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SUMMARY 

Cytochrome c, ferredoxin, and phytoflavin, three low molecular weight, ther- 
mally stable proteins, have been isolated from the thermophilic alga Synechococcus 
lividus grown in both 1H20 and 2H20. The isolation, purification, and physical 
properties of these three proteins are given in detail and their utility for magnetic 
resonance studies is described. 

INTRODUCTION 

In recent years, problems concerning protein structure and function have come 
under increasing study by the techniques of nuclear magnetic resonance ~-*. However, 
the extreme complexity of protein spectra has been a major difficulty in such studies. 
It  has been shown that the ability to grow algae and other microorganisms in 99.7 
atom percent ~H,O (ref. 5) provides one with a tool for the simplification of proton 
magnetic resonance (PMR) spectra of proteins 6-1°. Fully deuterated proteins present 
no PMR spectrum and with these proteins one can consider the re-insertion of protons 
at selected sites to form what has been termed "isotope hybrid" proteins 11. We 
describe here the purification and characterization of three new algal proteins, a 
cytochrome, a ferredoxin, and a flavoproprotein, that give promise of being of great 
utility in magnetic resonance studies. They are small, stable, and biologically inter- 
esting molecules that lend themselves to the techniques of isotope hybridization. 
Some examples of magnetic resonance studies with these proteins in fully deuterated 
and isotope hybrid form are also presented. 

EXPERIMENTAL 

The thermophilic blue-green alga Synechococcus lividus was cultured in 1H20 
and 2H20 nutrient media according to the procedures of DABOLL et al. ~2 and TAECKER 
etal.~3.To 800 g (wet wt.) of frozen cells (or 200 g of freeze-dried cells) are added 1. 5 1 
of o.oi M sodium phosphate buffer (1H20), pH 6.9", and the resuspended cells are 
allowed to stand for 3 h at 5 ° with occasional stirring. Freeze-dried 2H,O-grown cells 
are easily extracted by this procedure, but wet frozen 2H20- and ~HzO-grown cells 

* W'e shall refer to sodium phosphate  buffer of p H  6.9 s imply as "buf fer" .  
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should be sonicated for a few minutes (Branson, Model JI7V, power setting 60) 
before being allowed to stand for 3 h. The crude extract is then centrifuged twice, 
3o min each time, at 15ooo × g, to completely sediment cells and debris. The packed 
cells should be reextracted. The pooled crude extracts are brought to 5o % saturation 
with solid (NH~)2SO 4 (Mann, Enzyme grade) added slowly with stirring. After 
standing I h ,  this mix is centrifuged for 2 h at 15ooo × g. The supernatant solution 
should be golden brown or slightly green because of residual phycocyanin. If the 
supernatant is heavily colored it may be brought to 52. 5 % saturation and centrifuged 
again. The supernatant is then brought to 9 ° % saturation, allowed to stand with 
stirring overnight, and centrifuged. Also, the precipitate from 5o % saturation can 
be taken up in o.oi M buffer and reworked for the precipitate at 9 ° % saturation, 
but the added yield from this step is often marginal. All "9 ° %" precipitates are 
suspended in a minimum volume of buffer and dialyzed against water to remove all 
(NH~) 2SO4. 

After clarification by centrifuging for a few minutes at 15ooo × g, the concen- 
trated crude extract is applied to a Cellex D (Calbiochem) column, 5 cm × 13 cm. The 
column is washed with 4 column volumes of o.ooi M buffer and then the cytochrome 
is eluted with o.oo5 M buffer. The column is then washed with o.oi M buffer containing 
0.3 M NaC1 and eluted with o.oi M buffer containing o. 5 M NaC1. Crude flavoprotein 
and ferredoxin fractions are collected. The crude cytochrome is dialyzed to o.ooi M 
buffer, applied to a Cellex D column, 1.7 cm x 15 cm,  washed with IO column volumes 
of o.ooi M buffer and eluted with o.oo5 M buffer to give pure cytochrome. The crude 
flavoprotein and ferredoxin are diluted with lO-2O vol. of water and are adsorbed on 
DE-52 (Reeve-Angel micro-granular, pre-swollen, decoarsed and defined14). Colu,lns 
are poured, eluted with o.oi M buffer containing o. 5 M NaC1, and the eluates are 
desalted (Sephadex G-IO, Pharmacia) to give protein solutions in o.ooi M buffer. 
These solutions are applied to hydroxylapatite (Calbiochem) columns and washed 
with o.oi M buffer. Ferredoxin is eluted with o.o 4 M buffer. The flavoprotein column 
is washed with o.o 4 M buffer and flavoprotein is eluted with o.I M buffer. These 
eluates can then be adsorbed on DE-52 and eluted in a small volume. If the cyto- 
chrome is not sufficiently pure after the second Cellex D column, it may be concen- 
trated (dilute and adsorb on DE-52 ), desalted (G-IO, o.ooi M buffer), adsorbed on a 
hydroxylapatite column, washed (o.ooi M buffer) and eluted (o.oo 5 M buffer). All 
hydroxylapatite columns are operated at 2- 4 lb pressure of nitrogen. 

