sarily mean a major shift in water mass
boundaries in subtropical latitudes. Only
in the case of shell porosity does a dis-
continuity exist in the morphologic gradi-
ent between the two cluster groups. This
is evident from Fig. 2a, where shell po-
rosity is plotted against shell diameter
for the sediment samples. These data
show that all samples in the central water
mass fall along a line with a different
slope from the line representing those in
the equatorial waters. Thus, the gradient
in one of these morphologic parameters
must be discontinuous between the two
water masses; in Fig. 2, b and c, shell
porosity and shell diameter are plotted
against water density. Variations in shell
diameter are clearly gradational between
the two water masses, but variations in
shell porosity are discontinuous (9). All
equatorial samples are drawn from wa-
ters of similar density, but show a wide
range of variation in shell porosity. Cen-
tral water mass samples, on the other
hand, show a narrow range of porosity
variation over wide changes in water den-
sity (/0). Thus, shell porosity is a critical
morphologic index whose geographic
variation probably reflects fundamental
ecologic differences between O. universa
populations in the equatorial and central
water masses.

The discontinuity in morphologic gra-
dient in populations of O. universa pro-
vides an important paleoclimatic index.
Its value may be in providing an indepen-
dent check on proposed paleoclimatic re-
constructions. MclIntyre et al. (3) re-
cently compared August temperatures
in the Indian Ocean today and 18,000
years before present (B.P.) as derived
from faunal paleotemperature estimates.
The morphologic boundary between the
equatorial and central water masses to-
day parallels the August 24°C isotherm.
This isotherm, computed for the time of
the last major ice age (18,000 years B.P.),
is essentially in the same position as
today, indicating that no major displace-
ment in water masses had occurred in this
region. Independent verification of this
paleoclimatic reconstruction may be de-
rived from analysis of morphologic gradi-
ents in populations of O. universa from
this region.
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Activating Factor for the Iron Protein of Nitrogenase from

Rhodospirillum rubrum

Abstract. As isolated from Rhodospirillum rubrum, the iron protein of nitrogenase
has little or no activity. It can be activated by incubating it with a trypsin-sensitive,
oxygen-labile component (activating factor) plus adenosine triphosphate and a diva-
lent metal ion. After activation, the iron protein retains its nitrogenase activity when

the activating factor is removed.

Although the molybdenum-iron pro-
tein of Rhodospirillum rubrum nitro-
genase has been partially purified (/),
little success in purifying the iron protein
has been reported. However, several ob-
servations have indicated that the R.
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rubrum nitrogenase system differs from
nitrogenase in other bacteria; chromato-
phores (membrane fragments containing
the photosynthetic apparatus) strongly
inhibit nitrogenase activity in crude ex-
tracts, and a high level of MgCl, (25 mM)
is optimal for the assay of nitrogenase in
the presence of only 5 mM adenosine
triphosphate (ATP) (2). The time course
of reductions catalyzed by R. rubrum ni-
trogenase is nonlinear, and a lag phase of
10 to 15 minutes is common (3). Our dis-
covery of an activating factor (AF) for

Fig. 1. Assays were performed in 21-ml vac-
cine bottles at 30°C. Total volume of the
reaction mixture was | ml; it contained §
mM ATP, 30 mM creatine phosphate, 0.05 mg
of creatine phosphokinase, 0.4 ml of crude ex-
tract which had a protein concentration of 8.4
mg/ml, 10 mM Na,S,0,, and 40 mM tri-
ethanolamine-acetate buffer. The gas phase was
90 percent H, and 10 percent C,H,. C,H, was
measured by gas chromatography. O Q,
25 mM Mg?t and 0.5 mM Mn*'; O—0,
10 mM Mg?* and 0.5 mM Mn?*; A—A, 25
mM Mg?*t; O—— O, 10 mM Mg?t.
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Table 1. Separation of activating factor from
anaerobically collected chromatophores. As-
says were performed as described in Fig. 1
legend with 25 mM MgCl, and 0.5 mM MnCl,
added. Chromatophores were sedimented by
centrifugation at 45,000 for 2 hours; super-
natant is referred to as crude extract. Chro-
matophores from 100 ml of extract were resus-
pended in 30 ml of 50 mM triethanolamine
buffer (pH 7.5). Resuspended chromato-
phores were centrifuged for 1 hour at 45,000g;
the supernatant fluid was the buffer wash.
Chromatophores were resuspended in 30 ml
of 0.5M NaCl in buffer and again were centri-
fuged at 45,000¢ for 1 hour to yield the salt
wash and final chromatophores; 0.2 ml of
crude extract or other fraction was added
where indicated.

