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Abstract 

Phycoerythrin 545 from the cryptomonad alga, Rhodomonas lens, has been crystallized under a wide variety of 
conditions. Although this type of photosynthetic light-harvesting protein is water soluble, detergents were always 
required for crystallization. The crystals were typically poorly ordered, or ordered in only two dimensions. However, 
crystals that were well-ordered in three dimensions could be obtained under two different conditions. Both used 
polyethylene glycol as precipitant and the detergent lauryldimethylaminoxide, but the additives that were critical for 
obtaining well-ordered crystals were propionamide in one case and Csf/Br- in the other. Crystals obtained in the 
presence of propionamide have the space  group P212121, with cell constants of a = 85.6 A, b = 108.2 A, and c = 
131.0 A, and contain two  dimers [i.e., 2 X (a2p2)] in the asymmetric unit. They show diffraction to at least 3.0 8, 
resolution. The crystals grown with Csf/Br- are nearly isomorphous. Both types of crystals show intense, strongly 
polarized fluorescence, suggesting that energy transfer in the crystals is highly efficient. This should provide a basis for 
quantitative investigation of the role of exciton interactions in energy transfer in cryptomonad phycobiliproteins. 
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Photosynthetic light-harvesting proteins contain pigments that ab- 
sorb photons and transfer excited-state energy to photosynthetic re- 
action centers, where the captured energy initiates an excited-state 
oxidation reaction of a specialized set of pigments that leads to charge 
separation across the photosynthetic membrane. In most organisms, 
light harvesting is performed mainly by chlorophyll-containing mem- 
brane proteins. However, cyanobacteria, red algae, and cryptomonad 
algae possess additional light-harvesting proteins, called phycobil- 
iproteins, which are water-soluble and contain covalently bound 
open-chain tetrapyroles as pigments (MacColl & Guard-Friar, 1987; 
Glazer, 1989). These proteins absorb strongly between about 470 
and 650 nm, where chlorophyll absoprtion is weak. 
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bis-Tris, bis-(2-hydroxyethyl)imino-tris-(hydroxymethyl)me~ane; DEAE- 
Abbreviations:  Am, absorption maximum; P-ME,  P-mercaptoethanol; 

cellulose, diethylaminoethyl-cellulose; EDTA, ethylenediaminitetraacetic 
acid; HEPES, N-(2-hydroxyethyl)-piperazine-N'-(2-ethane-sulfonic acid); 
IEF, isoelectric focusing; LDAO, lauryldimethylaminoxide; PC645, phyco- 
cyanin 645; PE545, phycoerythrin 545; PEG, polyethylene glycol; UDAO, 
undecyldimethylaminoxide; V,, Matthews parameter. 

The phycobiliproteins of the cyanobacteria and the red algae 
have been well characterized. There  are  four main types: phyco- 
erythrin (Amm - 550 nm), phycoerythrocyanin (Amm = 575 nm), 
phycocyanin (A,,, = 620 nm), and allophycocyanin (Am,, = 
650 nm). They are all similar in that their monomeric units 
consist of two subunits, called a and p, which are highly ho- 
mologous to each other, and which are highly homologous be- 
tween different types of proteins. Each subunit has a molecular 
weight of about 16-20 kDa and contains 1-3 covalently bound 
pigments. X-ray crystal structures (Schirmer et al., 1985; Deur- 
ring et al., 1990; Ficner et al., 1992; Brejc et al., 1995) show 
that each subunit consists of eight a-helices folded in a manner 
similar to the globin fold. The monomers assemble to yield ring- 
like trimeric disks of about 110 8, X 30 A that contain a central 
hole of about 35-A diameter. The pigments are bound to the 
protein in extended conformations, which is important for tuning 
their spectral and excited-state properties. In vivo, phycobilipro- 
teins aggregate along with linker proteins to form complicated, 
highly ordered, supramolecular structures, known as phycobili- 
somes, which extend from the stromal surface of the thylakoid 
membrane. 