As an alternative to the above procedure, ferredoxin and flavoprotein can be 
adsorbed on DE-52 directly from the crude extract (the cytochrome is then isolated 
according to the procedure outlined above). The adsorbed ferredoxin and flavoprotein 
are concentrated and purified through a series of adsorption and elution steps using 
DE-52, with extensive washing of each column with o.1 M buffer before each elution. 
A concentrated eluate of 3-5 ml is applied to a Sephadex G-5 o column, 2.5 cm × 35 cm, 
equilibrated with o.o5 M Tris (pH 8) or o.oi M sodium phosphate (pH 6.9). Ferre- 
doxin and flavoprotein fractions are then adsorbed on DE-52, eluted, desalted and 
applied to hydroxylapatite columns as described above. At all elution steps of all 
of the above procedures, only the very dilute beginning and end fractions are dis- 
carded. Yields in the range of O.l-O.3 mg protein per g (dry) of algae are obtained for 
each of the three proteins for both 1H20- and 2H20-grown algae. No differences were 
observed in the preparative behavior of the deuterated as compared to the 1H proteins. 
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Amino acid analyses were performed with a Beckman 12o Amino Acid Analyzer 
after hydrolysis of the native or performic acid oxidized protein a5 in 6 M HC1. Trypto- 
phan was determined after alkaline hydrolysis and also spectrophotometrically16,17. 
Ferredoxin and flavoprotein were extracted with trichloroacetic acid before performate 
oxidation TM. Flavin mononucleotide (FMN), was determined according to the method 
of SWOBODA AND MASSEY 19 as well as by methanol extraction of thermally denatured, 
dried flavoprotein. Flavoprotein was dry-ashed and analyzed spectrochemically for 
metal content by the copper-spark method (analysis performed by E. HUVE of this 
Laboratory). FMN was identified chromatographically by the method of HARRlS e° 
and was further distinguished from flavin adenine dinucleotide (FAD) by treatment 
with venom diesterase (Worthington) while monitoring fluorescence ~1. The redox 
potential of the cytochrome was determined according to the method of HENDERSON 
AND RAWLINSON z2 and the cytochrome prosthetic group was characterized spectro- 
photometrically ~3. Disc electrophoresis and electrofocusing (cytochrome and flavo- 
protein) experiments were performed by Dr. Carl Peraino of this Laboratory. Mole- 
cular weights were determined by the gel filtration method of ANDREWS 24 and by 
calculation from amino acid content. End groups were determined by the method 
of SANGER AND THOMPSON ~5. Extinction coefficients were calculated from dry weight 
measurements. Photochemical reduction of the flavoprotein was accomplished by 
ultraviolet irradiation in the presence of ethylenediaminetetraacetic acid26, 27. The 
phrase "apparent pH"  refers to the pH meter reading given by ZH20 buffers. 

RESULTS AND DISCUSSION 

Fig. I shows the optical absorption characteristics of cytochrome c, ferredoxin, 
and flavoprotein from S. lividus. The cytochrome appears to be a"c"type cytochrome, 
similar in properties to other algal cytochromes, with e bands at 552-553 nm ~3'~- 
Heme was not extracted by o.I M HC1 in methyl ethyl ketone and the reduced pyridine 
hemochromogen had an absorption spectrum essentially identical to that of horse- 
heart cytochrome c pyridine hemochromogen. Thus, the heme group is of the meso 
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Fig. I. Optical absorpt ion spectra in neutral  phosphate  buffer of eytochrome c, ferredoxin, and 
flavoprotein from the blue-green alga S. l iv idus.  - - - - - -  and . . . . . .  , reduced and oxidized cyto- 
chrome c, respectively; - - . - - ,  oxidized ferredoxin; - - - ,  flavoprotein. 
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t ype  and covalent ly  a t t ached  to apoprote in .  In  the  reduced s ta te ,  this  cy tochrome c 
autooxid izes  very  slowly at  neu t ra l  pH.  

