Sahlin et al., 1987). But below 70 
K, an unusual temperature dependence was observed. Between 
40 and 70 K, the P1/2 continued to decrease but no longer 
followed a p.5 dependence. Between 40 and 10 K, the 
was nearly constant and actually appeared to increase slightly 
with decreasing temperature. Below about 10 K, the Pl12 again 
dropped with decreasing temperature. This behavior points 
to the existence of an unidentified, additional relaxation 
mechanism for signal IIslow. The unknown mechanism is most 
effective above 13 K, although it becomes less significant above 
40 K where the temperature-dependent Raman relaxation 
process is becoming dominant. 

One explanation for this phenomenon is a dipolar interaction 
between D+ and a bound paramagnet in the protein. Several 
paramagnetic metal sites are known to be associated with PSII: 
the four Mn of the oxygen-evolving center, the heme Fe of 
cytochrome b559, and the Fe2+ of the Fe-Q, electron acceptor. 
Of these, cytochrome b559 can be immediately eliminated, as 
only a small amount of the paramagnetic, oxidized form is 
present in untreated, dark-adapted samples. 

To determine if the relief from microwave power saturation 
below 70 K was caused by a dipolar interaction of D+ with 
the Mn site, a study of the saturation was done for signal IIslow 
from Tris-washed membranes over the range 8-180 K (data 
not shown). The removal of Mn and the extrinsic 17-, 23-, 
and 33-kDa polypeptides by Tris treatment did decrease the 
microwave power necessary to saturate signal IIslow but did 
not eliminate the unusual temperature dependence of the PI/* 
observed below 70 K. The unknown relaxation mechanism 
cannot, therefore, be assigned to a dipolar interaction with the 
Mn. The decrease in P l 1 2  of signal IIslow upon Tris washing 
may indicate the loss of a weak magnetic interaction between 
D+ and the S, state of the Mn complex. It is, however, equally 
likely that the change in behavior in the Tris-PSI1 membranes 
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dicating that charge repulsions or attractions do not affect the 
approach of Dy-EDTA to the membrane. 

In order to confirm that the effect of Dy-EDTA on the PlI2 
of signal IIslow was due only to magnetic interactions, 20 mM 
of the diamagnetic complex La-EDTA was added to PSII 
membranes. No significant difference in the Pi12 of signal Ibw 
was observed between untreated PSII membranes and PSII 
membranes with 20 mM La-EDTA added. 

PSII-enriched preparations are thought to consist of mem- 
brane sheets surrounded by an annulus of detergent (Dunahay 
et al., 1984). In these PSII preparations, the Dy-EDTA 
complex has access to both sides of the membrane. In order 
to measure the distance to D+ from the outer membrane 
surface, the effect of Dy-EDTA was examined with intact 
thylakoids. The intactness of the thylakoids toward the Dy 
complex was verified by addition of Dy3+. Intact right-side-out 
thylakoids show very little inhibition when rare earth ions are 
added to the O2 evolution assay medium, even at 2.5 mM 
(Zitkus et al., 1987). But PSII membranes are completely 
inactivated. Our results showed that addition of 1 .O mM Dy3+ 
to PSII membranes reduced the O2 evolution activity to about 
10%. At the same concentration, thylakoids retained 99% of 
their activity. It was assumed that the impermeability of the 
thylakoids toward Dy3+ indicated that they were intact toward 
the larger Dy-EDTA and Dy-HEDTA complexes. Addition 
of the Dy3+ as the Dy-EDTA or Dy-HEDTA complexes 
caused no inhibition of O2 evolution, even in PSII membranes 
incubated for up to several hours in the dark with 20 mM 

The plots of the change in PlI2 (AP1/2) versus Dy-EDTA 
concentration for MbNO and for the Rb. sphaeroides chlo- 
rophyll dimer are shown in Figure 4. The data for AP112 
versus A[Dy-EDTA] for signal IIslow from thylakoids, PSII 
membranes, and Tris-washed PSII membranes are presented 
in Figure 5. The data for PSII membranes (Figure 5b) and 
Tris-PSI1 membranes (Figure 5c) are the averages of three 
concentration dependence studies, and the error bars indicate 
the standard deviations of the APl12 values determined for 10 
mM Dy-EDTA, which are representative of the errors for all 
concentrations. The data for the PSII membranes (Figure 5b) 
included points from the Dy-HEDTA results, which exhibited 
the same behavior as Dy-EDTA. 

