
Table 1. Spectral and temporal parameters from six strains of cyanobacteria. 
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*The rauoA4951A545 IS related to the blhn chromophore content of the PE complexes of the stran For instance, for 
stran WH8103 there are 21 phycouroblhn chromophores (A,,,, 490 nm) and 13 phycoerythrobllin chromophores 
(A,,,, 545 nm) er ( ( Y P ) ~ ~  In contrast, the PE of strain WH7805 and of the freshwater strain, PCC6701, contalns no 
phycouroblhn cRromophores tThef; glve the fracuonal yleld of Integrated enusslon for the Ch component 

free PE is about 2 nsec, PE within phycobili- Fallcowski, Ed. (Plenum, New 1980), PP. 
516-517; W. K. W. Li et al., Science 219, 292 

somes is quickly quenched without radiation (1983). 
by energy transfe; and shows a fluorescence 2. A. N. h a z e r , ~ n n .  Rev, Biopbs. ~ ioph~s .   hem. 14, 

47 (1985). lifetime O.l nsec. Because of the 3. G. Porter, C. J. Tredwell, G. F. W. Searle, J. Barber, 
lifetime bias, the steady-state signal detects Biochim. B@bs.Acta 501,232 (1978); I. Yamazaki 

et al., Photochem. Photobwl. 39, 233 (1984). contributions from the free PE 20 times 4. M. Wyman, R. P. F. Gregory, N. G. Carr, Scicnce 
more sensitively than does the signal from 230, 818 (1985). 

bound p ~ .  small changes in the degree of 5, The marine Synechococcw spp, were cultured in the 
medium described by Ong et al. [ibid. 224, 80 

association toward lesser association can (1984)l. The nitrate content of this medium corre- 
cause large decreases in apparent "coupling 
efficiency" when measured as in (4). For 
instance, with a bound PE lifetime of 0.1 
nsec and a free PE lifetime of 2 nsec, a 
change in fraction of bound PE as small as 
3% (from 1.0 to 0.97) can give a decrease of 
40% in the apparent "coupling efficiency" 
(9). The same change in apparent "coupling 
efficiency" would result from a change in the 
fraction of bound PE from 0.43 to 0.01. 
Although the change in measured "coupling 
efficiency" is the same for both of these 
cases, the change in the fraction of absorbed 
photons arriving at the reaction center is 
radically different (3% decrease for the first 
case, and a 98% decrease for the second). 
These considerations lead us to conclude 
that the results of Wyman et  al. (4) are not 
necessarily in conflict with those we report 
here and may be the consequence of small 
changes in the intracellular levels of free PE. 
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total amount of of phycoerythrin in the sample 
F570g = k PE,, where PE, is total phycoerythrin. 
complicating the interpretation of q, the signal 
FS70,ng has components from both free phycoery- 
thrin, PEf, and phycoerythrin bound in phycobili- 
somes, PEb. The two phycoerythrin components 
contribute to the signal in proportion to their 
concentration and their fluorescence lifetime. There- 
fore 

where T is the emission lifetime. Definin the ratios 
PE~PE, and PEb/PE, as cur and cub, the fractions of 
free and bound phycoe?[thrin in the cultures, the 
previously defined "coup ng efficiency" can be writ- 
ten 

Wyman et al. related directly the change measured in 
the "couplin efficiency" to changes in the fraction 
of bound ptycoeq&rin between cdhues grown 
with sufficient nitrogen (qH, high nitrogen) and 
those that were nitrogen-starved ('lL, low nitrogen). 
However, the relation between the fraction bound 
and the re orted "coupling efficiency" is not unique- 
ly define1 The following equation results from 
simplifying algebraically the ratio 

For the measurement in the report of Wyman et al., 
'lHIqL = 0.6, SO 
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Response: Yeh et  al. ( I )  raise questions 
concerning the validity of our estimations 
(2) of the relative light-harvesting (cou- 
pling) efficiency of phycoerythrin in cells of 
Synechococcus strain DC2. On  the basis of the 
assumption that energy transfer is 100% 
efficient in nitrogen-limited cells, Yeh et  al. 
suggest that only a small fraction (3%) of 
phycoeqithrin is uncoupled from energy 
transfer in high-nitrogen grown cells. H o y -  
ever, the accepted viewpoint in the literature 
(3) suggests &at energy transfer from bili- 
proteins to the reaction center of photosys- 
tem I1 is not 100% efficient. If it is assumed, 
,for instance, that the maximum possible 
efficiency of energy transfer is 90% to 95% 
(3), then solving the final equation in refer- 
ence 9 of Yeh et al, leads to a value of 13% 
to 22% for the amount of uncoupled phyco- 
erythrin present in high-nitrogen grown 
cells under our growth conditions. We view 
this as a significant figure. Yeh et  al. have 
used a culture medium with a nitrogen con- 
centration similar to our own, but they have 
produced their experimental material-under 
radically different growth conditions (batch 
as opposed to continuous culture). While 
insufficient information is given for us to 
draw firm conclusions, a possible reason 
why they did not observe greater than 10% 
"free" phycoerythrin in their cell material 
may be that they used cultures which were 
light-limited at harvest. In our original re- 
port (2) we stressed that it was the interac- 
tion between the availability of light and 
nitrogen which determined the amount of 
uncoupled phycoerythrin present, and we 
demonstrated, as Yeh et al. have found, that 
only a relatively small percentage of phyco- 
erythrin is uncoupled in high-nitrogen cells 
grown under low light intensities. 

