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(22), includes two /t chains and an ,a 
chain sequenced in our laboratory and a 

y4 chain sequenced by Pink et al. (10). 
The light chains in each of these four 
immunoglobulins are all of different sub- 
groups. 

Our data for the constant region of 
the /t chain (21) indicate that the lat- 
ter has less than 40 percent identity in 
amino acid sequence with the constant 
region of y chains. Figure 1 gives evi- 
dence that the /t chain constant region 
may be somewhat more related in struc- 
ture to that of subclass y4 than to yl. 
The disulfide bridge to the light chain 
involves a half-cystine that is homolo- 
gous in ,/ and y4 chains but which is re- 
placed by serine in yl chains (4-7). As 
a result, the bridge between the light 
and heavy chains in yl is located at 
Cys-220 instead of at Cys-131 (23). In 
human yG1 globulin two disulfide 
bridges link the pair of tJ chains. 

This demonstration of a unique se- 
quence for the variable regions of the 
light and heavy chains of the same 
yM molecule without any evidence for 
sequence ambiguity excludes a duality in 
the primary structure of macroglobulins. 
Such a duality has been suggested by 
the finding of two categories of binding 
sites, five weak and five strong, in the 
yM pentamer (24). This heterogeneity 
of binding sites is thus probably attribut- 
able to stereochemical masking of sites 
in such multivalent molecules. 

The results illustrated in Fig. 2 show 
that the same subgroup of light chain 
(the KI type) can combine with heavy 
chains of different class and subgroup. 
Although antibody activity has not been 
demonstrated in these two molecules, 
this finding raises three questions: (i) Is 
antigen-combining specificity dependent 
on the subgroup of either the light or 
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even the variable sequence identical on 
the /t and y chains, respectively, of the 

yM and yG antibodies formed succes- 
sively in the primary and secondary im- 
mune responses to the same antigen? 
(iii) In the latter case is the light chain 
identical on the yM and yG antibodies 
against the same antigen? 
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Physical Properties 

Abstract. This protein binds sulfate strongly and is implicated in sulfate 
transport in Salmonella typhimurium. It has a molecular weight of 32,000 and 
an axial ratio of 4 :1. Crystals are elongate prisms up to 0.5 millimeter. X-ray 
diffraction photographs give discrete crystalline reflections to a spacing of at 
least 2 angstroms. The unit cell is orthorhombic P212121, with four molecules per 
unit cell of 40.8 by 47.5 by 136 angstroms. This is consistent with a highly 
asymmetric molecule such as the prolate ellipsoid suggested by the other physical 
measurements. Addition of sulfate had minimum effects on the physical properties 
as measured by light absorption, optical rotary dispersion, circular dichroism, 
fluorescence and its depolarization, nuclear magnetic resonance, and sedimentation 
velocity. 
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ticularly with x-ray diffraction, with 
the purpose of obtaining some insight 
into function from structure. 

The molecular weight was deter- 
mined by chromatography on Sephadex 
G-100 (4), with bovine serum albumin, 
a-chymotrypsin, and horse heart cyto- 
chrome c as standards. A curve of the 
ratio of elution volume to void volume 
(Ve/ Vo) plotted against molecular 
weight on a logarithmic scale (Fig. 1) 
is linear and indicates a molecular 
weight for the binding protein of 
32,000. This is in agreement with the 
32,000 determined by sedimentation 
velocity and 31,000 determined by 
sedimentation equilibrium (3). 

The Stokes radius (a) was calcu- 
lated by Sephadex chromatography (4), 
with the equation of Laurent and Kil- 
lander (5): Kav = (V - Vo)/(Vt - V) 
where Vt is the total bed volume. The 
value of Kay was 0.427. The correla- 
tion with Stokes radius is given by the 
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Fig. 1. Molecular weight of sulfate-binding 
protein determined by Sephadex G-100 
column chromatography. The column (K 
15/90) was packed to the height of 76.5 
cm; the bed volume was 120 ml. A sample 
(0.5 ml) containing 0.1 percent blue dex- 
tran and about 4 mg each of bovine serum 
albumin, horse heart cytochrome c, a- 
chymotrypsin, and binder was added to 
the column. Elution was performed with 
50 mM potassium phosphate buffer at pH 
7.0, and 1.8 ml fractions were collected. 
The blue dextran was measured by absorp- 
tion at 450 nm, serum albumin ( ) at 
280 nm and cytochrome c (A) at 415 
nm; a-chymotrypsin (l) was assayed by 
the method of Schwert and Takenaka 
(11). The binder (0) was measured by 
the resin assay. The ratio of elution 
volume (Ve) to void volume (Vo) was 
plotted against the log of the molecular 
weight for each known protein, and the 
molecular weight of the binder was deter- 
mined by interpolation. 
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equation (-log Kay) = a(p + a). The 
constants a and ,f were calculated 
from the known Stokes radii of cyto- 
chrome c (17 A) and bovine serum 
albumin (35 A) and from the mea- 
sured Kay for these proteins. The Stokes 
radius for the binding protein was 
24.9 A. 