To determine which assumption for the distribution of 
Dy-EDTA is most appropriate for this experiment, MbNO 
was used as a model system to obtain distances to the (BChl)2+ 
in Rb. sphaeroides reaction centers. Distances were calculated 
by assuming each of the possible models for Dy-EDTA dis- 
tribution. These values can then be compared with the known 
distance from the X-ray crystal structure. 

One-Site Binding. If the Dy-EDTA is interacting from a 
single binding site, Cis  calculated with APl12/A[Dy] data for 
MbNO by using eq 16, where Cir" = kd. We have chosen 
to assume that the Dy3+ coordinates directly with a group on 
the protein surface at a site near the closest approach. A 
distance of k = 8.3 A from the MbNO heme Fe to the closest 
point on the surface of the spheroid was used. With this value 
for C, the same equations were used to determine kd in the 
bacterial reaction center, where k was the distance from 
(BChl),+ to a binding site on the protein surface. 

Surface Binding. For the assumption that Dy-EDTA is 
associated randomly over the surface of the MbNO, C,r4 is 
calculated from eq 10. To obtain values for the parameters, 
we have used crystallographic data for MbNO (Watson, 1969) 
and lanthanide-EDTA complexes (Hoard et al., 1965). As- 
suming that Dy-EDTA binds via hydrogen-bonding interac- 
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FIGURE 3: Temperature dependence of the PIl2  for signal I L  in PSI1 
membranes containing 20 mM Dy-EDTA (A) compared with the 
P112 from untreated PSII membranes (0). The measurements were 
made as in Figure 2. 

is due to a structural change which alters the effectiveness of 
the existing relaxation pathways. A structural change of this 
type might also explain the small difference between the Pl12 
of signal IIslow from PSII membranes and the PlI2 of signal 
IIslow from thylakoids. 

The remaining known metal site is the Fe2+ associated with 
QA on the electron-acceptor side of PSII. Recent work 
(Zimmermann & Rutherford, 1986; Petrouleas & Diner, 
1987) has shown that, in the presence of phenyl-p-benzo- 
quinone, it is possible to oxidize the Fe2+ of the FeQ, to Fe3+, 
with an estimated yield of about 50% (Petrouleas & Diner, 
1987). We found that the PIl l  of signal IIslow was unchanged 
when the Fe was oxidized by the procedure of Petrouleas and 
Diner (1987). 

If none of the known paramagnetic sites in dark-adapted 
PSII membranes are involved, our data may indicate the 
presence of another, as yet undetected, paramagnet associated 
with PSII. Alternately, it is possible that the unusual tem- 
perature dependence reflects a coupling of signal IIslow spin- 
lattice relaxation or phase memory to a temperature-dependent 
molecular motion as has been reported in anthracene-dlo 
(Brown, 1979). 

The temperature dependence of the PlI2 for MbNO was also 
studied. Two forms of MbNO exist in frozen samples (Yo- 
netani et al., 1972), giving distinct EPR spectra (Morse & 
Chan, 1980). Measuring the signal intensity at the g =Z 2.0 
peak, where there is considerable intensity from both forms, 
and at the low-field shoulder (g = 2.1), which is dominated 
by a single form, resulted in slightly different values for Pi12. 
However, the temperature dependences of the values for 
the two forms were the same over the temperature range 
measured. Between 10 and 60 K, both sets of Pil.z values 
showed a T2.4 dependence (data not shown), in keeping with 
a Raman relaxation process. Both forms also show the same 
concentration dependence for the effect of added Dy on Pilz. 

Effect of Dy-EDTA on Signal ZZslow. Figure 3 shows the 
effect of 20 mM Dy-EDTA on the microwave power satu- 
ration of signal IIslow over the temperature range 4-200 K. 
Dipolar interactions between Dy and D+ provide relief from 
power saturation for signal I h  at low temperatures, but above 
100 K this enhancement is no longer a significant addition 
compared with the intrinsic relaxation. The neutral Dy- 
HEDTA complex caused the same effect on the microwave 
power saturation as the negatively charged Dy-EDTA, in- 
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Table I: Distance from (BChl)2+ to Rb. sphaeroides Reaction 
Center Surface 

distance (A) 
Dy-EDTA distribution API 2 / A P Y l  

samDle ( m h / m M )  one site surface random 

N . 
n- 
Q 

9.0 

a .  MbNO t 6.0 A 
3 ' 0  1//:=l;4*9, 1 
0.0  

0 . 0  1 . 0  2 . 0  3 . 0  4.0 5 . 0  

[Dy -EDTA]  

m = O .  1704 

0.0 4 . 0  8.0 12.0  1 6 . 0  20.0 
[Dy-EDTA] 