Components of C(i]}rlﬁorli()h:)%id
reaction mixture 20 minutes
Crude extract 588
Crude extract plus resus- 2100
pended chromatophores
Crude extract plus buffer wash 1008
from chromatophores
Crude extract plus salt wash 2436
from chromatophores
Crude extract plus final 798
chromatophores
Resuspended chromatophores 210
Final chromatophores 0
Buffer wash 54
Salt wash 0

the Fe protein of R. rubrum nitrogenase
explains these unusual responses.

Cells of R. rubrum (ATCC 11170) were
grown anaerobically in the light on Orme-
rod’s medium (¢) to an absorbance of 0.7
at 650 nm. Cells grown on glutamate pro-
duce nitrogenase. The cells were collect-
ed under N, and all manipulations were
made under N,. This is critical, because
chromatophores from aerobically collect-
ed cells inhibit the enzyme, whereas
chromatophores from cells collected un-
der N, increase activity as much as five-
fold. The cells were broken by osmotic
shock (glycerol) and chromatophores
containing the AF were recovered by
centrifugation.

A marked enhancement by low con-
‘centrations of Mn?* was observed in an
experiment in which the requirement for
high concentrations of Mg?* was verified
(Fig. 1). In contrast, no additive effects
have been found with any combination
of metal ions in the Azotobacter system
(%), although Mn2* substitutes partially
for Mg?*.

The observations with Mg?* and Mn2*
led to the discovery that the brown pro-
tein eluted from a diethylaminoethyl
(DEAE) cellulose column, and assumed
to be the Fe protein, (i) could be activat-
ed by the addition of a small amount of
crude extract, (ii) that AF could be sepa-
rated from the MoFe and Fe proteins on
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a DEAE cellulose column, and finally
(iii) that more AF could be eluted from
chromatophores of anaerobically collect-
ed cells than could be recovered from the
supernatant fraction (Table 1). The AF
has been isolated from cells grown on ei-
ther glutamate or NH,CI. Cells grown in
the presence of excess NH} produce no
active MoFe or Fe proteins.

It was possible to prepare an active Fe
protein and to separate the AF from it on
a DEAE cellulose column. After the acti-
vation, there no longer was enhancement
of activity by excess Mg?* or Mn?* and
the C,H, reducing activity of the Fe pro-
tein was linear with time (Fig. 2). The AF
activity also was recovered from the col-
umn.

The data of Table 2 demonstrate the
functioning of three components for both
C,H, reduction and N, reduction. The ac-
tivating factor was eluted from washed
chromatophores (see Table 1) and then
precipitated with 30 percent polyethyl-
ene glycol 4000. The AF was redissolved
in buffer, loaded onto a DEAE column,
and eluted with 100 mM NacCl. The high-
est specific activity obtained for Fe pro-
tein was 1215 nmole of C,H, reduced in 1
minute per milligram of protein.

The MoFe protein from R. rubrum will
cross react with the Fe protein from
Azotobacter vinelandii to yield an active
nitrogenase, and activity of the MoFe
protein during its purification can be fol-
lowed with the Fe protein from A. vine-
landii. There is no indication that AF has
any effect on the MoFe protein.

Despite the requirement of ATP for ac-
tivation, the Fe protein is not adenylated
during activation, nor is **P from [y-
32P]JATP incorporated into the Fe protein
during activation. No new protein band
detectable on polyacrylamide gels is gen-
erated during activation.