In contrast to the proteins of the cyanobacteria and of the red 
algae, the cryptomonad phycobiliproteins are unusual in several 
ways (MacColl & Guard-Friar, 1987; Glazer & Wedemayer, 1995). 
First, each  species of cryptomonad contains only one type of 
phycobiliprotein-either phycoerythrin or phycocyanin. Second, 
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the proteins are found on the lumenal rather than the stromal side 
of the thylakoid membrane. Third, the proteins form  dimers,  rather 
than trimers or hexamers, where the  @subunits  are similar in size 
to P-subunits of the  more well-known phycobiliproteins, but the 
a-subunits are only about half the size. Although cryptomonad 
P-subunits  shows approximately 70%  sequence identity  with 
P-subunits of the red algae, cryptomonad a-subunit sequences 
show only about 20% sequence similarity to cr-subunits of non- 
cryptomonads (Sidler et  al., 1990). Finally, cryptomonad phyco- 
biliproteins  contain  several  unusual  bilins  not  found  in  non- 
cryptomonad proteins (Wedemayer et al., 1992), and their CD 
spectra  show unusual features that might indicate  strong excitonic 
coupling between pigments (Jung et al., 1980; MacColl et al., 
1994). 

Crystals of a cryptomonad phycobiliprotein were first reported 
in 1984 by Momset et al., who crystallized phycocyanin 645 
(PC645)  from Chroomonas species. Although a structure solu- 
tion was not possible at the time, two aspects of the work were 
particularly noteworthy. First, although PC645 is water soluble 
and  does not require detergent for  isolation, the  detergent 
benzalkonium chloride was strictly required for obtaining crystals; 
Bode and Schirmer (1985) showed that detergent was tightly 
bound in the crystals. Second, the  crystals did not show crystal- 
lographic threefold rotational symmetry, in stark contrast to crystals 
of other  types of phycobiliproteins from cyanobacteria and red 
algae. To extend these studies, efforts were continued with sev- 
eral different cryptomonads; the most promising results, which 
were obtained for PE545 of Rhodomonas lens, are reported here. 

Results 

During early stages of screening, several factors favored the growth 
of crystals. These were: PEG 4000 or 6000, Tris, imidazole, or 
HEPES buffers, pH range about 8-6, CaClz or  Li2S04, LDAO, 
and isopropanol. Even though large crystals could be grown from 
these conditions  (up to about 1.2 X 0.3 X 0.2 mm), the diffrac- 
tion was highly anisotropic, with diffraction to roughly 4 8, 
normal to the broadest face of the crystals, but to only about 
8 8, from  crystals oriented perpendicular to this direction. Under 
inspection with a microscope, the crystals appeared to be poorly 
ordered stacks of thin plates. During later stages in screening, 
two paths led to crystals with improved three-dimensional dif- 
fraction properties. 

One successful strategy was to continue using essentially the 
same precipitants, buffers, and salts, but to substitute for isopro- 
panol with a variety of small polar organic molecules roughly 
resembling isopropanol in size (at 1-5%, v/v), including other 
alcohols, amines, mixed amino-alcohols, amides, ketones, and sulf- 
oxide. Almost all of the additives yielded crystals, and many had 
dramatic effects on the crystal habits. Photos of some examples of 
crystals  from later stages of screening (which included a variety of 
ions as well-see below) are shown in  Figure IA-F. In general, a 
trend in the relative improvement of diffraction in three dimen- 
sions can be summarized as follows: 

propionamide 

> (butyramide;  DMSO) > glycerol 

> (acetamide; ethylene  glycol; propandiols; isopropanol) 

>> other mono-alcohols. 

Although the better of the above additives yielded crystals that 
were usually at least moderately ordered, various amines and hy- 
droxyacetone had the tendency to yield crystals that were badly 
twinned or disordered. 

