
difference in binding affinity between I1 and 
IV, probably hinges in part on the fact that 
this hydroxyl group is fixed in position, so 
that it can be bound without substantial loss 
in freedom of movement with respect to the 
rest of the nucleoside. Other entries in Table 
1, in which the effect of hydroxyl substitu- 
tion is less, have considerably greater free- 
dom of rotation. Experiments are currently 
under way to characterize entropic aspects 
of the hydration of nebularine and of its 
binding by adenosine deaminase. The pres- 
ent results imply that under favorable cir- 
cumstances a single hvdroxvl substituent can 
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Direct Measurements of Sliding Between Outer 
Doublet Microtubules in Swimming Sperm Flagella 

The relative motion of 40-nanometer gold beads bound to the exposed outer doublet 
microtubules of demembranated sea urchin sperm flagella has been observed and 
photographed during adenosine triphosphate (ATE')-reactivated swimming. This 
direct demonstration and measure of sliding displacements between outer doublet 
microtubules in actively bending flagella verifies the original sliding microtubule 
model for ciliary bending that was established by electron microscopy of fixed cilia and 
provides a new, functional measure for the diameter of the flagellar axoneme of 
132 +. 8 nanometers. 

S LIDING BETWEEN OUTER DOUBLET 

microtubules has been assumed to 
occur during, and to be responsible 

for, the bending of cilia and flagella. The 
occurrence of sliding during bending was 
inferred from electron micrographs of fixed 
cilia ( I ) ,  from observations of sliding during 
flagellar disintegration (2) ,  and from the 
characteristics of certain unusual bending 
patterns (3). Direct visualization and mea- 
surement. of sliding in actively bending fla- 
gella of ATP-reactivated, demembranated, 
sea urchin spermatozoa has now been 
achieved by using gold beads as markers of 
positions on the outer doublet microtu- 
bules. 

Preparations of demembranated sperma- 
tozoa were incubated in suspensions con- 
taining gold beads and then diluted into 
solutions containing MgATP for observa- 
tion of motility (4-8). Beads [or bead aggre- 
gates, which cannot be easily distinguished 

from individual beads by light microscopy 
(9, lo)] attached to the flagellar axoneme 
and remained in position for hundreds of 
beat cycles; they were not dragged or pro- 
pelled to either end of the flagellum. De- 
membranated sperm flagella decorated with 
beads swam with nearly normal bending 
patterns, similar to those of undecorated 
flagella in the same preparation (Fig. 1A). 

Under ideal circumstances, where a pair 
of beads is separated by a distance of 1 p,m 
or less along the axoneme, direct inspection 
of a sequence of photographs (for example, 
Fig. 1B) revealed that the two beads moved 
closer together and then farther apart as the 
flagellum bent. When low MgATP concen- 
trations were used to obtain flagellar beat 
frequencies of 1 Hz or less, these move- 
ments were also seen by direct visual obser- 
vation, with the use of dark-field light mi- 
croscopy. The relative movements of three 
beads indicating three independently sliding 

doublet microtubules can be seen in Fig. 
ID, in which portions of a photograph were 
cut and realigned for direct comparison of 
the positions of bead images at the extremes 
of the beat cycle. 

Computer-assisted measurements of the 
distances between beads were carried out on 
digitized portions of the photographic nega- 
tives (1 1). Usually, measurements were 
made only when a pair of beads, separated 
by 1 to 4 pm, was located in a straight 
region between bends on the flagellum (Fig. 
2A). The angle between these straight re- 
gions and the axis of the sperm head was the 
measure of shear angle. Amplitudes of oscil- 
lation of bead separation ranging from 0 to 
0.4 pm were measured. Occasionally, mea- 
surements on closely spaced beads were 
made throughout the bend cycle (Fig. 2C); 
in these cases the small error caused bv 
measuring straight-line distance between the 
beads rather than distance alone: the curve of " 
the flagellum was ignored. 

Relative movement of beads attached to 
outer doublet microtubules could be caused 
either by interdoublet sliding or by contrac- 
tion and elongation of outer doublets (Fig. 
3). Two properties of the movements clearly 
discriminate between these two possibilities. 
First, bead movements resulting from inter- 
doublet sliding have peak amplitudes in 
phase with either positive or negative shear 
angle, as shown by the sliding model in Fig. 
3 and the data in Fig. 2. Bead movements 
resulting from length changes have peak 

Division of Biolo California Institute of Technology, 
Pasadena, CA 91 E 5 .  

