nol is substituted for Dibal in step (ii),
followed by deprotection. This results in
the complete epimerization of the C(2)
center (7), and provides L-altrose (17)
n.

The sequences leading to the other
hexoses have also been carried out satis-
factorily in the manner described above
for L-allose and L-altrose (12). All steps
in Fig. 2 except for the step 9 — 13
proceed with remarkable regio- and ster-
eoselection. Since the mirror image of
every compound in Fig. 2 can be pre-
pared by simple exchange of the chiral
ligand (tartrate ester) in the AE reaction,
the formal synthesis of the D-hexoses
has also been achieved. Thus, our two-
carbon extension methodology has
proved to be generally applicable and
efficient in controlling stereochemistry in
the construction of acyclic, polyhydrox-
ylated carbon frameworks.
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Hemoglobin in a Nonleguminous Plant, Parasponia:

Possible Genetic Origin and Function in Nitrogen Fixation

Abstract. A dimeric hemoglobin was purified from nitrogen-fixing root nodules
formed by association of Rhizobium with a nonleguminous plant, Parasponia. The
oxygen dissociation rate constant is probably sufficiently high to allow Parasponia
hemoglobin to function in a fashion similar to that of leghemoglobin, by oxygen
buffering and transport during symbiotic nitrogen fixation. The identification of
hemoglobin in a nonlegume raises important questions about the evolution of plant

hemoglobin genes.

In higher plants, hemoglobin is gener-
ally thought to occur only in the nitro-
gen-fixing root nodules of legumes (7).
Because the structure of legume hemo-
globin (leghemoglobin) genes is very
similar to that of animal globin genes, it
has been suggested that the gene for
leghemoglobin was transferred to le-

gumes from another eukaryote outside

the plant kingdom, relatively recently in

1 Oxy Lb
) — . , _.<459a59
Ferric Lb,

4.79

Oxy Hb, m
6.28

Ferric Hb,
6.67

Parasponia Cowpea
Fig. 1. Preparative-scale isoelectric focusing
of oxyhemoglobin (Oxy Hb) from P. ander-
sonii nodules and leghemoglobin (Lb) from
cowpea [Vigna unguiculata (L.) Walp.] nod-
ules, both inoculated with Rhizobium strain
CP283 and grown as previously described (3).
Focusing was performed at 4°C in a 100-ml gel
slurry bed of Ultrodex (LKB) containing 0.5
percent Ampholine (LKB) (pH 4.0 to 6.0) and
1.5 percent Ampholine (pH 5.0 to 7.0) (/4).
The gel plate was loaded with approximately
equal amounts of the total hemoglobin puri-
fied by Sephacryl S200 chromatography from
Parasponia and cowpea nodule extracts. Iso-
electric points, measured at 4°C, are marked.

evolutionary history (2). We report that
hemoglobin also occurs in the nitrogen-
fixing root nodules of Parasponia, a
member of the Ulmaceae. This plant is
nodulated by strains of Rhizobium that
also nodulate certain members of the
Leguminosae (3).

The absorption spectra of Parasponia
nodule segments are consistent with the
presence of hemoglobin (4), and this
Parasponia hemoglobin may be purified
from nodules extracted under strict an-
aerobic conditions that prevent tannin
formation and hemoglobin degradation.
Fresh nodules from Parasponia ander-
sonii Planch, infected with Rhizobium
strain CP283 (3), or nodules frozen in
liquid N, were dropped into the steel
chamber of an Omnimixer (Sorvall) con-
taining four volumes of extraction buffer

