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Myoglobin in a Cyanobacterium 

Malcolm Potts,* Stephen V. Angeloni, Richard E. Ebel, 
Deeni Bassam 

Myoglobin was found in the nitrogen-fixing cyanobacterium Nostoc commune. This cy- 
anobacterial myoglobin, referred to as cyanoglobin, was shown to be a soluble herno- 
protein of 12.5 kilodaltons with an amino acid sequence that is related to that of myoglobins 
from two lower eukaryotes, the ciliated protozoa Paramecium caudatum and Tetrahymena 
pyrifbnnis. Cyanoglobin is encoded by the glbNgene, which is positioned between nWand 
nifK-two genes essential for nitrogen fixatiobin the genome of Nostoc. Cyanoglobin was 
detected in Nostoc cells only when they were stawed for nitrogen and incubated mi- 
croaerobically. 

Cyanobacteria may have figured in the 
evolution of Earth's oxygenic atmosphere 
(I). Many cyanobacteria have nitrogenase, 
an enzyme that catalyzes the reduction (fix- 
ation) of dinitrogen; as a group, these pho- 
tosynthetic microorganisms are responsible 
for much biological dinitrogen fixation (2). 
Nitrogenase is sensitive to gaseous oxygen, 
and cyanobacteria use various mechanisms 
to achieve aerobic nitrogen fixation, in- 
cluding attenuation of the oxygen tension 
in the immediate vicinity of nitrogenase. 
For example, some cyanobacteria can effect 
either a spatial or temporal separation, or 
both, of their oxygen-evolving and nitro- 
gen-fixing activities (3, 4), whereas others 
resaict their nitrogenase activity to a special- 
ized d8erentiated cell, the heterocyst. During 
the course of its Merentiation, the heterocyst 
is modified structurallv and biochemicallv in 
order to provide a reducing environment con- 
ducive to nitrogen fixation (5). Marked 
changes in gene expression accompany het- 
erocyst Merentiation and include the induc- 
tion of the nrf operons (6). 

Of the heterocystous cyanobacteria, spe- 
cies of Nostoc are especially prevalent in 
terrestial environments from the tropics to 
the polar regions, where they often enter 
into associations with a variety of higher 
and lower plants (7). One of these species, 
Nostoc commune, forms visually conspicu- 
ous colonies in the shallow natural depres- 
sions of limestone rock in karst areas. We 
isolated the nijUHD gene cluster from the 
strain Nostoc commune UTEX 584 (8). 
DNA sequence analysis revealed an open 
reading frame (ORF) of 118 codons, poten- 
tially encoding a 12.5-kD protein, between 
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ni$U and nijH that showed no obvious 
sirnilaritv in either DNA or amino acid 
sequence with any known nif genes or Nif 
proteins, respectively (Fig. 1A). However, 
marked similarity was apparent, both in size 
and in amino acid seauence. to the mvo- 
globins of the ciliated protozoa ~armnecihm 
caudatum and Tetrahymena pyrifonnis, 
which contained 116 and 121 amino acids, 
respectively (9, 10). We used the polymer- 
ase chain reaction (PCR) (I I) to amplify 
glbN, subcloned glbN into an expression 
vector (pT7-7), and overexpressed the re- 
combinant protein in E s c k h i a  coli (Fig. 
1A) (1 2). A 12-kD protein was revealed by 
electrophoresis of whole-cell lysates from 
IFTG ( i s o p r o ~ l - ~ - ~ t h i ~ c t o ~ ~ ~ i d e ) -  

induced (Fig. lB, lanes C and D) cells 
carrying the cloned Nostoc gene (1 3); the 
protein was not revealed in cells uninduced 
by IPTG (Fig. 1B). The cell pellets from 
GlbN+ d m t s  were bright red in col- 
or. Examination of induced cells with light 
microscopy did not reveal inclusion bodies. 

