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Abstract

The fundamental structure formed when genomic
DNA is packaged by protamine in the human sperm nu-
cleus still remains essentially unresolved. It is known
that the binding of protamine, a small arginine-rich
protein, to DNA generates a large dense, hydrophobic
complex making the sperm chromatin structure difficult
to study microscopically. To visualize the internal
nuclear structures, isolated human sperm nuclei were
swollen extensively in saline buffer using only a re-
ducing agent. The nuclei were swollen during deposi-
tion onto coverglass and then imaged in the atomic force
microscope (AFM). The two main results obtained from
imaging individual well-spread nuclei indicate that native
human sperm chromatin is: (1) particulate, consisting
primarily of large nodular structures averaging 98 nm in
diameter, and (2) also composed of smaller, nucleo-
some-like particles observed to form linear chains near
the nuclear periphery. These two types of chromatin
particles imaged by AFM are remarkably similar to
other AFM measurements made on native and reconsti-
tuted sperm and somatic chromatin.
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Introduction

Recent atomic force microscopy (AFM) studies of
bovine sperm cell structures (Allen er al., 1995) and
various chromatin preparations (Allen et al., 1993a,
1994; lLeuba er al., 1994; Martin er al., 1995) have
shown that these biological structures are preserved
accurately using simple AFM sample preparations, even
following air drying. The overall size and shape of the
well-described nucleosome structure, as one example, is
clearly resolved by AFM on reconstituted (Allen et al.,
1993a) and native (Allen er al., 1994; Leuba et al.,
1994; Martin et al., 1995; Yang et al., 1994) chromatin
fibers following air-drying of fixed and unfixed samples
onto mica and coverslip glass. In some cases, the level
of AFM resolution rivals and may exceed that of the
electron microscope (EM).

In past studies, we have utilized AFM to obtain top-
ographic images of the surfaces of condensed bull,
mouse and rat sperm chromatin, nanodissected bull
sperm chromatin and partially decondensed mouse sperm
chromatin (Allen et al., 1993b). These images show
that the sperm chromatin in all four species is organized
into tightly packed, large nodular structures approx-
imately 50-100 nm in diameter. The nodular structures
most likely represent a discrete sperm chromatin subunit
similar in size to the spherical structures reported pre-
viously in numerous EM studies (Evenson et al., 1978;
Koehler, 1966, 1970; Koehler et al., 1983; Tanphaichitr
et al., 1981) and in AFM/EM studies using reconstituted
samples (Hud er al., 1993).

Here, we report AFM images of chromatin struc-
tures imaged in situ on isolated and swollen human
sperm nuclei adsorbed to coverglass. The AFM results
indicate that chromatin in human sperm is entirely par-
ticulate and that the majority of the chromatin consists
of particles many times the diameter of nucleosomes.
This finding is consistent with a number of previous EM
studies on intact and detergent-decondensed human
sperm chromatin (Holstein and Roosen-Runge, 1981;
Evenson er al., 1978) and inconsistent with other EM
findings that suggested either a smooth fibrllar or
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nucleosomal organization (Gusse and Chevaillier, 1980;
Sobhon et al., 1982; Wagner and Yun, 1979). The
same well-spread nuclei within which we observed the
large chromatin particles, also exhibited smaller chro-
matin particles 45 nm in diameter suggesting the pres-
ence of nucleosomes in addition to the larger nucleo-
protamine structures.

Material and Methods

Preparation and isolation of amembraneous human
sperm nuclei

Human sperm were obtained directly from semen.
The semen was diluted with tris-saline (T/S) (150 mM
NaCl, 10 mM Tris, pH 7.4), sonicated, and washed 3
times in 5 ml T/S (with centrifugation at 8,000 rpm for
4 minutes). The final pellet was resuspended in 4 ml of
T/S to which 10 mg dithiothreitol (DTT) was added.
This suspension was incubated on ice for 15 minutes.
One ml of 5% mixed alkyltrimethylammonium bromide
(MTAB) stock solution was added and mixed without
sonication. This solution was incubated on ice for 1
hour with frequent mixing (not vortexing). The suspen-
sion was subsequently centrifuged at 5,000 rpm for 4
minutes and the pellet was then resuspended in T/S.
This centrifugation and resuspension step was repeated
3 times. During the procedure sperm tails are detached
during sonication and partially dissolve in MTAB along
with other extra nuclear materials (Balhorn et al., 1977).
Demebranated sperm heads are separated from the
debris during centrifugation.

Decondensation of amembraneous human sperm
nuclei

Following MTAB treatment, human sperm nuclei
were resuspended in 4 m! T/S and used immediately for
decondensation. The timing of their use was found to be
critical, because nuclear swelling did not occur if the
suspension was allowed to sit more than an hour follow-
ing MTAB treatment. Ten microliters of the amembra-
neous nuclei suspension was added to a 10 ul droplet
containing 8% beta-mercaptoethanol (BME; Sigma, St.
Louis, MO) in distilled water which had previously been
applied to a clean 15 mm round coverglass. The sperm
suspension: BME mixture was then allowed to incubate
on the glass for 4-6 hours at room temperature. The
coverglass supporting the sperm droplet was placed in a
humid chamber during the incubation to prevent dehy-
dration. After incubation, the sample was rinsed with
50 drops of distilled water, wicked dry with tissue and
placed in a vacuum desiccator chamber prior to imaging.