Although the AF from R. rubrum has
no obvious similarities to previously de-
scribed putative third components in oth-
er nitrogenase systems (6), it is inter-
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Fig. 2. Assays were performed as described in
Fig. 1 legend. Fe protein was activated for 50
minutes at 30°C in a mixture containing 5 mM
ATP, 30 mM creatine phosphate, 0.05 mg of
creatine phosphokinase, 25 mM MgCl,, 0.2
mM MnCl,, 1 mM Na,S,0,, 3.5 ml of Fe pro-
tein, and 2.0 ml of AF in a total volume of 10
ml. After incubation the mixture was placed
on a DEAE cellulose column. Activating fac-
tor was eluted with 150 mM sodium malate
(pH 7.5), and activated Fe protein was eluted
with 400 mM sodium malate. Fifty microliters
of activated Fe protein were assayed together
with 5 ul of MoFe protein. A—4, 10 mM
Mg?**; O——0, 25 mM Mg?** and 0.2 mM
Mn?*.

esting to note (7) that Fe>" and ATP have
been used to reactivate bacteroid ex-
tracts that have lost activity. The reac-
tions have been thought to be non-
specific, but it is possible that an AF sys-
tem similar to that in R. rubrum has been
involved.

Only in Clostridium pasteurianum, A.
vinelandii, Azotobacter chroococcum,
and Klebsiella pneumoniae have two and
only two nitrogenase components been
purified to homogeneity and shown to be
sufficient for enzymatic activity. The pos-
sibility should be investigated that an ac-
tivating component is present and func-
tions in other nitrogen-fixing organisms,
especially the photosynthetic organisms.
Two criteria useful in determining whether
an organism has a nitrogenase system

Table 2. Requirement for a third factor to convert the Fe protein of R. rubrum to a form catalyt-
ically active in the reduction of N, and C,H,. Assays were done as described in Fig. 1 legend
except that N, reductions were under 1 atm of N,; the reaction mixture contained 280 ug of Fe
protein, 600 ug of MoFe protein, and 105 ug of AF. Ammonia was determined by the ‘‘in-

dophenol method’” after microdiffusion (8).

Components
of reaction

Nanomoles of C,H, reduced during

Nanomoles of

N, reduced

mixture (9) 5 minutes 10 minutes 15 minutes 20 minutes (20 minutes)
Complete 60 270 585 915 166
Without Fe 0 0 0 0 13
protein
Without AF 0 0 0 0 12
Without MoFe 0 0 0 0 12
protein
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like that of R. rubrum are nonlinearity of
the time course of substrate reduction
and enhancement of activity by 0.5 mM
Mn?2*,

PauL W. LUDDEN, R. H. BURRIS
Department of Biochemistry,
University of Wisconsin—-Madison,
Madison 53706
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Reinnervation of Dentate Gyrus by Homologous Afferents

Following Entorhinal Cortical Lesions in Adult Rats

Abstract. Granule cells of the rat dentate gyrus which are denervated by unilateral
destruction of the entorhinal cortex are reinnervated in part by proliferation of surviv-
ing pathways from the contralateral entorhinal cortex. The cells of origin of these
lesion-induced projections were identified by retrograde labeling with horseradish
peroxidase and were the same cell type which normally project to the ipsilateral

dentate gyrus.

Cells of the mature brain that are de-
prived of their normal synaptic input as a
consequence of lesions can, in some cas-
es, be reinnervated by nearby afferent
systems which sprout new synaptic con-
nections (/). The functional significance
of such reinnervation has been difficult
to ascertain, often because the relation-
ship between the cells which were de-
stroyed by the lesion and those provid-
ing the new synaptic connections is un-
clear. The hippocampal formation of the
rat, however, provides a situation in
which comparisons between normal and
lesion-induced circuitry are possible.

