served for certain effects in mammalian
systems such as mice (/l)—and the
dose-effect curve departs from linearity
when the frequency of radiation-in-
duced mutations is only about five times
the spontaneous frequency. This under-
lines the deficiencies of linear extrapo-
lations from large effects. For example,
the mutation frequency at 1 rad, esti-
mated from the mutation frequency at
50 rads, would be more than twice as
much as the observed rate,
A. H. SparRrROW
Biology Department,
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Hydroxyproline Heterooligosaceharides in Chlamydomonas

Abstract. Most of the hydroxyproline in Chlamydomonas reinhardtii is glyco-
sidically ‘linked to oligosaccharides and a monosaccharide that are different from
the arabinosides found in hydroxyproline-containing plant cell walls previously
examined. Of particular interest is the presence of hydroxyproline-O-galactose.
These differences may be common to the volvocalean green algae and may be
related to lower tensile strength of the cell walls of this group of plants.

In the search for a cell wall com-
ponent capable of regulating cell wall
extensibility, the hydroxyproline-rich
protein extensin features as a possible
candidate because of its ability to cross-
link polysaccharides through the hydrox-
yproline-O-arabinose linkage (). This
linkage is detected by the appearance
of a series of hydroxyproline arabino-
sides (Hyp-Ara,, where n=1 to 4)
released from the cell wall by alkaline
hydrolysis. These arabinosides have
been isolated from all plants examined,
ranging from the spermatophytes to the
green alga Chlorella (1, 2). Especially
remarkable in the survey (2) was the
constancy of arabinose as the only hy-
droxyproline substituent, with a limit
of four arabinose residues.

This survey has been extended to
Chlamydomonas, an organism consid-
ered phylogenetically to be more prim-
itive than Chlorella. We now report
that alkaline hydrolysis of a crude cell
wall fraction from Chlamydomonas
releases a striking variety of hydroxy-
proline-O-glycosides. These include hy-
droxyproline-O-galactose observed in
nature for the first time and a number of
hydroxyproline heterooligosaccharides.

Cells of Chlamydomonas reinhardtii
(IUCC 89) were grown in 12-liter
flasks containing 6 liters of Sager and
Granick’s acetate medium (3). Cul-
tures were bubbled continuously with

Table 1. Composition of hydroxyproline (Hyp)
glycosides from Chlamydomonas reinhardtii.

Hyp Theoreticgl*
Glyco- (% of molar ratios
side total) of .
glycosides
Hyp A, 12.7 Aras-Gal;-Gle,-Hyp
Hyp A, 4
Hyp B 12.3 Ara;-Gal-Gle-Hyp
HypC 17.6 Ara,-Gal-Gle-Hyp
HypD 12.6 Ara,-Gal-Hyp
Hyp E 13 Ara;-Gal-Hyp
Hyp F 6.2 Ara,-Gal-Hyp
Hyp G 10.8 Ara,-Gal-Hyp
Hyp H 0.9 Ara,-Hyp
Hypl 4.1 Gal-Hyp
HypJ 24 Gal-Hyp
Hyp K 1 Ara-Hyp
Free Hyp 2.4 trans and cis Hyp

* For estimated molar ratios, see Table 2.

air and maintained under a bank of
six fluorescent tubes yielding an inten-
sity of 33,000 lu/m2, Cells were har-
vested by centrifugation at the end of
the logarithmic growth phase, washed
with sterile water, resuspended in water,
and sonicated at the maximum setting
for 20 minutes (Branson Sonic Pow-
er Sonifier). Microscopic examination
showed that this treatment completely
shattered all cells, The homogenate was
made to 10 percent with trichloroacetic
acid and centrifuged at 5000g
for 20 minutes, The pellet was resus-
pended in water, neutralized with KOH,
and sedimented again, yielding a crude
fraction containing the cell walls. Alka-
line hydrolysis [0.2M Ba(OH), for
6 hours at 100°C] of this fraction
yielded a mixture of hydroxyproline
glycosides, which were separated chro-
matographically on a column (0.6 by
75 cm) of Chromobeads B (Technicon
Corp.) and monitored for hydroxypro-
line by automated analysis as described
(2), except that a 0 to 0.2N HCI gradi-
ent was used to improve the resolution
of the hydroxyproline glycosides (Fig.
1). The glycosides were hydrolyzed in
2N trifluoroacetic acid (4). Sugars from
the hydrolyzates were identified by pa-
per chromatography in ethyl acetate,
pyridine, water (8 :2:1) solvent (5)
and development with alkaline silver
nitrate (6). These identifications were
confirmed by gas chromatography of
the sugar alditol acetates (4). Amino
acids other than hydroxyproline were
assayed for by paper electrophoresis
(7). The hydroxyproline, arabinose,.
and galactose were estimated (7), and
glucose was estimated with Glucostat
(an enzymic assay obtained from
Worthington Biochemical).