24 MARCH 1989 REPORTS 1.593 



Fig. 1. Portions of multiple exposure, dark-field photomi- 
crographs taken on moving film, showing ATP-reactivated 
movement of demmbranated spermatozoa from the sea 
urchin, Lytechinus pictus (4). (A and 6 )  Spermatozoa reacti- 
vated with 80 pM MgATP and 2 mM lithium acetate; flash 
rate, 120 Hz. (C) Spermatozoon reactivated with 6 pM 
MgATP and 4 mM lithium acetate; 0.40 s between these 
two images. (D) Images selected to show the extremes of 
the bending cycle, separated by a half cycle (0.45 s), for a 
flagellum canying three beads attached to different doublet 
microtubules; reactivated as in (C). In (D), the measured 
separations of the upper bead pair were 2.25 pm at a shear 
angle of - 1.75 rad and 2.13 pm at a shear angle of 1.25 
rad, corresponding to sliding of -40 d r a d .  The mea- 
sured separations of the lower bead pair were 3.50 pm at 
-1.78 rad and 3.23 pm at 1.24 rad, corresponding to 
sliding of -90 d r a d .  Sliding between the top and 
bottom bead was therefore -130 d r a d .  (A) and (B) 
were taken with a lOOx objective; (C) and (D) with a 40x 
objective. Scale bar indicates 20 pm in (A), (B), and (C); 
lo pm in (D). 

Fig. 2. Examples of measure- 
ments of bead separation and 
shear angle (11). (A and C) Mea- 
surements plotted as functions of 
time (film image number at 20 
images per second). ( 6  and D) 
Measurements replotted as bead 
separation versus shear angle. (C) 
and (D) are measurements on the 
bead pair closest to the sperm 
head in Fig. 1C. 
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amplitudes in phase with the curvature of 
the flagellum, 90" out of phase with the 
shear angle (Fig. 3, contraction model). Sec- 
ond, bead movements resulting from length 
changes accumulate through a bend, giving 
maximal effects with measurements between 
two beads at each end of a bend (Fig. 3, 
contraction model. filled circles). As the 
distance between a ;?air of beads b n i s h e s ,  
the bead displacements also become small 
(Fig. 3, contraction model, open circles). 
 he large movements observed with bead 
pairs only 1 pm apart can only be accounted 

for by sliding between microtubules. 
These observations therefore provide di- 

rect confirmation of the "central dogma" of 
ciliary motility: that bending of the axoneme 
during the beat cycle is associated with 
sliding between outer doublet microtubules 
rather than with contraction and elongation 
of the doublets. This dogma was originally 
established tiom electron micrographs of 
cilia fixed in bent positions (1, 12), with the 
assumption that the conformation of the 
outer doublet microtubules is faithfully pre- 
served during fixation for electron microsco- 

py. Important additional support was ob- 
tained from direct observations of ATP- 
dependent sliding disintegration of flagellar 
axonemes, after protease digestion to dis- 
rupt the structures that are presumed to 
limit sliding in intact axonemes and to con- 
vert sliding into bending of the flagellum 
(2) 

The measurements of bead movements 
also provide a direct, quantitative measure 
of microtubule sliding during active flagellar 
bending. Unfortunately, the usehlness of 
this measure for analyzing the generation of 
bending by sliding is limited because the 
doublets on which particular beads are rid- 
ing are not readily identifiable. In the ab- 
sence of this information, the distribution of 
the movements of a large sample of beads, 
assumed to attach randomly to outer dou- 
blet microtubules, was examined. Data are 
presented for 5 1 demembranated spermato- 
zoa, 19 of which carried more than one 
measured pair of beads, that were reactivat- 
ed with low MgATP concentrations (to 
obtain beat frequencies of 1 to 2 Hz and 
bend angles of 2 to 3.5 rad) and photo- 
graphed at 20 images per second. Because 
there is little angular oscillation of the sperm 
head at these low beat frequencies, measure- 
ments of flagellar angle referred to the axis 
of the sperm head are likely to be directly 
proportional to sliding within the flagellum 
(see below). For each measured bead pair, 
the slope of the linear regression line for 
bead separation versus shear angle was de- 
termined (Fig. 2, B and D). This &ope 
measures the bead movements in phase with 
shear angle that result from interdoublet 
sliding. When angular measurements are an 
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accurate measure of shear within the flagel- 
lum, the slope, with units of nanometers per 
radian, is equal to the distance in nanome- 
ters, measured parallel to the plane of bend- 
ing, between two outer doublet microtu- 
bules on which the beads are riding. This 
distance is referred to as "doublet separa- 
tion" (Fig. 4, inset). The distribution of the 
absolute values of measured doublet separa- 
tion for a random sample of 81 pairs of 
beads is shown in Fig. 4. Each measurement 
is shown as a horizontal line representing 
the 90% confidence interval; the measure- 
ments have been arranged in order of in- 
creasirig magnitude from top to bottom of 
the graph. 