The Stokes radius was also calcu- 
lated from the diffusion coefficient (6). 
The average diffusion coefficient D20 
was 8.7 X 10-7 cm2 sec-t, as com- 

pared to values obtained by sedimenta- 
tion velocity of 7.4 and 8.1 X 10-7. 
The Stokes radius corresponding to the 
new value is 24.7 A, in good agree- 
ment with the radius obtained with 

Sephadex. The average Stokes radius 
from the two methods is 24.8 A and 
with this value the hydrated volume is 
64 X 103 A3. The anhydrous volume is 
35 X 103 A3, if the partial specific vol- 
ume v = 0.72 cm3 g-. 

The frictional ratio calculated from 
the Stokes radius [f/fo = (3vM/47rN)V 
a] was 1.19, where M is the molec- 
ular weight and N is Avogadro's num- 
ber. This value gives an axial ratio for 
either an oblate or a prolate ellipsoid 
of about 4. Earlier viscosity data (2) 
indicated an axial ratio of about 6. An 
axial ratio of 4, if one approximates 
the prolate ellipsoid with a cylinder, 
gives the binder protein dimensions of 
112 A long and 27 A diameter. For 
a flat cylinder it is 17 A thick and 72 
A in diameter. 

Crystals for x-ray diffraction were 
obtained from 2-methyl-2,4-pentanediol 
and 8 mM citrate buffer pH 5.1 (1) 
at room temperature and with very 
slow growth of crystals (several months). 

The crystals were prismatic. The best 

developed crystals had 222 symmetry. 
The longest dimension in the largest 
crystal was about 0.5 mm; the other 
two dimensions were of the order of' 
0.2 mm. The crystals were mounted 
with a small drop, of mother liquor in 
thin-walled quartz capillaries with an 
external diameter of approximately 1 
mm. The crystal was in equilibrium 
with columns of mother liquor on either 
side. Precession cameras with 0.2 mm 
collimators were used. 

With a fresh crystal a "still" diffrac- 
tion photograph gives spots out to a 

spacing of at least 2 A; thus the data 
are potentially available for a full, 
single-crystal, structure analysis. Fig- 
ures 2 and 3 are 12? precession pho- 
tographs with the crystal rotated 90? 
about the long crystal axis between 

exposures. The specimen to film dis- 

tance is 10 cm. The cell is ortho- 
rhombic-a = 40.8, b = 47.5, and c 
= 136 A. There are no general hkl 
absences. Only even-order reflections 
appear on hOO, OkO, and 001. Thus the 
space group is P212121. The density of 
the crystal measured in a gradient col- 
umn is 1.20 g/cm3. In conjunction with 
the unit cell volume of 264,000 A3, 
this implies one molecule per asym- 
metric unit of the unit cell. The long 
axes of the molecules must be oriented 
almost parallel to the long axis of the 
unit cell. 

Optical properties are similar to 
those described (3) and are typical 
of a protein. No change of optical 
density between 210 and 310 nm was 
observed when 1 mM sulfate was added. 
Fluorescence excited at 283 nm and 
emitted at 330 nm (Aminco Bowman) 

Fig. 2. Twelve-degree precession photo- 
graph [001] axis. 

Fig. 3. Twelve-degree precession photo- 
graph [010] axis, crystal rotated 90? 
about [100] axis between Figs. 2 and 3. 
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increased about 12 percent when 1 mM 
sulfate was added (3). This finding 
suggests a small change in the environ- 
ment of one or more tryptophan resi- 
dues. Changes in the polarization of 
fluorescence spectra were at the limit 
of significance, an indication that the 
molecule undergoes no serious rear- 
rangement involving tryptophan resi- 
dues. 

Nuclear magnetic resonance measure- 
ments were made with binding protein 
whose exchangeable groups were deu- 
terated (7). No discernible separate 
peak was detected, and there was no 
change when sulfate was added. 

Optical rotary dispersion (ORD) 
measurements (Cary Model 60) were 
made on protein (1 mg/ml) in 10 mM 
phosphate buffer, pH 6.9. The spectrum 
between 220 and 310 nm was character- 
istic of protein with the a-helix struc- 
ture, having a trough at 233 nm, [a] = 
- 5800 or [m'] = - 5900, and with 
a crossover point at 225 nm. The a- 
helix content calculated from the 
trough, assuming [m'] at 233 nm = 
- 13,000 for a complete helix and 
- 2000 for a random coil, gives an a- 
helix content of 35 percent (8). From 
the equation of Shechter and Blout 
(9) the percentage of a-helix was cal- 
culated at 193 and 225 nm to be 37.0 
and 33.5 percent, respectively. A mini- 
mum decrease of 6 percent, at the 233 
nm minimum was observed when 1 mM 
sulfate was added. 