The opt ical  spec t rum of the  ferredoxin indicates  i t  to be a typ ica l  p lan t  ferre- 
doxin. This ferredoxin is essent ial ly ident ical  to spinach ferredoxin in terms of mole- 
cular  weight,  iron content ,  circular  dichroism, and electron spin resonance spec t rum 
(G. PALMER AND R. ANDERSON, personal  communicat ion) .  The PMR spect ra  of the  
contac t  shif ted lines in the  oxidized and  reduced s ta tes  closely ma tch  those repor ted  
b y  POE et al. 29 for spinach ferredoxin.  Fig. 2 gives the  d iamagnet ic  por t ion of the  
P M R  spect ra  of reduced and oxidized [1Hjferredoxin from S. lividus. The pa t t e rn  of 
lines is again very  similar  to tha t  of spinach ferredoxin 29. Detai ls  of PMR studies with 
ferredoxin and with cytochrome c and phytof lavin  from S. lividus will be repor ted  
elsewhere, but  we present  spec t ra  of the  1H-labeled prote in  as par t  of the general  
charac ter iza t ion  of these proteins.  PMR spect ra  of the  I iH]cy tochrome c and [~Hj- 
phytof lavin  have a l ready  appeared  11 

FERREDOXIN 

PPM 
6 

Fig. 2. Proton magnetic resonance spectra at 220 MHz of oxidized and reduced [1H'ferredoxin 
from S. lividus. The spectra were obtained from 6 % solutions of I1H~ferredoxin in 0.05 M sodium 
phosphate buffer (eH20), containing o. 5 M NaC1, at an apparent pH of 6.8 for the oxidized material 
and 7.4 for the reduced material. The ferredoxin was reduced by the anaerobic addition of Na2S204 
dissolved in 1.o M dibasic potassium phosphate in 2H20. Peaks labelled SB are sidebands. The 
small sharp line at o ppm of the lower trace is internal standard, trisilyltetradeuteropropionate 
(TPP). Spectra were recorded with a Varian spectrometer. 

The f lavoprote in  has an opt ical  spec t rum quite similar  to the phytof lavin  
isolated from the blue-green alga Anacys t i s  nidulans 30, al and the f lavodoxin from bac- 
ter ia  ~2. Anacys t i s  cul tures mus t  be iron-deficient in order  to elicit phytof lavin  pro- 
duct ion a3 as phytof lav in  serves in place of ferredoxin.  The f lavoprotein  of S. l ividus 
is present  under  our normal  cul ture condit ions,  bu t  sufficient iron m a y  not  be avai l-  
able, for we have noted  occassional s t r ik ing var ia t ions  in f lavoprotein  yields from 
algae cul tured in the  presence of exogeneous amino acids. Pre l iminary  assay (G. PAL- 
MER AND R. ANDERSON, personal  communicat ion)  of this  f lavoprotein indicates  no 
f e r r e d o x i n - N A D P  reductase  ac t iv i ty ,  so at  this  point  we judge :this f lavoprotein  to be 
a phytof lavin.  

Table  I lists the  amino acid contents  of the  three  algal proteins.  The f lavoprotein  
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T A B L E  I 

AMINO ACID COMPOSITION OF ALGAL PROTEINS 

615 

A mino acid Flavoprotein Ferredoxin Cytochrome c 

t,moles/mg Residues pmoles/mg Residues #moles/mg Residues 

Lys ine  ° .2°3  5 (5 .°6) °.412 4 (3-89) ° .578 7 (6.64) 
His t id ine  0.040 1 (i.oo) O.lO6 i (I.OO) o.174 2 (2.00) 
Arginine  °.175 4 (4.38 ) 0.298 3 (2.81) o.126 i (1.45) 
Aspar t ic  acid 0.893 22 (22.3) 1.14 I i  (lO.8) i .oo 12 (11.5) 
Threon ine  0.308 8 (7.7 o) 0.608 6 (5.74) 0.206 2 (2.37) 
Serine o.168 4 (4 .2°) 0.405 4 (3 .82) o.169 2 (1.94) 
Glu tamic  acid 0.982 25 (24.6) 1.77 17 (16.7) 0.874 io (IO.O) 
Prol ine °.142 4 (3-55) 0.576 5 (5.43) °.132 2 (1.5) 
Glycine 0.746 19 (18.7) 0.679 6 (6.41) o.817 9 (9.35) 
Alanine  o.616 15 (15.4) 0.646 6 (6.09) 1.38 16 (15.9) 
H a l f c y s t i n e  o.076* 2 (1.9) - -  5 (4-7) ~ o.142 2 (1.63) 
Valine 0.233 6 (5.83) 0.742 7 (7 .00 ) °.475 5 (5-46 ) 
Meth ionine  0.042 I (1.o5) None  - -  0.292 3 (3.36) 
Isoleucine 0.489 12 (12.2) 0.392 4 (3.7 °) 0.228 3 (2.62) 
Leucine  o.463 12 (11.6) 1.o8 io (lO.2) 0.437 5 (5.03) 
Tyros ine  ° .287 7 (7 .18) 0.375 4 * ' ( 3 . 5 4 )  ° .185 2 (2.13) 
P h e n y l a l a n i n e  0.365 9 (9.13) 0.3 °6  3 (2.89) 0.258 3 (2-97) 
T r y p t o p h a n e  o.132 3 (3-3) N o n e ' '  - -  o.o7o*"* I (o.8o) 