The best results were achieved with propionamide (Table 1). 
Crystals suitable for structural studies were generated as follows: 
using 24-well sitting drop plates, a 400-pL reservoir solution con- 
taining 0.1 M imidazole, pH 6.8,0.2 M Li2S04, 3% propionamide, 
10% PEG 4000, and 0.02% NaN3 was equilibrated with a sitting 
drop made by mixing 4 p L  of reservoir solution with 4 pL of 
PE545 at  15 mg/mL in 10 mM bis-Tris, pH  6.0, 2 mM P-ME, 
0.02% NaN3, and then adding 1 pL of an LDAO stock solution at 
0.8 mg/mL.  This yields an LDAO concentration of about 0.01% 
(0.4 mM) in the initial drop volume, and presumably about 0.02% 
in the equilibrated drop volume. Under equilibration at 5 "C, crys- 
tals appeared after about 1 week and grew to a size of about 
0.8 mm X 0.3 mm X 0.2 mm in about 2 weeks to 1 month 
(Fig. 2A,B). The diffraction from  these  crystals was observed to at 
least 3.0-8, resolution along all three major axis. The  crystals were 
fairly stable to X-ray irradiation, and an initial data set was  col- 
lected from a single crystal at 5 "C. The reflections were indexed 
in an orthorhombic crystal system having cell constants of a = 
85.6 A, b = 108.2 A, and c = 131.0 A, and the data were 87% 
complete to 3.4-A resolution (Table 2). Systematic absences for 
odd reflections along all three major axes were observed in  the 
oscillation data  and in screenless precession photos, indicating that 
all three axes are screw axes, at least as determined at low reso- 
lution, i.e., the  space  group is apparently P212121. 

V, calculations (Matthews, 1968) suggest that there  are most 
likely two  dimers in the asymmetric unit (V, = 2.78 A3/Da; 
volume fraction of solvent = 56%). The Patterson self-rotation 
function ( K  = 180") did not show any obvious peaks resulting from 
a noncrystallographic symmetry axis. However, inspection of the 
Harker sections revealed a strong peak at position (0.50, 0.31, 
0.00) on Harker plane u = 1/2 with a height of 38% of the origin 
peak (Fig. 3) resulting from a local symmetry axis parallel to the 
crystallographic a-axis  (Eagles et al., 1969;  Epp  et al., 1971). The 
presence of this peak and its crystallographically related mate at 
(0.50, 0.69, 0.00) indicates that the local symmetry axis results 
from a local twofold rotation, which is positioned at (x, 0.31/2, 0) 
relative to the crystallographic screw axis  along a. 

Besides the extinctions resulting from the crystallographic screws 
along the major axis, additional systematic extinctions or near 
extinctions were observed in the h01 zone, where odd layers of 
h are absent or extremely weak, i.e., h = 2n (Fig. 4). This 
extinction pattern was seen both in oscillation images and in 
screenless precession photographs. It indicates a molecular pack- 
ing in layers perpendicular to a and with a spatial separation of 
a/2. This extinction pattern, coupled with the local symmetry 
peaks on the Harker line at (1/2, v, 0), might indicate that the 
crystal packing posseses a/2 pseudo-glide plane symmetry nor- 
mal to the b-axis, although this must be confirmed by model 
building. 

The second strategy that yielded well-diffracting crystals was to 
screen similar to above, but to also radically vary the  compliment 
of ions. Again, crystals were produced under most conditions, with 
or without organic additives (see Fig. 1A-F for  some examples). A 
major improvement in diffraction was  seen in crystals obtained by 
using a combination of Cs+ and Br- in the  absence of an organic 
additive (Table 1). These crystals have the appearance of long  flat 
orthorhombs, they are nearly isomorphous with and show the same 
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Fig. 1. Crystali from later stages of screening. A PE545-0.2 M BaC12, 3% acetamide,  12%  PEG  4OO0,O.l M imidazole,  pH  6.9, 
0.02% LDAO, 16T,  50X. B: PE545-0.1 M CsCl,  0.1 M KBr, 3% propionamide,  12%  PEG  4OO0,O.l M imidazole, pH 6.9,0.02% 
LDAO, 5 "C, 20X. C: PE5454.2 M Li2SO4, 3% butyratnide,  1%  L-lysine,  12% PEG 4OO0,O.l M HEPES,  pH 6.9,0.02% LDAO, 
5 "C, 30X. D PE545-0.2 M CsC1,2%  ethylendiamine,  2%  gylcerol,  10%  PEG 6oo0,O.l M imidazole,  pH  7.3,0.02% UDAO, 16"C, 
25X. E. PE545-0.2 M LizS04,3% diaminopropane,  1%  ethylenglycol,  12%  PEG 6OO0,O.l M imidazole,  pH 6.8,0.02% LDAO, 5 "C, 
30X. F PE545-0.02 M LaCls,  0.2 M NaCl, 3% DMSO, 1% glycerol,  10%  PEG 4OO0,O.l M =PES,  pH 6.7,0.02% UDAO, 16°C. 
4 o X .  