FIGURE 4: Change in the PIi2 value with change in [Dy-EDTA] for 
(a) MbNO and (b) (BChl)2 from Rb. sphaeroides reaction centers. 
AP, (mW) is the difference between the PI/* in samples with Dy- 
ED+A and without Dy-EDTA. The slopes of the linear fits, m, are 
given in units of mW/mM. 

d 
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m=O. 0507 
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FIGURE 5: Change in the P1/2 value with change in [Dy-EDTA] for 
signal IIh in (a) thylakoids, (b) PSII membranes, and (c) Tris-washed 
PSII membranes. Each data point is the average of two to three 
measurements. The error bars indicate the standard deviations of 
AP1,2 from the average of three measurements. The slopes of the 
linear fits, m, are given in units of mW/mM. 

tions, we have approximated the Dy-EDTA complex, with the 
hydrogen bond, as a sphere of radius 6.1 A. Adding this 

~ ~~ 

MbNO 1.49 i 0.07 
(BChl)2+ 0.170 f 0.003 11.9 f 0.1 11.8 f 0.2 14.5 f 0.2 

Table 11: Distance from D+ to PSII Surface 
distance (A) 

model A P , , 2 l A P Y l  
sample (mW/mM) MbNO (BChl)2+ 

thylakoids 0.038 f 0.004 outer side 26.9 f 1 26.2 f 1 
PSI1 0.051 f 0.004 inner side 42.0 f 6 40.9 f 6 
Tris-PSI1 0.074 f 0.003 inner side 27.7 f 1 26.9 f 1 

distance to the parameters for MbNO, we have obtained a = 
(20.0 + 6.1) A, b = (13.5 + 6.1) A, m = 8.0 A, and n = 4.5 
A. The resulting value for = 1.09 X lo-". By use of 
the AP,I~/A[DY] data for MbNO with eq 16, C = 1.37 X lo4. 

We have approximated the L and M subunits of the Rb. 
sphaeroides reaction center as an elliptical cylinder with a 
height of 50 A, based on X-ray crystallographic data and 
interpretation by Yeates et al. (1987). The H subunit was 
assumed to be a hemisphere of radius 25 A bound to one face. 
The value for C, calculated from the data from MbNO, was 
used with the (BChl)2+ data and eq 14 and 16 to obtain k, .  
The distance from (BChl)2+ to the protein surface is presented 
in Table I as ( k ,  - 6.1). 

Random Distribution of Dy-EDTA. If Dy-EDTA is in- 
teracting from random positions in the frozen solution, the 
structural parameters include a radius for the Dy-EDTA with 
a van der Waals exclusion and a van der Waals distance from 
the surface of the protein. This added distance was assumed 
to be approximately 6.1 A, so the values for the parameters 
were the same as those given above. Cir-6 for MbNO was 
calculated with eq 11. This was used to calculate a value of 
C = 2.98 X lo3. Equations 15 and 16 were used with data 
for (BChl)2+ and this C to obtain k , .  The distance from 
(BChQ2+ to the protein surface is presented in Table I as ( k ,  

Based on X-ray crystallographic data and interpretation by 
Yeates et al. (1987), the chlorophyll dimer was assumed to 
be approximately 14 A from one face of the cylinder. Com- 
parison of the distances calculated under the different models 
for the distribution of Dy-EDTA shows that both the sin- 
gle-site and surface-binding models cause a significant un- 
derestimate of this distance. As expected, the assumption that 
Dy-EDTA remains dispersed in solution provides the best 
model for the dipolar interaction between Dy3+ and (BChl)z+. 

