
may produce a functional deficit in the 
central nervous system in the absence of 
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nary evidence supporting the serious- 
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fetuses (16). Although no impairment 
was observed in avoidance acquisition, 
young adult rats prenatally exposed to 
CO demonstrated impaired retention as 
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ment in achievement test scores noted 
during early childhood in the children of 
women who were heavy smokers during 
pregnancy (1 7).  Further research identi- Rapid Mechanical Responses of the Dark-Adapted 
fyi$ the bnderlying neural substrates for Squid Retina to Light Pulses 
such behavioral alterations may permit 
extrapolation across species. Abstract. Dark-adapted squid retinas respond to brief light pulses with early and 

CHARLES F. MACTUTUS* late mechanical responses. These responses are mechanical counterparts of the 
LAURENCE D. FECHTER early and late receptor potentials. 

Neurotoxicology Program, 
Department of Environmental Health Photomechanical responses of the reti- axons, and in frog dorsal-root ganglia 
Sciences, Johns Hopkins University, na-movements of visual cells and pig- and spinal cords (3). 
Baltimore, Maryland 21205 ments produced by light-have been Squid, Loligo pealeii Lesueur, were 

known to physiologists for more than a used. After about 60 minutes of dark 
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The set of digitized records in Fig. 2 is width was 26 nm; in the absence of the 
an example of photomechanical respons- probe, the light intensity at  the plane of 
es taken from an isolated piece of the 
retina (detached from the sclera), dis- 
played with the ERG. These responses 
were evoked by light pulses generated by 
a 0.3-W light-emitting diode placed about 
7 mm from the center of the retina. The 
wavelength of maximum emission of the 
diode was 565 nm, and its half-band- 

the retina was estimated to be 50 kW/ 
cm2. 

An upward deflection of the top trace 
in these records indicates that the retina 
developed a force tending to move the 
probe upwards. Small negative mechani- 
cal deflections with an extremely short 
latency started nearly simultaneously 

r 
100 msec 

Fig. 2. Digitized records of mechanical responses (averaged over eight trials repeated at about 
4-second intervals) taken from a dark-adapted squid retina detached from the sclera. The ERG 
is shown below. (A) The early photomechanical response (produced by a 4-msec light pulse) is 
indicated by the arrow. (B) The late photomechanical response started during the course of the 
early response. 

7 
200 rnsec 

Fig. 3 .  Oscillograph records of photomechanical responses (top trace) and ERG (bottom trace) 
recorded from a squid retina with the sclera left intact. (A) Record from a dark-adapted retina. 
The light stimulus is indicated by the bar. (B) Record taken near the end of 30 seconds of light 
adaptation. (C) Record taken about 40 seconds after the resumption of dark adaptation. (D) 
Record taken from the same retina kept for 150 seconds in darkness. 

with the onset of the light pulse and were 
insensitive to  both anoxia and light adap- 
tion. These short-latency responses 
seem to represent mechanical counter- 
parts of the early receptor potentials (4). 

The late mechanical response was di- 
phasic, a brief (and small) positive de- 
flection followed by a long (and large) 
negative deflection (Fig. 3). When the 
stylus of the probe was pressing the 
retinal lightly, the amplitude of the early 
mechanical response was usually far 
smaller than that of the late responses. 
The peak of the positive mechanical re- 
sponse preceded that of the ERG. 

With light pulses of 5 to  7 msec, the 
positive mechanical response started 
shortly before the end of the light pulse 
and lasted 30 to 50 msec. Its amplitude 
varied between 3 and 14 kg depending on 
the method of preparing the retina, as  
well as  on the initial pressure applied to  
the retina with the stylus. Since the foot- 
plate of the stylus was roughly 1 mm in 
diameter, a positive deflection of 8 kg 
corresponds to  a pressure rise of about 
one dyne/cm2. The duration of the large 
negative phase was comparable to that of 
the ERG. 

An important aspect of the mechanical 
responses was revealed when the effect 
of light adaptation was examined. When 
the room light was turned on, the ampli- 
tudes of both the late mechanical re- 
sponse and the ERG were immediately 
reduced (Fig. 3B). When the room light 
was turned off again, both late mechani- 
cal and electrical responses to brief light 
pulses recovered gradually (Fig. 3, C and 
Dl. 

In the squid retina, the outer (distal) 
segments of the photoreceptors form a 
thick, compact layer underneath the in- 
ternal limiting membrane (5). Both the 
early mechanical responses and the posi- 
tive phase of the late mechanical re- 
sponse are probably generated in this 
layer by activities of the rod outer seg- 
ment membrane (6). The late negative 
component of the mechanical response, 
which represents a decrease in the thick- 
ness of the retina, is expected to pass 
into the contraction described by Young 
(2) when the light stimulus is maintained. 