[50 mM potassium phosphate (pH 7.2),

1mM EDTA, 4 percent soluble polyvi-
nylpyrrolidone (Kollidon 25, BASF),
and 0.1 percent sodium dithionite
(Fluka)] equilibrated with pure CO. The
mixture was ground at full speed under
CO for 2 minutes at 0°C, then centrifuged
under CO at 100,000¢ for 60 minutes at
0°C. The yield of crude carboxyhemoglo-
bin was 45 to 70 nanomoles per gram of
Parasponia nodule tissue (5). Anaerobic
chromatography on a column of Sepha-
cryl S200 (Pharmacia) equilibrated with
CO-saturated 50 mM potassium phos-
phate and 0.1 mM EDTA (pH 7.2) at 0°C
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was used to separate Parasponia hemo-
globin from remaining impurities that
could cause polyphenol oxidation. Delib-
erate exposure of this chromatographed
product to air at 0°C caused the slow
conversion of Parasponia carboxyhe-
moglobin to oxyhemoglobin without ap-
preciable production of ferric hemoglo-
bin. Final purification was achieved by
preparative-scale isoelectric focusing
(Fig. 1). This produced a single major
component of oxyhemoglobin having an
isoelectric point of 6.28 at 4°C and a
much smaller amount of ferric hemoglo-
bin with an isoelectric point of 6.67.
Figure 1 also shows that leghemoglobin,
prepared in the same way from cowpea
nodules induced by the same Rhizobium
strain, CP283, is focused as a group of
several oxygenated and oxidized species
with isoelectric points between 4.6 and
4.8. No trace of Parasponia hemoglobin
is detectable from cowpea nodules, or
vice versa. This result indicates that the
plant host has some control over the

types of hemoglobin that are produced in
nodules infected with Rhizobium strain
CP283.

It is possible that, in vivo, Parasponia
hemoglobin is tightly bound to the RAizo-
bium bacteroid surface, and this may
have been the reason for our inability to
detect it in a previous investigation (/). If
insoluble polyvinylpyrrolidone (Polyclar
AT, GAF), which appears to be as effec-
tive as soluble polyvinylpyrrolidone
(Kollidon 25) in suppressing polyphenol
oxidation, is substituted for Kollidon 25
in our extraction procedure, then almost
all Parasponia hemoglobin is found in
the bacteroid pellet and not in plant cell
debris, plant membrane fragments, or
the supernatant. Davenport (6) reported
the presence of an ‘‘insoluble’’ hemoglo-
bin in nitrogen-fixing root nodules con-
taining actinomycetous endophytes. One
of us (J.D.T.) confirmed these observa-
tions with segments of nodules from sev-
eral plant families (4, 7), and we have
been able to extract ‘‘soluble’’ hemoglo-

Fig. 2. Absorption
spectrum of pure fer-
ric hemoglobin from
P. andersonii nod-
ules. Oxyhemoglobin 100+
in 0.1M potassium
phosphate (pH 6.8)
was oxidized with a
20-fold excess of po-
tassium ferricyanide 50 -
and immediately
chromatographed at
0°C on a long, narrow
column of Sephacryl
S200 equilibrated

E (mM)

407

529

484
560

with the same buffer. 9350 350

This procedure re-

450 ° 500 600 700

Wavelength (nm)

moved residual Ampholine as well as ferri- and ferrocyanides. Hemoglobin concentration was
determined by the pyridine hemochrome procedure (8), and spectra were recorded at 20°C in a
Hitachi—Perkin-Elmer model 557 spectrophotometer interfaced with a PDP 11/03 computer and
a HP 7221B plotter. E(mM) is the millimolar extinction coefficient.

Fig. 3. Absorption
spectra - of pure fer-
rous hemoglobin (dot-
ted line), oxyhemo-

200

globin  (continuous

line), and carboxy-  '5°
hemoglobin (dashed _
line) from nodules of 2

P. andersonii. Ferric ] 100

hemoglobin in 0.1M
potassium phosphate
(pH 6.8) was convert-
ed to ferrous hemo-
globin by the addition
of sodium dithionite

50 L) A

under argon. Oxyhe- 0
moglobin was pre-
pared by running this

400

450
Wavelength (nm)

500 550 600

ferrous hemoglobin (under argon) into a column of superfine Sephadex G25 (Pharmacia)
equilibrated with air-saturated 0.1M potassium phosphate and 1 mM EDTA (pH 6.8) at 0°C.
Carboxyhemoglobin was prepared by equilibrating ferrous hemoglobin with CO and passing it
through a similar column equilibrated with CO-saturated buffer. Spectra were recorded as for

Fig. 2.
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bin' from Casuarina cunninghamiana
Miq. nodules by isolation procedures
similar to that outlined above (7).