For determination of the sequence of
sugars, each glycoside was partially hy-
drolyzed in 0.1N trifluoroacetic acid at
90°C for 0.5 hour. This mild acid hy-
drolysis released a mixture of hydroxy-
proline glycosides as breakdown prod-
ucts of the original hydroxyproline
glycosides. Separation and analysis of
these glycosides enables us to determine
a tentative sugar sequence.

Figure 1 shows the profile of hy-
droxyproline glycosides eluted from the
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chromatography column. Under condi-
tions of alkaline hydrolysis, racemiza-
tion of hydroxyproline occurs, giving
rise to a mixture of cis and trans hy-
droxyproline glycosides, which separate
on the column and elute as pairs of
glycosides. Hence, hydroxyproline gly-
coside pairs Band C, Dand E, Fand
G, and IandJ are identical both in
composition and sequence of the sugars
in the attached oligosaccharide except
that the first of each pair contains hy-
droxyproline as the trans epimer and
the second as the cis epimer.

Table 1 lists the composition of the
hydroxyproline glycosides (8). Free
hydroxyproline, Hyp-Ara,, and Hyp-
Ara, are all present, though in small
amounts, compared with figures for
plant cell walls similarly analyzed (2).
Hyp-Ara; and Hyp-Ara, are absent or
present in quantities so small as to be
obscured by peaks Hyp D to Hyp G (9).

The rest of the hydroxyproline glyco-
sides are different from any yet dis-
covered. Of special interest is the pres-
ence of some of the hydroxyproline
glycosidically linked to galactose. This
glycoside when hydrolyzed yielded no
sugar other than galactose, and no
amino acid other than hydroxyproline.
Table 2 lists the data used to determine
the sugar sequence of the other oligo-
saccharides (10)..These include Hyp-
Ara-Ara-Gal, Hyp-Ara-Ara-Gal-Ara,
Hyp-Ara-Glc-Ara-Gal-Ara, and the
very large glycoside tentatively esti-
mated to contain Hyp-Ara;-Gals-Glc,
(11).

These data show that C. reinhardtii
differs in its hydroxyproline glycoside
composition from all other ‘plants so
far analyzed. Five new hydroxyproline
glycosides have been demonstrated in-
cluding hydroxyproline-O-galactose.

Because of the crude preparations
used, the data presented so far only
provide indirect evidence for the local-
ization of these new hydroxyproline
heterooligosaccharides in the cell wall.
At least 40 percent of the cellular hy-
droxyproline in C. reinhardtii is wall-

-bound (12), whereas our data show
that 95 percent of the total cellular
hydroxyproline has attached hetero-
oligosaccharide. Therefore most of the
cell wall hydroxyproline must have
similarly attached heterooligosaccharide.
We confirmed this by taking advantage
of the fact that Chlamydomonas
gymnogama sheds its wall intact dur-
ing sexual reproduction (I3). We ob-
tained enough of the wall that was
shed to show that alkaline hydrolysis
yielded a hydroxyproline oligosaccharide
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Fig. 1. Profile of hydroxyproline glycosides released by alkaline hydrolysis and eluted

from Chromobeads B column.

profile similar to that of C. reinhardtii
(Fig. 1). In addition, alkaline hydrol-
ysis of the extracellular matrix of
Volvox carteri also gave a similar gly-
coside profile. These results indicate
that the hydroxyproline Heterooligosac-
charides are in fact an integral (or
structural) part of the cell wall (or are
at least extracellularly located in Vol-
vox), and, further, they may be char-
acteristic of the whole volvocalean or-
der of green algae.

It is not at all clear what this vari-
ety of hydroxyproline heterooligosac-

charides in Chlamydomonas signifies
compared with the relatively unvarying
hydroxyproline  homooligosaccharides
encountered so far in all higher plant
groups. However, during cell breakage
we noted the extreme fragility of the
cell wall of Chlamydomonas as com-
pared with those of Chlorella vulgaris:
short sonications (less than 1 minute)
rupture about 80 percent of Chlamy-
domonas cells, and the released cell
walls are rapidly disintegrated into tiny
fragments by further sonication. A sim-
ilar sensitivity to a Virtis homogenizer

Table 2. Sugar sequence of hydroxyproline glycosides from Chlamydomonas reinhardtii as
determined by partial hydrolyses. Since both members of each pair of glycosides yielded the
same mixture of breakdown products, only those released from the first of each pair of glyco-

sides are listed.