extinction  pattern as the crystals  obtained  with  propionamide,  and ing crystals  with  moderate  diffraction  properties. In all  cases, it 
they are only  slightly less stable  in the X-ray  beam. was  essential to provide  detergent in the mounting  buffers  because 

best results. However,  the  1  1-mer, undecyldimethylaminoxide, and Even  though  the  samples  used in crystallization  were  partially  en- 
the 13-mer, hidecyldimethylaminoxide, were also capable of yield- riched in certain  isoforms, IEF gels run on  dissolved  crystals  showed 

With most  conditions, LDAO was the detergent  that gave the cracks  appeared  otherwise. 
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29ble 1. PE545 crystal  propem'es 

Crystallization  conditions: 0.1 M imidazole,  pH  6.8,  0.2 M Li2SO4, 3% 0.1 M HEPES,  pH  6.8, 0.1 M CsC1, 0.1 M 
propionamide, 10% PEG  4000,  0.02%  KBr,  10%  PEG 4000,0.02% NaN3,0.02% 
NaN3, 0.02%  LDAO,  15 mg/mL  PE545,  LDAO, 15 mg/mL  PE545,  sitting  drop at 
sitting  drop at 5 "C  21  "C 

~ 1 2 1 2 1  m2121 
a = 85.6 8,. b = 108.2 A, c = 131.0 8, a = 83.3 A, b = 105.7 A, c = 127.4 8, 
2.8 A3/Da for 2 X (az&)/a.u. 2.6 A3/Da for 2 X (Cu$2)/a.u. 
At least  3.0 8, At least  3.0 8, 

Space  group: 
Cell  constants: 
V,: 
Diffraction  limit: 

several  bands.  Comparison  to IEF gels run on  different hctions from  croscope  courtesy of  Dr.  Gerard Marriott, Abt. fiir Zellbiologie, 
a DEAEcellulose column  suggested  that  some of the IEF bands  were  Max-Planck-Institut fiir Biochemie). 
indicative of dissociated  subunits  and  probably  result  from  crystal 
decay  or  denaturation of the complex  in  the  gel. SDS gels  showed 
the normal  two a and  one /3 bands.  There  were  sometimes  very  weak Discussion 
Comminant back of higher  molecular  weight,  but  these  did  not  aP- ne of cryptomonad p ~ y c o ~ ~ ~ ~ p r o t e ~ n s  in the  thyla- 
pear to be found  consistently  from  crystal to crystal. koid  lumen  and  the  detailed  nature of  their connection  to the mem- 

Of the crystals as we' as the moderately Or- brane are not  well  understood.  Morschel  and  Wehrmeyer (1979) 
dered crystals showed  strongly  polarized  fluorescence (Fig. 5). It 
was confirmed  that  the  polarization of the detected  light  was  in- 
deed  mainly  a  result of polarized  fluorescence  and not  simply an 
artifact of the  dichroic  and  birefringent  properties of the  crystals by 
placing  crystals  between  crossed  polarizers  in  a  fluorescence  mi- 
croscope  equipped  with  time-resolved  detection  (fluorescence mi- 

V- 
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. -  
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Fig. 2. A: PE545  crystal  grown  with 0.1 M imidazole, pH 6.8,  0.2 M 
LizSO4,3%  propionamide, 10% PEG  4000.0.02% NaN,, 0.02%  LDAO  at 
5 "C (as in Table  1). B: Same  crystal  viewed in a  drop of mother liquor on 
a  glass  microscope  slide. 