The assumption that Dy-EDTA is randomly dispersed was 
used to calculate the distances included in Table I1 with both 
MbNO and Rb. sphaeroides as model systems. In all cases, 
C was calculated from C i f 6  by using eq 16. CMvIbNO was 
obtained with the values a = 26.1 A, b = 19.6 A, m = 8.0 A, 
and n = 4.5 A and equation 11. C,,,, was calculated from 
the values k ,  = 20.1 A, k ,  = 42.1 A, k2' = 36.0 A, and 4, = 
35.9O, which were used in eq 15 to obtain Distances 
to D+ in thylakoids were calculated by using these values for 
C, the data for AP,,,/A[Dy], and eq 13a to obtain k l .  The 
distance from D+ to the outer membrane surface reported in 
Table I1 is ( k ,  - 6.1) A. This distance k ,  can then be used 
in eq 13b to obtain k2 for the AP,/JA[Dy] data from PSII 
membranes and Tris-PSI1 membranes. The distance from 
D+ to the inner membrane surface is ( k 2  - 6.1) A. 

- 6.1). 
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Uncertainties are included in Tables I and I1 based on errors 
in the linear fits of the APl12 vs A[Dy-EDTA] data used for 
each calculation. This can provide a measure of the precision 
of the values, but not necessarily of the accuracy. A more 
reasonable guideline for the accuracy of the values is com- 
parison between distances obtained with the different model 
systems, which agree to within f 2  A. Distances obtained in 
photosystem I1 from the two model systems are in good 
agreement, although the small, soluble MbNO and the large, 
membrane-bound reaction center are extremely dissimilar. 
This is supportive of the general applicability of this method. 

DISCUSSION 
Quantitating magnetic interactions can provide a great deal 

of insight on the locations of intrinsic paramagnets or metal 
ion binding sites in proteins. It is a particularly attractive 
method for a system like PSII, which has so many paramag- 
netic sites essential for function. The enhancement of the 
spin-lattice relaxation of a free radical by a paramagnetic 
metal ion has been extensively treated (Bloembergen, 1949; 
Abragam, 1955; Hyde & Rao, 1978). But the use of exoge- 
nous metal ions to determine distances on the basis of the 
relaxation of intrinsic paramagnets, even in the simple case 
of a free radical, requires that we consider the relaxation as 
the sum of all the dipolar interactions. By considering instead 
a single radical in an "average" environment, we have derived 
analytical expressions for the effect of added Dy-EDTA on 
the relaxation rate of the radical. 

Three possible models for the distribution of Dy-EDTA 
have been discussed. It seems unlikely in these systems that 
the enhancement in relaxation is due to Dy-EDTA bound in 
a single site. Not surprisingly, the values in Table I show that 
this model does not give very good distance estimates in the 
bacterial reaction center. It has been suggested that Dy- 
EDTA associates with a large number of sites, randomly 
dispersed over the protein surface. This could occur by hy- 
drogen bonding, electrostatic interactions, or coordination to 
the Dy ion. However, no difference was observed in the 
magnitude of the Dy effect in PSII or Tris-washed PSII 
membranes when the neutral Dy-HEDTA complex was used 
rather than the negatively charged Dy-EDTA. This suggests 
that electrostatic interactions, at least, are not leading to 
surface binding. Further, the distances obtained by assuming 
binding of Dy-EDTA to the protein surface are smaller than 
expected. Considering the linear dependence of APl12 up to 
high concentrations of added Dy-EDTA in our experiments, 
the most likely situation is that the Dy-EDTA is randomly 
distributed in the solution. 

Several researchers have attempted to use the dipolar in- 
teraction between Dy3+ and paramagnetic sites to obtain 
distances. But they have generally treated the effect as if Dy3+ 
were binding to a single site, even where there is evidence to 
the contrary. Blum et al. (1980, 1981, 1983) used an r4 
dependence even when they had assumed that the Dy3+ com- 
plex was associating with the surface of the protein, or when 
there was no evidence of association at  all. This resulted in 
unreasonable results when water-soluble proteins were used 
to model distances in membrane-bound proteins (Ohnishi et 
al., 1982; Prince, 1983). 

Itoh et al. (1987) have reported a previous attempt to use 
the dipolar interaction between Dy3+ and D+ to obtain dis- 
tances in PSII. They used the method of Blum et al. (1983) 
for calibrating the Dy effect and were unable to get reasonable 
estimates. Itoh et al. (1987) also reported only small effects 
using the Dy-EDTA complex and chose to use the uncom- 
plexed Dy3+ ion, attributing the small effect of Dy-EDTA to 

Biochemistry, Vol. 28, No. 3, 1989 1123 

repulsion of the negatively charged complex by the protein 
surface. Our results show no difference between the negatively 
charged Dy-EDTA complex and neutral Dy-HEDTA. 
Ghanotakis et al. (1985), Zitkus et al. (1987), and our own 
results have shown that addition of uncomplexed lanthanide 
ions, including Dy3+, to PSII membranes causes loss of O2 
evolution. Ghanotakis et al. (1985) have proposed that lan- 
thanides bind specifically and replace Ca2+ near the water 
oxidation site. 