Parasponia hemoglobin, purified by
isoelectric focusing (Fig. 1) appeared ho-
mogeneous when subjected to sodium
dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis; it contained only one
subunit type of ~ 21,000 daltons. Pyri-
dine hemochrome analysis (8) of lyophi-
lized, salt-free Parasponia hemoglobin
showed the presence of 1 mole of proto-
heme per 22,000 g of protein (equivalent
to one heme per subunit). On the other
hand, chromatography on calibrated col-
umns of Sephacryl S200 under nondena-
turing conditions indicated an apparent
molecular weight of 25,000 to 40,000 for
Parasponia hemoglobin, depending on
concentration, valence, and ligand state.
This suggests that the functional protein
is a readily dissociable dimer. In con-
trast, SDS-polyacrylamide gel electro-
phoresis or Sephacryl S200 chromatog-
raphy showed cowpea leghemoglobin to
be a 16,000-dalton monomer.

The absorption spectrum of pure Par-
asponia ferric hemoglobin is shown in
Fig. 2. The predominance of hemi-
chrome bands at 560 and 529 nm over
charge-transfer bands at 620 and 484 nm
(9) and the temperature sensitivity of the
spectrum identify Parasponia hemoglo-
bin as a thermal equilibrium mixture of
low-spin and high-spin species. In ferric
leghemoglobins similar thermal equilibri-
um mixtures have been recognized (Z, 9,
10). As with leghemoglobin (Z, 9), reduc-
tion of Parasponia mixed-spin ferric he-
moglobin by dithionite produces a high-
spin ferrous hemoglobin structure,
judged by its optical spectrum (Fig. 3).
Equilibration of Parasponia ferrous he-
moglobin with CO or O; (the latter in the
strict absence of dithionite) caused rapid
formation of carboxyhemoglobin and
oxyhemoglobin, respectively (Fig. 3).
Exposure of oxyhemoglobin to excess
CO caused rapid and complete formation
of carboxyhemoglobin with an O, disso-
ciation rate constant (kopg, O,) of ~ 0.3
sec”!, and exposure of carboxyhemoglo-
bin to excess O, caused slower but com-
plete formation of oxyhemoglobin (korr,
CO, ~ 0.006 sec™!). These observations
of reversible oxygenation, and those of
nodule slices (4), confirm the nature of
the new hemoprotein as an O, carrier
rather than a peroxidase, because in per-
oxidase simple replacement of O, by CO
cannot occur (/7). At pH 6.8 and 20°C,
the O, OFF rate constant (~ 0.3 sec™")
of Parasponia oxyhemoglobin is about
one-thirteenth that of oxyleghemoglobin,
but probably is still sufficient to allow
Parasponia oxyhemoglobin to function
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in the facilitated diffusion of O, to the
Parasponia bacteroids (/2).

We are interested in the three-dimen-
sional structure, amino acid sequence,
and gene structure of Parasponia hemo-
globin, and are attempting to purify Ca-
suarina hemoglobin. If these proteins
and leghemoglobin have overall homolo-
gy of their folded structures and amino
acid sequences and also have the same
gene structure, including the ‘‘ancient’
central intron (/3) already identified for
leghemoglobin (2), then ancient hemo-
globin genes may have survived in many
(or all) higher plant families. Invocation
of a recent act of horizontal gene trans-
mission may be unnecessary (2). On the
other hand, if the three proteins show
overall structural homology but differ-
ences in gene structure, then more than
one event of horizontal gene transmis-
sion might have occurred. Another pos-
sibility is that differences in protein and
gene structure will be sufficient to re-
quire the invocation of convergent evo-
lution.