U = 'I? 

w=o 0 0 
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V- 
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Fig. 3. Harker section at u = 1/2 and  intersecting  Patterson  layer at w = 0. 
Calculated  with  data  ranging  from 8.0 to 3.5 8, resolution.  Contours  are 
plotted  in steps of lu, and  only  those  that are greater  than 3u above mean 
are shown.  Height of the peak at (0.50, 0.31, 0.00) is 38% of that of the 
origin  peak.  The  next  highest peak in the  map has a  height  that is 9% of the 
origin  peak. 
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Table 2. Data collection srutistics ' 

Possible # Measured # Resolution Completeness Total Total 
unique unique per shell per shell resolution completeness 
reflections reflections (A, (%I (A) (%I 

4,454 
4,225 
4,221 
4,178 

4,156 
4,005 
3,945 
2,839 

-5.43 
5.43-4.31 
4.31-3.76 
3.76-3.42 

93.3 
94.8 
93.5 
68.0 

-5.43 
-4.3 1 
-3.76 
-3.42 

93.3 
94.0 
93.8 
87.5 

'A total of 29,642 reflections  was  measured,  which  reduced to 14,945 unique  reflections. 

and Z(h) is the  observed  intensity of reflection h, ( I @ ) )  is the  mean intensity for all  reflections h. 

have  interpreted  electron  microscope  images as providing  evi- 
dence for small  columns of biliproteins  extending  out  from  the 
membrane,  and Lichtlt et al. (1987)  have  isolated  particles  that 
apparently  show  columns of phycoerythrin  extending  from  thyla- 
koid  vesicles.  Electron  microscopy  using  gold-labeled  antibodies 
indicates  that  PE545  in R. lens appears  to be closely  associated 
with the membrane  (Ludwig & Gibbs,  1989).  The  properties of the 
PE545  crystals  obtained  here  and  in  the  study of Momset et al. 
(1984)  suggest  that  cryptomonad  phycobiliproteins  contain  a  sig- 
nificantly  large  hydrophobic  surface,  and  that  they may  possibly 
bind  directly to the  thylakoid  membrane.  However,  the  presence of 
dramatically  different  crystal  habits  depending on  which  organic or 
ionic  additives  were  used  suggests  that  both  organic  and  ionic 
additives  might  specifically  bind  in  the  crystals;  if so, specific 
binding  could  mimic the nature of possible in vivo interactions, 
such as the  binding to putative  linker  proteins or ion-mediated 
binding to components of the thylakoid  membrane. 

Addressing  the  question of  how propionamide and Cs+/Br- 
improve  the  diffraction  quality of the  crystals,  additional  possibil- 
ities besides specific binding  can  also be considered,  including 

potential  small  amphiphile  effects for propionamide  (Michel,  1983). 
However,  the  similarity  of  the  crystal  forms  obtained  in this study 
using  either  propionamide or Cs+/Br- might  suggest  a  more  gen- 
eral effect of these  components,  possibly  related  to  stability  and/or 
chaotropic  effects.  Besides  physico-chemical  obstacles  to  obtain- 
ing  well-ordered  crystals,  a  major  difficulty  in  crystallizing  cryp- 
tomonad phycobiliproteins is that  native samples are usually 
inhomogeneous. At least  some of the  heterogeneity  apparently 
results  from  having  different  combinations of similar but geneti- 
cally  distinct  subunits,  which  yields  a  mixture of  homodimers  and 
heterodimers  with  isoelectric  points  that are close  together (Hiller 
& Martin, 1987;  Jenkins et al.,  1990).  Clean  separation of isoforms 
suitable  for  crystallization is rendered  difficult by instability of the 
proteins  at  pH  values  differing  much  from  neutrality. 

Fig. 4. Diffraction  from  a  crystal  grown  with  propionamide as in Fig- 
ure 2A, as viewed  nearly  along b* with  a  MAR  image  plate  detector, 
showing  the h01 zone.  Notice that  the h = 2n + 1 layers  in  this  zone  are 
very  weak. 

Fig. 5. Two crystals  grown  as in Figure 2A, as seen  between  crossed 
polarizers.  The  crystal  on  the  left shows bright  orange  fluorescence;  the 
crystal  on  the  right is essentially  devoid of emission (except  as  a  result of 
a piece of scattering  material  that  helps  the  viewer  to  visualize  a  part of the 
crystal). 
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PE545  is particularly interesting from the functional point of 
view, because its Forster  overlap integral with chlorophyll is about 
a factor of 5 smaller than is typical for  other donor-acceptor pairs 
(MacColl & Berns, 1978), yet  it  is highly efficient in energy trans- 
fer to the membrane. From the apparent polarized fluorescence of 
the crystals, vectorial energy transfer within the crystals  seems to 
be highly efficient. Comparison of the fluorescence polarization of 
the crystals to the final structure may indicate whether exciton 
interactions contribute appreciably to the unusual CD spectra of 
the cryptomonad proteins, and to the mechanism(s) by which en- 
ergy is transferred  rapidly  and  efficiently  (Jung  et al., 1980; 
Holzwarth, 1991; MacColl et al., 1994). 