Circular dichroism was measured on 
the samples that were used for ORD. 
A minimum reading of - 36 X 105 
deg cm2/dmole was found at 223 nm. 
It was reduced by 3 percent when 
1 mM sulfate was added. There was a 
smaller minimum, - 4.8 X 104 deg 
cm2/dmole at 273 nm. It was reduced 
about 6 percent when sulfate was 
added. This must be caused by minor 
changes in the aromatic residues. The 
a-helix content calculated (10) from 
the trough at 233 nm was 38 percent. 
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A minimum reading of - 36 X 105 
deg cm2/dmole was found at 223 nm. 
It was reduced by 3 percent when 
1 mM sulfate was added. There was a 
smaller minimum, - 4.8 X 104 deg 
cm2/dmole at 273 nm. It was reduced 
about 6 percent when sulfate was 
added. This must be caused by minor 
changes in the aromatic residues. The 
a-helix content calculated (10) from 
the trough at 233 nm was 38 percent. 
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Biological nitrogen fixation by blue- 
green algae and bacteria occurs in 
freshwater lakes (1-3). We report 
here studies on the nitrogen-fixing ac- 
tivity in the water and sediments of 
Lake Erie during the period from 1 
June through 22 November 1969. 
Samples were taken at various loca- 
tions in the vicinity of the Bass Islands, 
which lie at the eastern edge of the 
shallow, rapidly eutrophying western 
basin of the lake. The sample sites in- 
cluded shorelines, bay areas, and open 
lake waters. 

Nitrogen-fixing activity was deter- 
mined by the method employed in the 
study of other freshwater environ- 
ments (1, 3) which measures acetylene 
reduction to ethylene by nitrogen-fixing 
organisms. For measurements of algal 
fixation in situ, vaccine bottles (72 ml), 
capped with serum stoppers, were evac- 
uated and filled to atmospheric pres- 
sure with a gas mixture containing 
acetylene, argon, and oxygen (5 : 75: 
20) (4). Either water containing algae 
or algae concentrated by plankton net 
and resuspended in water was added at 
the rate of 50 ml per sample to the 
gas-filled bottles by injection. Another 
needle was introduced through the se- 
rum stopper to relieve the gas pressure 
to atmospheric as the algal sample 
was injected. Immediately after the in- 
jection was completed, the bottles were 
placed back in the lake to permit in- 
cubation in situ. Samples from each 
site were incubated for 0, 30, 60, and 
90 minutes in Lake Erie and for 5 days 
at 22? to 24?C under an incandescent 
light in the laboratory. At the end of 
the desired incubation time, fixation 
was stopped by the addition of 5 ml of 
50 percent trichloroacetic acid (TCA) 
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solution. Three controls were used for 
each sample. One control was the 
sample to which TCA had been added 
immediately (0 minutes); the second 
was a gas-filled bottle to which only 
TCA had been added; and the third 
was an untreated gas-filled bottle. Ni- 
trogenase activity was estimated by 
determination of both acetylene loss and 
ethylene production. Acetylene and 
ethylene were quantitated by gas-liquid 
chromatography (GLC) (5). 

Nitrogen-fixing activity in the bottom 
sediments was estimated in undisturbed 
sediments collected either by dredging 
or by manually collecting the samples. 
Sediment samples consisting of un- 
disturbed cores (1 cm in diameter to 
a depth of about 6 cm) were placed 
in vaccine bottles (72 ml) immediately 
after they were collected. The bottles 
were capped, evacuated, and filled with 
a gas mixture of 6.56 percent acetylene 
and 93.44 percent argon (4). The filled 
sample bottles were incubated in the 
dark at 22? to 24?C for 5 days; the 
gas in the bottles was then analyzed 
by GLC (5). Nitrogenase activity was 
determined as described for algal 
samples. 

Nitrogen-fixing activity of the blue- 
green algae was expressed as a rate 
based on total biuret detectable protein 
in all algae (Table 1), Therefore the 
total indicated protein is higher and, 
consequently, the apparent specific ni- 
trogenase activity lower than would be 
expected if all activity were based on 
the protein from nitrogen-fixing algae 
only. All ethylene produced could be 
accounted for by a corresponding de- 
crease of acetylene in the sample bottles. 

Nitrogen-fixing activity in the water 
was not detected in samples taken in 
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Biological Nitrogen Fixation in Lake Erie 

Abstract. Biological nitrogen fixation, as determined by acetylene reduction, 
occurs in Lake Erie. Fixation potential by blue-green algae in situ in water and 
by bacteria in collected sediments was demonstrated. Nitrogen-fixing activity oc- 
curred from June through November suggesting that it is significant over the 
extremes of seasonal variation in light, temperature, and nutrients. 
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