The recombinant protein partitioned to 
the soluble fraction after disruption of 
GlbN-expressing E. coli in a French pres- 
sure cell. During the course of the purifica- 
tion, the color of the protein preparation 
changed from bright red to orange-brown, 
probably the result of auto-oxidation of the 
protein to the ferric (met)-form. This is a 
characteristic of myoglobins and hemoglo- 
bins isolated from other sources. The or- 
ange-brown fraction, obtained after ion- 
exchange chromatography, ultrafiltration, 
and gel-exclusion chromatography, was 
judged to be homogenous when examined 
by SDS-polyacrylamide gel electrophoresis 
(SDS-PAGE) and silver staining (Fig. 1B). 
The molecular sizes of GlbN estimated from~ 
gel filtration and SDS-PAGE were 15 kD 
and 12 kD, respectively. These data indi- 
cate that recombinant GlbN is a monomer. 

The ultraviolet (W) -visible spectrum 
of the recombinant GlbN was consistent 
with that of a high-spin femc hemoprotein, 
with a maximum absorbance in the Soret 
region at 412 nm (Fig. 2). Reduction with 
sodium dithionite shifted the Soret peak to 
422 nm. whereas addition of carbon mon- 
dxide to  the reduced protein caused a shift 
in the Soret mak to 419 nm. These data 
demonstrate ;hat the reduced protein has 
an open ligand position that can bind car- 
bon monoxide and probably molecular ox- 
ygen. As no cysteine residues are present in 

Fig. 1. Chromosomal lhtion of glbN and Hind 111 
purification of recombinant GlbN protein. (A) - 357 b" 4 The position of glbN in the nWHD cluster of 5' nifU g ~ b ~  nW 
Nostoc commune (8) and the reaion am~lified 
by PCR are represented schematically.' Note 
that the nifU-nifH intergenic region of the relat- f 

Nde I ed cyanobacterium Anabaena sp. strain 
PCC7120 is devoid of any ORF (22). The two I b c d  
oligonucleotides used were 5'-CTGGCATAT- 
GAGCACATTGTACG-3' and 5'-GCGAAGCT- Or- '- 
TCGATAGGACTTGAT-3'. These are comple- 
mentary to the 5' end of glbNand to a region 50 - 
bp downstream of its 3' terminus, respectively. 43- -- A 

Recognition sites for Nde I and Hind I11 were 43- 

introduced into the oligonucleotides to permit 29- - 2'=- 
subsequent subcloning of the PCR product in 
the desired orientation in pT7-7. The sequence 
of glbN is 357 bp; the engineered PCR product 
was 422 bp. The first five amino acid residues 18- 1 

of GlbN--represented by bases 8 to 22 in the 14- - G I ~ N - ~  
first oligonucleotide-are Met, Ser, Thr, Leu, 

6- and Tyr. The sequence of glbN has been sub- 
mitted to GenBank (accession number M92437). (B) Lysates from uninduced (lanes a and b) and 
induced cells (lanes c and d); purified GlbN prepared by liquid chromatography and examined by 
SDS-PAGE (lane e). Lanes b and d were loaded with one-tenth the amount of total protein present in 
lanes a and c. Molecular sizes in kilodaltons are shawn at the left. Proteins were detected with 
Coomassie blue stain (lanes a to d) or silver stain (lane e). GlbN, recombinant cyanoglobin; Or, origin. 
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Fig. 2. Soret and visible spectra of recombinant 
GlbN. Spectra of purified native recombinant 
GlbN were obtained from a solution in 50 mM 
Hepes (pH 7.5) (solid curve with symbols); from 
the identical solution after the addition of crys- 
talline sodium dithionite (dashed curve); and 
after saturation of the solution with carbon mon- 
oxide (solid line only). Spectra were obtained 
with a Cary 219 spectrophotometer (Varian, 
Palo Alto, California) and 1-cm pathlength 
quartz cuvettes. 