Materials  and  methods 

Cell culture 

Generous instruction in the growth of cryptomonads was kindly 
provided by C. Schimeck and Prof. W. Wehrmeyer; starting cul- 
tures of R. lens were generously provided by  Dr.  R. MacColl. 
R. lens was grown at 15 "C with 600 lux of continuous-illumination 
white light on modified DV media (MacColl & Guard-Friar, 1983), 
bubbled with approximately 5% C02.  

Protein preparation 

Cells (12-15 L) were harvested by centrifugation at 1,000 X g 
at 4°C. Pellets were resuspended to a volume of about 200 mL 
with a buffer solution  containing 20 mM bis-Tris, pH 6-7, 
2 mM EDTA, 2 mM P-ME, and 0.02% NaN3, and then frozen 
at -80°C. Later, the cells were thawed and  centrifuged  at 
31,000 X g at 4 "C for 1 h to pellet the membranes. The super- 
natant containing the biliproteins was brought to 40% saturation 
with ammonium sulfate, stored overnight at 5"C, and centri- 
fuged at  31,000 X g to pellet residual particulate material. The 
supernatant solution was then brought to 80% saturation with 
ammonium sulfate, stored overnight at 5"C, and centrifuged at 
31,000 X g to pellet the phycobiliproteins. The pellets were 
resuspended to about 100-200 mL with 10 mM bis-Tris, pH  6.0, 
2 mM EDTA, 2 mM P-ME, 0.02% NaN3. After another precip- 
itation cycle, protein was resuspended with the same solution, 
desalted with PD-IO columns  (Pharmacia), and purified further. 
MacColl et al. (1992) observed six isoforms for PE545 with PI 
values ranging from 4.9 to 6.7, and the two major isoforms 
having PI values of about 6.5 and 5.2. In the preparations here, 
there were a similar number of isoforms, but with the two major 
isoforms having PIS of roughly 5.5 and 5.3. These differences 
may reflect differences in sample preparation, growth condi- 
tions, and/or methods of  IEF. Fractions of PE545 enriched in 
these  two isoforms were obtained by isocratic elution at 0.8 
mL/min of a Whatman DE-52 column (20  cm X 1 cm) equili- 
brated with 10 mM bis-Tris buffer, pH 6.0, 2 mM EDTA, 2 mM 
P-ME, 0.02% NaN3 at 5 "C. The first major fluorescent band off 
the column, which was enriched in the two isoforms, was pre- 
cipitated with ammonium sulfate, desalted, and concentrated to 
about 15 mg/mL  for crystallization. During isolation and han- 
dling, proteins were kept in darkness or dim light. For analysis 
of the proteins, IEF gels were SERVALYT Precotes 3-10 run on 
a Pharmacia PHAST  gel system. SDS gels were 14% or 17% in 
polyacrylamide, run on a PHAST  gel system. 

Crystallization 

Crystallization was originally screened by using vapor diffusion 
with conditions based on Moniset et al. (1984), as well as  on those 
of Jancarik and Kim (1991), and by using a variety of detergents. 
LDAO, propionamide, and PEG were obtained from Fluka. Re- 
ported pH values were measured at 21  "C after mixing stock so- 
lutions containing buffer, precipitant, salt, and additive, prior to 
mixing with aliquots of protein and detergent stocks for making 
drops. Crystallization dishes were kept in the dark. 

Data collection and analysis 

Diffraction data were collected by using a MAR Research image 
plate mounted on a Rigaku RU200 rotating anode generator. The 
reflections were indexed and integrated using MOSFLM (Leslie, 
1992), data were merged and scaled using ROTAVATA/AGROVATA 
(CCP4, 1994), and Patterson and self-rotation functions were cal- 
culated using PROTEIN (Steigemann, 1974). 
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