To ta l  res idues  154 96 87 

De te rmined  as cysteic acid. 
* Also de te rmined  spec t rophotomet r ica l ly .  

* "  * Alkal ine hydrolys is .  

contains an unusually large number of acidic amino acids and electrofocusing ex- 
periments indicated an isoelectric point in the region of pH 2 for this protein. The 
amino acid composition of the ferredoxin is generally similar to the composition of 
Scenedesmus ferredoxin 34 and contains no tryptophan.  In the cytochrome c, the 
presence of two half-cystine residues indicates the problable presence of one heme 
prosthetic group per protein chain. Table I I  lists a number of chemical and physical 
properties of these molecules. The low molecular weights of these molecules makes 
them particularly well suited to study by nuclear magnetic resonance techniques. 
Four quanti tat ive determinations of the FMN content of the flavoprotein gave 
0.8 ± o.I mole of FMN per mole of flavoprotein. Many flavoproteins contain two or 
more of flavin prosthetic groups 35 but some contain only one flavin prosthetic group 
and a cystine residue. The flavoprotein described here appears to fall into this latter 
class. Two iron atoms per ferredoxin molecule is typical of plant ferredoxins. Alanine 
was found to be the amino end group of all three proteins. The DNP-alanine derivative 
from the flavoprotein was obtained in 80-85 % yield and the yields of DNP-alanine 
from the cytochrome and ferredoxin were also very good, but  were not determined 
quantitatively. We judge that  none of the end groups are acetylated. Alanine is a 
frequent end group of ferredoxin and plant cytochromes ~4. The three proteins are 
thermally very stable, as might be expected from the fact that  the source alga, 
S. lividus is a thermophilic organism. 
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T A B L E  I I  

PROPERTIES OF SOME DEUTERATED ALGAL PROTEINS 

For  the  L1H]cytochrome c, E '°  = + 0 . 3 3  ± o.oi  V and  for the  L~H~cytochronle c, E '  0 0.32 
o.oi  V, bo th  in 1H20 a t  pH  7.0. Absorp t ion  m a x i m a  for the  reduced cy toch rome  appea r  a t  

552, 520,414,  315 and  275 nm. In  the  oxidized form m a x i m a  appea r  a t  525, 4o8, and  358 nm. 
Some absorbance  ra t ios  are:  Soret/0L 6.7; ~/fl, 1.6; Sorer (ox)/Soret  (red), 0.84. F l avopro te in :  
absorp t ion  m a x i m a  a t  49 ° (shoulder), 465, 373, 29 ° (shoulder) and  273 nm. The mola r  ex t inc t ion  
a t  465 nm is 8.1. lO s M - l . c m  -1. Fe r redox in :  absorp t ion  m a x i m a  a t  465, 423, 331 and 276 nm. 
Mol. wt.  d e t e r m i n a t i o n  from gel f i l t ra t ion  and  amino  acid analysis .  E s t i m a t e d  error, 5 %. The 
absorbance  ra t ios  are the  same for bo th  1H and 2H proteins .  A t  these  absorbance  rat ios ,  disc 
e lec t rophores is  and  electrofocusing showed no impur i t ies .  

Protein Mol. wt. Prosthetic Amino end Isoelectric Absorbance ratio 
group group point (pH) 

Cytochrome c 9 5 °0 Mesoheme Alan ine  4.47red A552 nm/A~73 nm, 1.o5"* 
5.OOox 

F l avop ro t e in  17 ooo F l av in  (one) Alanine  Abou t  2 A 484 nm/A 273 nm, o. 15 
iV[ononucleotide * 

Fer redox in  io  500 2 Fe Alanine  - -  -4420  nm/A273 n m ,  0 . 6 5  

* No meta l s  detected.  W i t h  a precision of a factor  of two, we found o .o i  % Zn, o.ooi  % Mn 
and  Mo, and  0.oo 5 % Fe. 