When used appropriately, the dipolar interaction between 
added metals and paramagnetic sites in proteins can provide 
useful distance information. In the case where a specific 
binding site for the metal exists, the distance dependence of 
the interaction is simply r4. But even when there is no specific 
binding site, dipolar interaction with Dy-EDTA dispersed in 
solution can be used to obtain distances. And because it does 
not involve binding interactions, no information on the location 
of specific binding sites is necessary. The theory can also be 
adapted to proteins of a wide variety of structures. The 
complex dependence on the structural parameters would make 
it difficult to obtain distance information from the dipolar 
interactions in a small, soluble protein like MbNO. But 
globular, water-soluble proteins can serve as model systems. 
And in large membrane-bound proteins, if the surface can be 
approximated as a large plane, the distance dependence is quite 
simple. These are the types of systems most difficult to probe 
by other methods. 

The temperature dependence of the microwave power sat- 
uration of signal IIslow also contains important information on 
the environment of D'. Three clear temperature regions 
emerge from the study, each region apparently dominated by 
a different relaxation mechanism. The p.5 dependence ob- 
served above 70 K is reasonable for an isolated tyrosine radical 
relaxing via a Raman mechanism. Sahlin et al. (1 987) studied 
the temperature dependence of the microwave power saturation 
for ultraviolet-induced tyrosine free radicals in a frozen solution 
and found a P.O dependence. Below 70 K, the Pl12 of signal 
IIslow exhibits an unusual temperature dependence. It would 
be expected that the microwave power saturation between 20 
and 70 K would continue to show the same dependence found 
at  high temperatures; this has been observed for the ultravi- 
olet-induced tyrosine radical (Sahlin et al., 1987). Instead, 
the Pl12 for signal IIslow in this region shows very little change 
with temperature, with the relaxation remaining about as 
effective as at 70 K. An additional mechanism for relaxation 
must be coming into play. 

One possibility for an additional relaxation mechanism 
would be a magnetic interaction with a paramagnetic metal 
in PSII. This type of interaction has been observed in ribo- 
nucleotide reductase (Sahlin et al., 1987). Above 30 K, the 
tyrosine radical in ribonucleotide reductase exhibits a faster 
relaxation with a much stronger temperature dependence than 
the Po dependence observed at low temperatures. This has 
been attributed to magnetic interactions of the free radical with 
the iron center. Other researchers have already proposed that 
the Mn site is close enough to D+ to affect signal IIslow re- 
laxation (de Groot et al., 1986; Styring & Rutherford, 1988). 
Our results show that there is, indeed, a small decrease in the 
Pl12 of signal IIslow upon removal of the Mn and the extrinsic 
polypeptides, but the unusual temperature dependence is not 
eliminated. High-spin Fe2+ is also known to be an effective 
relaxer. But a comparison of the P,lz of signal IIsIow when the 
iron associated with QA is in the Fe2+ versus the Fe3+ state 
did not show any change. If the Mn and iron-quinone sites 
are not involved, the presence of another paramagnet asso- 
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Inner thylakoid 
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FIGURE 6 Model fa the location of the stable tyrcsine radical, D', in F'SII. The folding of the DI and D2 subunits is adapted from the proposal 
of Trebst and Draber (1986) and is based on an analogy of these polypeptides and the Land M polypeptides of the reaction center from purple 
non-sulfur bacteria (Michel & Deisenhofer, 1986). This diagram includes the extrinsic polypeptides (33, 23, and 17 kDa) that bind to the 
inner membrane surface. The cylinders represent the membrane-spanning helices of the DI and D2 polypeptides. They are labeled A-E by 
analogy to the nomenclature of Deisenhofer et al. (1985) for the L and M subunits of the bacterial reaction center. D+ has been identified 
as Tyr-160 of the C helix of the D2 subunit; Z .  the electron donor to P680, has been proposed to be Tyr-I61 of the C helix of the DI subunit 
(Debus et al., 1987). P680, the primary electron donor of PSII, is thought to be bound to His-198 from DI and to His-198 from D2. The 
distances on the right indicate the following: the distance to D+ from the outer surface of PSII, 26 A; the distance to D+ from the inner surface 
of polypeptide-depleted PSII, 27 A: and the width of the bound extrinsic polypeptides. approximately 14 A. 