. Hyp Molar ratios Tentative
Grlg'lce(;ssle%es (% of sequence of
total) Ara Gal Glc Hyp Hyp oligosaccharides

Hyp B glycoside

B, 34 2.5 0.8 0.6 o1 Hyp-Ara-Glc-Ara-Gal-Ara

B. 12 1.9 1 0.8 1 Hyp-Ara-Glc-Ara-Gal

B; 9 2.1 0.6 0 1 Hyp-Ara-Ara-Gal-Ara¥*

B, 7 13 0 0.73 1 Hyp-Ara-Glc-Ara

B; 22 0.84 0 0.84 1 Hyp-Ara-Glc

B, 16 0.66 0 0 1 Hyp-Ara
Hyp C glycoside )

C 3 0.76 0.43 1 Hyp-Ara-Glc-Ara-Gal-Ara
Hyp D glycoside

D, 49 3.6 0.87 0 1 Hyp-Ara-Ara-Gal-Ara

D, 10 2.6 0.8 0 1 Hyp-Ara-Ara-Gal

D, 14 2 0 0 1 Hyp-Ara-Ara

D, 27 1.2 0 0 1 Hyp-Ara
Hyp E glycoside

E 3.4 1.1 0 1 Hyp-Ara-Ara-Gal-Ara
Hpyp F glycoside

F, 48 24 0.96 0 1 Hyp-Ara-Ara-Gal

F, 13 2.2 1] 0 1 Hyp-Ara-Ara

F, 39 1 0 0 1 Hyp-Ara
Hyp G glycoside

G 2.3 1.02 0 1 Hyp-Ara-Ara-Gal

*Peaks Hyp B and Hyp C both gave rise to small amounts of this glycoside.

The molar ratios

indicate an empirical formula of Hyp-Ara,-Gal,. The sequence shown is tentative and is suggested
by the similarity of B, and C; to Hyp D and Hyp E. Complete sequencing of B; and C, was not
possible because they were present in such small quantities.
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has been observed (14). Cells of Chlo-
rella vulgaris, however, require much
longer periods of sonication to be rup-
tured, and the released cell walls are
quite resistant to further disintegration,
Thus Chlamydomonas walls are more
susceptible to mechanical rupture than
Chlorella walls are, though the thickness
of their walls is nearly the same [21
nm for Chlorella (15) compared to 19
nm for C. reinhardtii (16)]. This weak-
ness of the wall may be correlated with
the fact that Chlamydomonas maintains
its osmotic balance via energy-expend-
ing contractile vacuoles, rather than via
wall pressure as in more advanced plant
types. Although the weak walls of
Chlamydomonas appear to lack cellu-
lose (16), this does not mean that the
absence of cellulose is the cause of the
weak wall. Coenocytic algae such as
Codium (17) also lack both cellulose
and contractile vacuoles but possess
relatively rigid walls that contain hy-
droxyproline (/2). Therefore it seems
possible that the changeover from hy-
droxyproline heterooligosaccharides to
homooligosaccharides marks a funda-
mental evolutionary transition from
wall organization which was mechan-
ically weak to a wall organized in such
a way (a highly cross-linked covalent
neiwork) as to provide sufficient tensile
strength to balance internal and ex-
ternal osmotic pressures. Experimental
proof of this hypothesis awaits further
study.
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An Eagle’s Eye: Quality of the Retinal Image

Abstract. The optical quality of a living edgle’s eye was determined by an
ophthalmoscopic method. The performance of the eye was substantially better
than that reported for humans, but did not confirm some of the wilder claims

made for such birds.

Although man has assigned to him-
self the highest niche in the order of
evolution, many lower forms may sur-
pass human abilities in certain aspects
of sensory performance. For instance,
almost any lower- vertebrate is thought
to have a keener sense of smell, bats
and dogs to be sensitive to a wider
range of auditory frequencies, cats and
owls to have better visual performance
under low levels of illumination, and
hawks and eagles to possess keener
vision. The last of these assertions is
supported largely by anecdotal evi-
dence, and by microscopic examination
of bird retinas. Rochon-Duvigneaud
estimated that the density of cones in
the central fovea of the hawk reaches
1 million per square millimeter. (I),
which may be compared with perhaps
147,000 per square millimeter in the
center of the human fovea (2). Both
Rochon-Duvigneaud and Polyak sur-
mised that the visual acuity of the
birds of prey surpassed that of man,
but they did not offer quantitative esti-
mates (I, 3-6). However, Walls (7)
states that in the central fovea an eagle
could reach acuities eight times that
of man!

Walls’s claim is undoubtedly exag-
gerated—the human visual system be-
comes diffraction limited and reaches
its maximum performance at a pupil
diameter of 2.3 to 2.4 mm (8, 9). The
cutoff frequency of a perfect optical

system is directly proportional to the
diameter of its entrance pupil. A bird
would therefore require a pupil at least
18.4 mm in diameter to be theoretically
capable of fulfilling Walls’s expectations,
a dimension which is beyond the capa-
bility of even the largest birds of prey
(3-5, 10).

The size and organization of the eagle
eye does suggest that its resolving power
is extremely high, but the retinal mo-

Minutes of arc

Fig. 1. Three selected linespreads measured
external to the eagle’s eye. Except for small
errors introduced by source and slit width
differences, these waveforms may be com-
pared directly to the external linespreads
obtained for the human eye by Campbell
and Gubisch (8).
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