** Reduced  form. 

Fig. 3 shows the changes in the spectrum of the flavoprotein upon irradiation 
with light in the presence of EDTA 26. A blue semiquinone radical is formed that 
yields a typical electron paramagnetic resonance (EPR) signal 8~. Spectra generated 
by the [IH]flavoprotein semiquinone radical have a linewidth of 1 9 gauss (low power 
level) are essentially featureless, and show "anomalous" saturation properties be- 
cause the correlation time of the protein makes it more difficult to saturate the aniso- 
tropic part of the spectrum (the wings) as compared to the isotropic part of the spec- 
trum (the center) s6. In spectra of the E1H~flavoprotein radical, the wings appear as 
unresolved shoulders and interpretation is difficult. However, EP R spectra of the 
E2HJflavoprotein semiquinone radical exhibit resolved hyperfine splitting patterns, 
because of the decreased hyperfine interaction of the deuteron as compared to the 
proton, and these spectra lend themselves to detailed analysis of the motional pro- 

0 . 3  I I I t 

• ~0.1 . 

E 
4 4 0  5 0 0  5 6 0  620 

nm 
Fig. 3. Changes  in opt ica l  absorp t ion  of f lavoprote in  upon  anaerob ic  i r r ad ia t ion  wi th  u l t r av io l e t  
l igh t  in the  presence of E D T A  a t  p H  7. A blue  semiqu inone  rad ica l  is formed which is t hen  fu r the r  
reduced (Curves 1-4). Upon exposure  to  air, the  f lavoprote in  is re-oxidized (Curves 5, 6, I) to  
g ive  a spec t rum iden t ica l  to the  original.  
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1H, 2H, AND ISOTOPE HYBRID ALGAL PROTEINS 617 

perties of the radical, both in vitro and in vivo. Details of the ESR spectral properties 
of E2HIFMN and E2H]phytoflavin were reported elsewhere ~. 

The proteins described here have been used in a variety of magnetic resonance 
experiments. Three classes of protons can be considered for PMR visualization using 
the techniques of isotope hybridization: (I) the "core" amide protons of peptide 
bonds plus other very slowly exchangeable protons; (2) protons associated with the 
prosthetic group of a protein or an enzyme; (3) protons of selected amino acids. In 
each of these three types of experiments, only a few of the hundreds of hydrogen 
atoms of the protein are observed in the proton magnetic resonance spectrometer, 
as the proteins are largely deuterated. Details of these types of experiments with the 
proteins described here have already appeared 9-11, ag. Fig. 4 illustrates an additional 
example of the type of results made possible with isotope hybrid proteins. The PMR 
spectrum of [2H]cytochrome c (~lHlphenylalanine~lH]tyrosine) indicates at least two 
or perhaps three conformational states, an observation that would be most difficult 
with the [1Hlcytochrome c. With the availability of fully deuterated and isotope 
hybrid proteins, the problem of the assignment of PMR lines in proteins is, in prin- 
ciple, solved, and the full potential of magnetic resonance techniques can be brought 
to bear upon some of the problems of structure and function of proteins and enzymes. 

I I I I I I I 

~H-] cytochrome c 

I I I ] I 
8 7 6 :5 2 I 0 - I  

ppm 

Fig. 4. Upper trace, the PMR spectrum at 220 MHz of [1H~cytochrome c from the blue-green 
alga S. lividus, oxidized form. Lower trace, the PMR spectrum at 220 MHz of [2HJcytochrome c 
([1H~phenylalanineE1H]tyrosine), oxidized form. In the aromatic region, the spectrum of the 
isotope hybrid is interpretable in terms of three sets of three lines due to the three phenylalanine 
and two tyrosine residues. One major and probably two minor conformations of the phenyl groups 
are indicated under the conditions of this analysis (about 5 % protein, 0.05 M sodium phosphate 
buffer, 19 °, apparent pH 6.8). The incorporation of [1Hlphenylalanine into S. lividus cells growing 
in ~H20 leads also to the production of [1H]tyrosine. These spectra, and those of Fig. 2, were 
taken by repetitive scanning techniques using an audio-sideband trigger and Fabri-tek lO74 
computer. 
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