While Yeh et  al, have specifically ad- 
dressed the question regarding the light- 
harvesting efficiency of phycoerythrin, there 
remain other lines of evidence which we 
presented in support of our hypothesis that 
this biliprotein serves as a resen7e of stored 
nitrogen as well as a component of the light- 
harvesting apparatus. We showed that the 
rate of photosystem I1 activity was similar in 
high- and low-nitrogen grown cells, al- 
though the cell concentrations of phycoery- 
thrin were significantly different under these 
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two growth regimes. Furthermore, when 
the availability of external nitrogen is inter- 
rupted, phycoerythrin is mobilized in high- 
nitrogen grown cells and growth rate is 
maintained. Since the difference in the phy- 
coeqrthrin content of nitrogen-replete and 
nitrogen-limited cells is considerable, it was 
not part of our original argument that only 
energetically uncoupled phycoerythrin is 
mobilized during nitrogen starvation. Rath- 
er, we see the accumulation of uncoupled 
phycoerythrin as one part of a resen7e which 
continues to meet the nitrogen demands of 
the cell during short-term periods of re- 
duced nitrogen availability (4). 
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Magnetically Oriented 
Solutions 

The report "X-ray diffraction from mag- 
netically oriented solutions of macromolec;- 
lar assemblies" by Glucksman et al. (1) does 
not aknowledge that the virus solutions 
investigated are liquid crystal phases (2-4). 
The field-induced orientation reported 
would not be possible were it not for the 
preexisting high degree of orientational or- 
dering of the virus particles indigenous to 
such phases. 

The liquid crystallinity of the Pfl solu- 
tions examined by Glucksman et al. is evi- 
dent from figure 2 of their report; the virus 
solution external to the field is birefrineent. " 
This spontaneous birefringence is a direct 
consequence of long-range orientational or- 
dering of the particles that extends over 
macroscopic distances in liquid crystals. It is 

usually expressed with an order parameter, 
S ,  an average over the restricted, rotational 
diffusion of the rods within a uniform (mac- 
roscopic) domain. In typical liquid crystals, 
values of S are in the range of 0.3 to 0.9. 
This high intrinsic order accounts for the 
spontaneous birefringence of liquid crystals 
even in the absence of external constraints 
(shear, surface effects, applied magnetic or 
electric fields, and so forth), where the local 
nematic director (optic axis of a domain) 
assumes random orientations throughout a 
bulk sample. 

It has been recognized for a long time that 
random liquid crystal textures may be readi- 
ly transformed into uniform textures [a "sin- 
gle (liquid) crystal"] by exposing them to 
modest magnetic fields [ H  5 0.2 tesla (5)]; 
the feasibility of magnetic alignment in mac- 
romolecular liquid crystals despite their 
higher viscosities was reported two decades 
ago (6). The phenomenon derives from the 
interaction of the field with the bulk dia- 
magnetic anisotropy of the ordered fluid, AX 
(3, and not with the anisotropy of an 
individual particle, AX", as implied. The 
magnetic potential energy for typical macro- 
molecular assemblies, AX0H2, is small rela- 
tive to ambient thermal energy. Even high- 
strength fields (H = 10 T) induce small 
orientational biasing of the Brownian mo- 
tion of isolated varticles susvended in iso- 
tropic, dilute solutions, that is, the classical 
Cotton-Moutton effect, where, dependent 
on the magnitude of Ax0, S is observed to be 

to lo-' for organic molecules (8 ) ,  and 
is typically < lo-* for macromolecular as- 
semblies (4). 

While the magnet design proposed by 
Glucksman et al. (H < 2 T) can facilitate 
diffraction experiments, the large degree of 
orientational order required to carry out 
high-resolution structural analysis (S > 0.5) 
will limit its use to studies of liquid crystal 
phases. Generally speaking, for biological 
macromolecules or macromolecular assem- 
blies, the prerequisites for liquid crystallinity 
will in turn limit consideration to solutions 
(with + > +*) of those species having 
anisometric shapes. Particles with large as- 
pect ratios (prolate or oblate) are required 
for lyotropic liquid crystal formation. 
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Response: We agree with most of the 
points raised by Samulski and appreciate his 
detailed discussion of the importance of 
long-range orientational ordering as a pre- 
requisite for obtaining highly oriented 
phases. As we discuss in the last paragraph 
of our report, particles with anisotropic 
shapes may orient better because the orien- 
tations of adjacent particles are not indepen- 
dent of one another. In fact this may be 
required for formation of highly oriented 
specimens. Exposing a liquid crystalline tex- 
ture to a modest magnetic field does not 
universally result in the formation of highly 
oriented specimens, as Samulski suggests. 
This depends on the properties of the mac- 
romolecular assembly of interest. The orien- 
tation of a liquid crystalline domain depends 
on its bulk diamagnetic anisotropy, but the 
bulk anisotropy depends, in turn, on the 
anisotropy of individual particles and the 
orientational correlation among particles in 
the domain. Our interest here is in the 
properties of the individual particles and the 
generation of high-quality diffraction data. 
Samulski's interest appears to be in the bulk 
behavior of liquid crystalline textures. His 
point ofview supplements our work, and his 
comments are appreciated. 
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