We have carried out similar observa- 
tions by placing lobster eyestalks in the 
chamber (Fig. 1) and illuminating the 
corneal surface from below. We have 
also examined the wavelength depen- 
dence of the mechanical response by 
using several types of light-emitting di- 
odes as well as  a series of optical filters 
in conjunction with a source of flash- 
light. The results of these observations 
are consistent with our interpretation of 
the phenomena described above. 
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Crystals of the Octameric Histone Core of the Nucleosome 

Abstract. The undegraded core histone octcrmer has been crystallized in a form 
suitable for x-ray analysis. The hexagonal bipyramidal crystals reproducibly grow 
larger than 1.0 by 0.6 millimeter. X-ray reflections are observed from Bragg planes 
with spacings larger than 3.5 angstroms. The crystals have the symmetry of the 
space group P3,21 or its enantiomorph. There appears to be one histone octamer per 
 asymmetric^ unit. 

Most of the DNA in eukaryotic chro- 
mosomes is organized into repeating 
structural units by its interaction with a 
set of basic proteins called histones ( I ) .  
Electron microscopy of chrom$tin al- 
lows visualization of a fiber (100 A diam- 
eter) with a repeating structure that re- 
sembles a string of beads (2). Brief diges- 
tion of chromatin with micrococcal nu- 
clease yields nucleosomes containing 
about 200 base pairs (bp) of DNA, two 
each of the four core histone molecules 
H2A, H2B, H3, and H4, and one mole- 
cule of histone H1 (3). A series of nu- 
cleosomes corresponds to the repeating 
structures observed in electron micro- 
graphs. Further digestion of chromatin 
with micrococcal nuclease cleaves the 
less tightly complexed DNA and releases 
HI and yiklds the nucleosome core parti- 
cle, which consists of 146 bp of DNA 
wrapped around the octameric histone 
core (H2A, H2B, H3, H4h. 

Extensive analysis of nucleosome core 
particles and their octameric histone 
core by electron microscopy (4,5), x-ray 
(6) and neutron diffraction (7), and chem- 
ical cross-linking (8) has yielded a pic- 
ture of the nucleosome core particle to a 
resolution of about 25 A. It appears to be 
a wedge-shaped disk 110 A in diameter 
and 55 A at its thickest edge. One-and- 
three-quarter turns of double-stranded 
DNA are wrapped around the outside of 
the histone octamer in a superhelix with 
a pitch of about 28 A .  The octamer is 
also a wedge-shaped disk, about 70 A in 
diameter and 55 A high. possibly with a 

protruding ramp corresponding to the 
path of the DNA supercoil (5). To the 
resolution of the methods used, there is a 
twofold axis of symmetry in both the 
nucleosome core particle and the histone 
octamer. 

The histone octamer can be extracted 
from chromatin as a stable undissociated 
particle in 2M NaCl(9, 10). In physiolog- 
ic ionic strengths in the absence of DNA, 
the octamer dissociates into subunits: 
the (H3, H4)? tetramer and two (H2A, 
H2B) dimers (10). By combining the his- 
tone octamer or a mixture of the dimer 
and tetramer subunits with DNA under 
appropriate conditions, complexes that 
appear identical to nucleosome core par- 

reconstituted (11). We have attempted to 
crystallize the (H2A, H2B, H3, H4)2 
histone octamer and its physiological 
subunits, the (H2A, H2B) dimer and the 
(H3, H4)2 tetramer. We have previously 
reported our results with crystals of one 
subassembly of the core histones, the 
slightly proteolyzed (H3, H4)2 tetramer 
from calf thymus (12). We report here 
the first crystals of the complete assem- 
bly of the undegraded histone octamer. 

Chicken erythrocytes were obtained 
from Pel Freeze Biologicals. Nuclei were 
isolated be the method of Olins et al .  
(13). Histone octamer was isolated ac- 
cording to Eickbush and Moudrianakis 
(10). To prepare the octamer for crystal- 
lization, a concentrated (20 mglml) solu- 
tion of pure chicken erythrocyte octamer 
in 2M NaC1, 1 mM EDTA, and 10 mM 
tris, pH 7.5. was dialyzed against 60 
percent stock ammonium sulfate (70 g 
plus 100 ml of water), with 10 mM 
NaP207, pH 6.5, 5 mM EDTA, and 1 
percent 2-mercaptoethanol (crystalliza- 
tion buffer). The next day this material 
was dialyzed against a 65 percent stock 
solution of ammonium sulfate and crys- 
tallization buffer. The following day the 
solution was clarified by centrifugation, 
and the protein in solution was placed 
in Zeppezaur tubes (14) and dialyzed 
against 67 percent stock ammonium sul- 
fate and crystallization buffer. Crystals 
reproducibly grew in about 1 week and 
continued to grow for about 2 months. 
Increasing the concentration of the am- 
monium sulfate to 69 percent stock 
caused the crystals to continue to in- 
crease in size. All steps were carried out 
at 4°C. 

The crystals are clear, nonbirefrin- 
gent, hexagonal bipyramids (Fig. 1A) 
that grow larger than 1 .O by 0.6 mm. The 

Fig. 1 .  (A) Light micrograph of a hexagonal bipyramidal crystal of the histone octamer that is 
about 0.4 by 0.5 mm. (B) A 12.5" screened precession picture of the zero layer looking down the 
threefold axis. Reflections at 3 .5  A resolution are apparent. (C) Photograph of sodium dodecyl 
sulfate-polyacrylamide gels (10):  (lane I )  proteins recovered from a single crystal; (lane 2) acid- 
extracted chick erythrocyte total histones. 
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