ciated with PSII may be indicated. However, alternative 
relaxation pathways can also be imagined. Although the cause 
of the unusual temperature dependence of the microwave 
power saturation of signal II,,, has not yet been identified, 
the phenomenon may provide an additional clue to the envi- 
ronment of this stable tyrosine radical and to the structure of 
the photosystem. 

The results from using the effect of Dy-EDTA on signal 
II,t,,w power saturation to obtain distance estimates are pres- 
ented in Table 11. With intact thylakoids, only the outer 
surface of the vesicle is exposed to the Dy complex. For this 
case, a distance of about 26 A was obtained. In PSII mem- 
branes, both membrane surfaces are exposed. The approach 
to the inner membrane surface is at a considerably greater 
distance, about 41 A. For Tris-washed PSI1 membranes, not 
only are both membrane surfaces exposed, but three extrinsic 
polypeptides and the Mn of the 02-evolving center are removed 
from the inner surface of the membrane. We found that Tris 
washing causes a measurable decrease in the distance to D+ 
from the membrane surface. This would mean that the ex- 
trinsic 17-, 23-, and 33-kDa polypeptides represent a thickness 
of 14 2 A. Our results agree well with the thickness of 
1&20 A for the extrinsic polypeptides reported from freeze- 
etch electron micrographs (Staehelin et al., 1987). Following 
removal of the extrinsic polypeptides, a distance of 27 A was 
found from the inner face of the reaction center. The signal 
I],& tyrosine radical appears to be buried near the middle of 
the PSII reaction center. 

Mutagenesis experiments have shown that Tyr-160 in the 
DZ subunit gives rise to EPR signal 11, (Debus et al., 1987). 
Comparisons of the likely membrane-spanning regions of D2 
with the structure of the M subunit of the bacterial reaction 
center have led to speculation that Tyr-160 is located near the 
inner membrane surface (Trebst & Draber, 1986; Barber, 
1987). However, orientation studies on signal II,,, show that 
the tyrosine must be oriented perpendicularly to the membrane 

(O'Malley et al., 1984). This means that the tyrosine ring can 
point either toward the surface or toward the center of the 
membrane from its position in the polypeptide chain. So the 
tyrosine is probably pointing farther into the membrane than 
its position in the sequence might suggest. Also, the DZ po- 
lypeptide has substantial hydrophilic regions connecting the 
membranespanning regions, and these may block approach 
to D+ even if Tyr-160 is not very deeply embedded in the lipid 
membrane. 

The distance information obtained from our experiments 
indicates that D+ is quite inaccessible. This is consistent with 
the stability of D+, and with its inertness toward nonlipophilic 
reducing agents. An increased access of D+ from the inner 
membrane surface following Tris washing is consistent with 
the increased lability of signal IIh in Tris-washed membranes 
in the presence of reductant. 

Figure 6 summarizes the distances obtained from our study 
of the dipolar interaction between exogenous Dy-EDTA and 
D+. The distance from the outer membrane surface to D+ was 
measured at 26 A. In the absence of the 17-, 23-, and 33-kDa 
polypeptides, a distance of; 27 A was determined from the inner 
membrane surface. The height of the extrinsic polypeptide 
unit removed by Tris was found to be about 14 A. These 
distances result in a membrane thickness, in the absence of 
extrinsic polypeptides, of about 53 A. Deisenhofer et al. (1985) 
showed by X-ray structure analysis that the reaction center 
complex from Rhodopseudomonas uiridis has a thickness of 
approximately 50 A. Our results for the polypeptide-depleted 
PSII reaction center are very similar, in support of the pro- 
posed structural homology between the bacterial photosystem 
and PSII. 
ADDED IN PROOF 

Electron microscopy of purified PSII complexes from the 
thermophilic cyanobacterium Synechococcus sp. has led to a 
model in which the transmembrane dimension of PSII without 
the extrinsic polypeptides is 56 A (Dekker et al., 1989). in g d  
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agreement with our estimate of 53 A. 
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