the amino acid sequence of GlbN, the 
heme group is probably noncovalently at- 
tached to the monomeric apoprotein-a 
characteristic of myoglobins and hemoglo- 
bins (14). The UV spectrum of the ferric 
form of the protein and the spectra in the 
Soret region of the ferrous and carbon 
monoxy forms of the protein are typical of 
myoglobins and hemoglobins isolated from 
other sources, including those from the two 
protozoans. However, the spectral charac- 
teristics of the ferrous and carbon monoxy 
forms in the visible region are atypical. To 
reflect the globin-like properties of GlbN, 
we refer to this cyanobacterial hemoprotein 
as cyanoglobin. 

Cyanoglobin, with a molecular size 
identical to that of the recombinant protein 
(12 kD), was detected in cells of Nostoc 
commune UTEX 584 only when they were 
grown in the absence of combined nitrogen 
(when they had differentiated heterocysts) 
and then only after a 24- to 56-hour period 
of incubation under microaerobic condi- 
tions (Fig. 3) (1 5). Under these conditions, 
induction of cyanoglobin synthesis was 
demonstrated with cultures in the early and 
late logarithmic phase of growth (Fig. 3). 

Nostoc cyanoglobin is smaller than other 
known myoglobins but appears to be related 

@ Q ~ A [ V  Q Q A  ~a 
H N K P Q T I Y E K L G G  N A H K A A  P L F Y  

H S T L Y D N I G G  P A I E Q V  D E L H  

p; 4;; 1 ;  ::: 
Nc A E N T K A A L D R V T N H K  A I L N K  118 

Fig. 4. Deduced amino acid sequence (23) of 
cyanoglobin and comparison with other 
globins. Alignment of GlbN with the sequences 
of the monomeric hemoglobins of Paramecium 
(PC) and Tetrahymena (Tp). Nc, Nostoc cyano- 
globin. For presentation of the comparison of 
Nc, PC, and Tp, only exact correspondences 
are boxed. Numbers = the total residues in 
each protein. Residues in PC and Tp thought to 
function in heme-binding (9, 70) are indicated 
with an asterisk. 

to the monomeric protozoan globins for 
which, at present, no functions have been 
assigned. The calculated isoelectric points 
for the Nostoc and Tetrahymena proteins are 
virtually identical (9.7 and 9.5, respective- 
ly), and all three proteins show very similar 
hydropathic profiles. These three mono- 
meric globins constitute a distinct homog- 
enous group when their sequences are 
aligned (1 6) and compared with the mam- 
malian globins as well as with the dimeric 
hemoglobin reported from a species of the 
bacterium Vitreoscilla (1 7) (Fig. 4). Cyano- 
globin shares only limited sequence similar- 
ity with the mammalian and Vitreoscilla 
proteins and no obvious similarity with 
other hemoproteins including the leghemo- 
globins and cytochromes. 

The marked conservation between cy- 
anoglobin and related protozoan myoglo- 
bins, in contrast to the limited similarity 
between cyanoglobin and the eubacterial 
Vitreoscilla hemoglobin, raises questions of 
whether these different monomeric hemo- 
proteins have a common origin and wheth- 
er they can provide clues to early globin 
evolution. The observation that the syn- 
thesis of cyanoglobin is induced by nitrogen 

Fig. 3. Cyanoglobin in Nostoc. lmmunoblotting was used to a b c d  e f 
detect cyanoglobin in cells at different developmental stages 
grown in the presence (+N) or absence (-N) of combined +N 
nitrogen. Lane A, 20 ng of recombinant cyanoglobin; lane B, - - 
hormogonia (24 hours of aerobic growth); lane C, 48 hours of 
aerobic growth (heterocysts differentiated in -N culture); 
lane D, 48 hours of aerobic growth and 24 hours of anaerobic - - -N 

induction; lane E, 9 days of aerobic growth; and lane F, 9 ft- 

days of aerobic growth and 56 hours of anaerobic induction. 
Equivalent amounts of Nostoc proteins (approximately 5 pg) were loaded in each lane of two gels, 
which were processed under identical conditions. Molecular size standards in kilodaltons are at the 
left; ft, unresolved protein front. Arrows, 12-kD cyanoglobin. 