AFM Imaging of amembraneous sperm nuclei

The coverslips carrying the sperm chromatin
(amembraneous nuclei) were scanned in air at 45 % rela-
tive humidity at room temperature using a Nanoscope 11
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AFM (Digital Instruments, Santa Barbara, CA) in the
contact scanning mode. The "height” or constant force
mode was used and scan frequencies were typically 5
Hz. In order to minimize the force exerted by the AFM
tip on soft samples, the set-point deflection was set at a
value just above tip pull-off. In addition, AFM probes
that exhibit very low adhesion with the substrate, as seen
in "force versus distance plots,” were chosen for imag-
ing since they appeared to provide higher lateral resolu-
tion. Integral and proportional gain settings were raised
until periodic noise could be seen in the AFM image or
in "Scope Mode," the gains were then lowered until the
noise completely disappeared. Typical settings were 6-8
and 9-12 for integral and proportional gains, respective-
ly. All images presented are raw data (other than for
"flattening” when needed) and are 400 x 400 data points.
The images were rendered using a Nanoscope 111 offline
workstation (Digital Instruments). Single-arm, 450 um
long, etched silicon AFM probes with 5-10 nm end radii
were used (provided by Digital Instruments). The "J"
piezoelectric-tube scanner used was initially calibrated
by Digital Instruments. The scanner was then routinely
calibrated (approximately once per month) using various
carbon, gold and silicon gratings with periods ranging
from 0.463 to 10 pum.
Fluorescence confocal microscopy of decondensed
human sperm nuclei

Five microliters of propidium iodide (PI) in aqueous
mounting media was applied to the glass coverslips sup-
porting the decondensed amembraneous human sperm
nuclei. The coverslips were then attached to clean mi-
croscope slides and additional coverslips were placed on
top of the coverslips carrying the stained nuclei. The
samples were then imaged with a Zeiss (Oberkochen,
Germany) upright microscope using a 60 x, 1.4 numeri-
cal aperture (NA) oil objective. An integrated MRC-600
BioRad (Hercules, CA) argon laser scanning confocal
microscope (LSCM) was used to excite the fluorochrome
using the 514 nm line and detect red fluorescence using
a photomultiplier tube. The areas on the coverslips that
had previously been imaged by AFM were circled on the
back side of the coverslip using a permanent ink pen at
the time of AFM imaging. The microscope objective
was positioned directly above these markings to facilitate
locating the nuclei imaged previously by AFM.

Results and Discussion

The chromatin spreading method described in this
paper allows for the swelling of human sperm nuclei us-
ing the reducing agent beta-mercaptoethanol. In past
studies of human sperm chromatin, high concentrations
of salt, urea and nuclease were employed to facilitate de-
condensation and analysis by EM (Sobhon et al., 1982;
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(Bradbury er al., 1975). A lateral broadening effect,
seen previously in AFM images of nucleosomal fibers
caused by the finite AFM imaging probe, can account
for nucleosomes appearing as large as 45 nm in the
AFM image (Allen et al., 1992). The dimensions and
linear arrangements of the small nodular structures seen
by AFM in decondensed human sperm chromatin are in
good agreement with the AFM results we obtained on
reconstituted H1-deficient nucleosome cores which
measured up to 40 nm in diameter and assembled line-
arly along short DNA segments (Allen et al., 1993a).
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Discussion with Reviewers

B. Samori: The swelling was carried out by a reducing
agent, 2-mercaptoethanol which cleavages the disulfide
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J.K. Koehler: The confocal image (Fig. 1A) appears
to show a definite substructure consisting of short,
worm-like segments, perhaps representing chromatin
substructure. Could the authors comment on this?
Authors: There does appear to be some substructure in
the confocal image shown in Figure 1A, however, we
feel these subtle features are not well-resolved and are
rather grainy in appearance causing us to question
whether they are real. If in fact the nuclei consist
entirely of closely packed particles no larger than 100
nm, as suggested by our AFM results, we would not
expect to clearly resolve such structures using confocal
microscopy on samples where the DNA is non-specifi-
cally stained. Generally, the confocal images show
nuclei that appear uniformly stained with PI without any
clearly discernible substructures.

J.K. Koehler: Can one obtain AFM images of normal,
non-swollen sperm nuclei as a control? If so, what do
they look like compared to the chemically treated nuclei?
Authors: Yes, we have imaged many intact human
sperm nuclei and describe their appearance in the paper
as "their normal pear-like shape and dimensions of 5.5
pm X 3.5 um.” We have recently published more
extensively on this subject (Lee er al., 1996).
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J.K. Koehler: Is there any suggestion of longer range,
secondary order in the chromatin similar to the "plate-
like" structures seen in early freeze-etch observations of
non-human sperm?

Authors: We have seen no evidence of plate-like
arrangements of the chromatin in intact or swollen
human sperm nuclei. However, we would not necessar-
ily expect to see these structures given our sample prep-
aration for AFM. Such an arrangement might be ob-
servable by AFM by preparing and imaging thin sections
of the nucleus. With regard to non-human sperm, we
have seen limited evidence of plate-like arrangements in
bovine sperm. In this case, using the AFM tip, we re-
moved a layer of extranuclear material and exposed and
imaged the chromatin layer below; this chromatin layer
appeared to consist of 70 nm particles packed into a
single plate-like structure.
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