The identification of hemoglobin in
Parasponia nodules and probably in acti-
nomycetous nodules (7) suggests that an
O, carrier protein might be a necessary
part of plant nitrogen fixation symbioses.
This finding, and knowledge of plant
hemoglobin gene evolution, should influ-
ence the strategy of those wishing to
achieve nitrogen-fixing Rhizobium sym-
bioses with nonleguminous plant fam-
ilies.
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Colchicine Alters the Nerve Birefringence Response

Abstract. The internal perfusion of squid axons with colchicine reversibly and
selectively reduces the transient sodium current and the birefringence response to a

brief depolarizing voltage pulse.

There is a small, brief change in the
optical retardation of axons associated
with the passage of nerve impulses. Ex-
periments based on the use of the volt-
age-clamp technique have shawn that
this birefringence response is correlated
with the changes in membrane potential
as distinct from the flow of current
through the membrane. A disappointing
feature of the early optical studies was
the absence of any component of the
observed structural changes that could
easily be linked with the voltage-depen-
dent Na® or K' conductance of the
nerve membrane. The discovery of a
physical or pharmacological agent con-
sistently effective in altering both the
electrical and the optical signals would
have supported the hope that this ap-
proach could reveal something useful
about the nature of Na* channels (I, 2).
Llano has recently found that colchicine
reduces the Na* currents of squid axons
with little effect on the K™ currents (3).
We report here a reversible alteration of
the birefringence response associated
with a reversible decrease in Na™ con-
ductance after the addition of colchicine
to the internal perfusion fluid.

Squid (Loligo pealii) giant axons were
internally perfused and voltage-clamped
by standard techniques (4¢). The central
region of the chamber holding the axon
was a cavity (4 by 2 by 3 mm), the walls
of which were platinized-silver block
electrodes used to measure the voltage-
clamp current; the top and bottom of the
chamber were made of glass to permit
the passage of a light beam. Light from a
tungsten-halogen bulb passed through a
Glans-Thompson prism polarizer at 45°
to the axial direction of the axon and was

focused on the axon by a cylindrical
lens. The light was collected with a
x10 microscope objective and passed
through a second prism at 90° to the
polarizer onto a ground-glass screen at
the image plane. After field stops were
positioned next to the axon, the screen
was replaced with a YAG-444 (yttrium-
aluminum-garnet) photodiode used in the
photoconductive mode. The photocur-
rent was measured as the potential de-
veloped across a load resistor, and the d-
¢ value is thus proportional to the light
passing through the system. The light
signal was a-c-coupled through a 1-Hz,
high-pass resistance-capacitance (RC)
filter, amplified, and passed through a
30-kHz, low-pass RC filter. It was then
digitized every 40 psec by means of one
input of a Nicolet signal averager; the
other input was used to record the volt-
age-clamp current. One digital count cor-
responded to a change in light intensity
of approximately 10~7. Data were aver-
aged (512 to 4096 sweeps) and then
stored on magnetic disks under the con-
trol of an Apple ][ computer.

The temperature was kept near 0°C.
Streams of dry nitrogen prevented fog-
ging of the glass surfaces. The external
solution was an artificial seawater having
less than normal Na* to minimize cur-
rent-dependent artifacts. It contained
100 mM Na', 400 mM tetramethylam-
monium, 50 mM Ca?*, 600 mM Cl~, and
2 mM Hepes (N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid), pH 7.4.
The internal perfusion fluid contained
400 mM K*, 320 mM glutamate, 50 mM
F~, and 30 mM phosphate buffer, pH
7.4. Colchicine and B-lumicolchicine
were used as obtained from Sigma.
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