starvation, and the positioning of glbN be- 
tween nifU and nifH, may suggest that 
GlbN is involved in some aspect of nitrogen 
fixation. That aspect may involve a scav- 
enging of oxygen because the induction of 
cyanoglobin synthesis required incubation 
of Nostoc cells under low oxygen tension. 
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The Motor Cortex and the Coding of Force 

Apostolos P. Georgopoulos,* James Ashe, 
Nikolaos Smyrnis, Masato Taira 

The relation of cellular activity in the motor cortex to the direction of two-dimensional 
isometric force was investigated under dynamic conditions in monkeys. A task was de- 
signed so that three force variables were dissociated: the force exerted by the subject, the 
net force, and the change in force. Recordings of neuronal activity in the motor cortex 
revealed that the activity of single cells was directionally tuned and that this tuning was 
invariant across different directions of a bias force. Cell activity was not related to the 
direction of force exerted by the subject, which changed drastically as the bias force 
changed. In contrast, the direction of net force, the direction of force change, and the 
visually instructed direction all remained quite invariant and congruent and could be the 
directional variables, alone or in combination, to which cell activity might relate. 

O n e  problem in motor physiology con- subject. This problem has been studied 
cerns the relation between cell activity in extensively under static conditions-that 
the motor cortex and the force exerted by a is, when a constant isometric force is exert- 

ed. In this case, the rate of motor cortical 
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to one dimension (1, 2, 5, 6) or have been 
complicated by concomitant movement 
(7). In general, cell activity relates to the 
change in force (2, 5), although in several 
studies that involved movement, forces 
were not measured (4, 8). 

We use the term "static force" (9) to 
refer to postural control and "dynamic 
force" to refer to changing force patterns. 
The usual experimental situation is a com- 
bination of a changing force in the presence 
of a constant bias force (for example, grav- 
ity). In this case, the desired outcome 
depends not only on the force exerted by 
the subject but also on the force bias: the 
crucial variable is the net force acting on 
the object, which is the vector sum of the 
force exerted by the subject and the force 
bias. We assume that the force exerted by 
the subject consists of a dynamic and a 
static component. Therefore 

Net force = subject force + force bias (1) 

= dynamic force + static force 
+force bias (2) 

We assume that static force compensates for 
and is therefore equal and opposite to force 
bias, so that net force = dynamic force; we 
use these terms interchangeably. Finally, 
we define the change in force as the differ- 
ence between successive force vectors at 
times t and t + 1: 

Force change = net force (t + 1) 
- net force (t) ( 3 )  

or, given Eq. 1, 

Force change = subject force (t + 1) 
- subject force (t) (4) 

Therefore, the change in force is the same 
for both the net force and the force exerted 
by the subject. These forces change in time 
when a net force pulse is produced in a 
specified direction and in the presence of a 
constant force bias (Fig. 1). The various 
forces are dissociated, especially dynamic 
force and the force exerted by the subject; 
the time course of the change in force is 
similar to that of dynamic force. We used 
these dissociations to examine the relation 
of motor cortical activity to these different 
forces under isometric conditions and to 
determine which one is specified by the 
motor cortex. 

For this purpose, we trained a monkey to 
grasp an isometric handle (10) with its 
hand pronated and to exert force pulses so 
that the net force was in eight visually 
specified directions. These directions were 
indicated by a target on a display placed 45 
cm in front of the animal, and a force 
feedback cursor displayed the net force on 
the handle. A steady deflection of the force 
feedback cursor was used to produce a con- 
stant bias force. In the task, the visual 
target first appeared in the center of the 
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