Unilateral lesions of the entorhinal
area (Broadman'’s area 28), which gives
rise to the major extrinsic afferent nerves
to the dentate granule cells of the ipsilat-
eral hippocampal formation (2), appar-
ently induce proliferation of several sur-
viving afferents in the dentate gyrus, re-
sulting in extensive reinnervation of the
dentate granule cells (3, 4). Among the
areas that give rise to fibers which rein-
nervate the granule cells is the surviving
contralateral entorhinal cortex (¢). While
this area normally sends only a very
sparse crossed projection to the con-
tralateral dentate gyrus (5, 6), these
crossed temporo-dentate projections pro-
liferate by 500 to 600 percent in response
to unilateral entorhinal lesions (6).
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The reinnervation of the dentate gran-
ule cells by afferents of contralateral en-
torhinal origin clearly results in the rees-
tablishment of a pathway which is simi-
lar in many respects to the ipsilateral
circuitry that was destroyed by the le-
sion. First, the reinnervating fibers termi-
nate in a topographically organized fash-
ion which resembles the normal pattern
of ipsilateral entorhinal innervation (7).
Second, the crossed projections exhibit
many of the physiological properties of
the normal ipsilateral circuitry (6). Third,
since the surviving entorhinal area is the
contralateral homolog of the damaged
region, the reinnervating afferents might
well be anatomically homologous with
the normal ipsilateral circuitry. Yet the
most critical issue in evaluating homolo-
gy is not whether the lesion-induced cir-
cuitry arises from a homologous cortical
area, but rather whether it arises from
the same cell types within the cortical
area as the normal circuitry. To investi-
gate this question, use was made of the
retrograde transport of horseradish per-
oxidase (HRP) to identify the cells of ori-
gin of the normal ipsilateral and the le-
sion-induced crossed temporo-dentate
circuitry.

A total of 14 male Sprague-Dawley
rats served as experimental animals. The
entorhinal cortical region was unilater-

ally ablated as described previously (3,
4). After the operation, the animals were
allowed to recover for 9 to 12 months be-
fore being injected with HRP. A 30 to 50
percent solution of HRP (Sigma type VI)
in distilled water was injected into the
dentate gyrus which had been deprived
of ipsilateral entorhinal input and subse-
quently reinnervated by the contralateral
entorhinal cortex. Injection volumes
ranged from 0.3 to 0.4 ul and were deliv-
ered over a period of 30 to 45 minutes.
Forty-eight hours after injection, the ani-
mals were deeply anesthetized with so-
dium pentobarbital and perfused trans-
cardially with 10 percent formalin-saline.
The brains were removed, fixed for 2 to 3
hours in the perfusion solution at 5°C,
and then sectioned in the horizontal
plane. Sections were incubated in tris
buffer (pH 7.4) containing 3,3'-diamino-
benzidine and hydrogen peroxide, ac-
cording to histochemical methods de-
scribed elsewhere (8). The brown prod-
uct that results from this histochemical
reaction can best be viewed with dark-
field illumination where HRP-positive
granules appear greenish yellow (see
Fig. 1). For the purpose of comparison
with normal animals, illustrative materi-
al was drawn from 15 animals which had
previously served to define the cells of
origin of the normal entorhinal cortical
projections (8).

We have recently described two sub-
systems of entorhinal cortical efferent
nerves which differ on the basis of their
topographic organization (9) and their
cells of origin (8). One subsystem pro-
jects predominantly ipsilaterally to the
dentate gyrus and regio inferior of the
hippocampus proper (9), and originates
from cells in layer II (probably stellate
cells) of the entorhinal cortex (8). The
second subsystem projects bilaterally to
the regio superior of the hippocampus
proper, and originates from cells (medi-
um-sized pyramids) in layer I1I of the en-
torhinal region (8). Thus, injections of
HRP which label the terminal fields of
both subsystems result in bilateral label-
ing of cells in layer III, and pre-
dominantly ipsilateral labeling of cells in
layer II (see Figs. 1 and 2). Rare, lightly
labeled cells may be found in layer II con-
tralateral to the injection, particularly in
the medial entorhinal area (see Fig. 2, A
and C), and these probably represent the
cells of origin of the sparse, normal,
crossed temporo-dentate projection (8),
but in normal animals the major popu-
lation of labeled cells in the entorhinal re-
gion contralateral to an injection are lo-
calized in layer III (see Fig. 2A).

Injections of HRP into the reinner-
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