The solid points in Fig. 4 show the ex- 
pected distribution of sliding between any 
two doublets (not necessarily adjacent) as 
doublet separations, parallel to the bending 
plane, calculated from the geometry of the 
axonemal cross section on the assumption of 
independent sliding without changes in the 
doublet length (Fig. 4, inset). The calculated 
values of doublet separation for the 81 
possible combinations of two doublets that 
can result from random attachment of two 
beads have been arranged in order of in- 
creasing magnitude from top to bottom of 
the graph (13). 

Similarity between the shapes of the ex- 
perimental and theoretical distributions in 
Fig. 4 indicates conformity with the original 
sliding microtubule model based on inde- 
pendent sliding of each doublet (1). In 
particular, the results in Fig. 4 do not show 
the bimodal distribution, with one large 

Sliding model Contraction model 

Fig. 3. Diagrams illustrating bead movements 
predicted by two models for the generation of 
flagellar bending. The flagellum is represented by 
two lines corresponding to outer doublet micro- 
tubules attached together at the base of the flagel- 
lum. To produce a compact figure, the doublet 
separation and bead sizes are greatly exaggerated 
relative to the lengths of the bends propagating 
along the flagellum. For the sliding model, the 
distances from the base of the flagellum to the 
points of bead attachment, measured along the 
doublet to which each bead is attached, remain 
constant as the flagellum bends. For the contrac- 
tion model, the bead positions projected onto a 
center line between the doublets remain constant 
as the flagellum bends. 

group of near-zero doublet separations and 
another large group of near-maximal dou- 
blet separations, that would be expected if 
one group of doublets, such as 8, 9, 1, 2, 
and 3, slides as a unit, without internal 
sliding, relative to another subgroup (4, 5, 
6,  and 7), during the normal bending cycle. 
This idea is suggested by several recent 
studies of disintegrating axonemes (14, 15) 
in which groups such as these were seen to 
remain associated after sliding disintegra- 
tion. The doublet association seen in disinte- 
grating axonemes can be explained by the 
occurrence of splitting in regions of maximal 
sliding displacements, without the require- 
ment that sliding be restricted to these inter- 
group boundaries (14). Examples such as 
Fig. ID, where the bead movements indi- 
cate independent sliding of three different 
doublets, also provide direct evidence 
against the idea that sliding during bending 
can only occur between the two groups that 
remain associated after disintegration. 

Similarity between the positions of the 
experimental and theoretical distributions in 
Fig. 4 depends on the value of axonemal 
diameter used for the theoretical calcula- 
tions. The value of 132 ? 8 nm, obtained 
from weighted least-squares fitting of the 
data points to the model distribution (16), 
represents a hnctional measure of axonemal 
diameter. It is the diameter of the circle 
passing through the neutral surface of each 
doublet, that is, the surface that undergoes 
no longitudinal compression or extension 
when the doublet bends. If this surface is 
approximately at the center of the cross 
section of the doublet, then the diameter of 
the circle corresponding to the outer edges 
of the doublets is 158 nm. 

The value of 158 nm for the diameter is 
less than the commonly used value of 200 
nm obtained from electron microsco~e im. 
ages. However, values obtained by electron 
microscopy vary according to the conditions 
of sample preparation. Values of 190 to 200 
nm were obtained with flagella or cilia pre- 
pared for electron microscopy with buffers 
that promote detachment of dynein cross- 
bridges between outer doublet microtu- 
bules, but values of 151 to 165 nm were 
reported with buffers that promote cross- 
bridge attachment (17). Therefore, for cal- 
culating sliding displacements between ax- 
onemal doublets in actively bending flagella, 
the functional diameter of 132 nrn should be 
used. This value corresponds to a center-to- 
center spacing between adjacent doublets of 
45 nm. For four doublets on one side of the 
bending plane, the average interdoublet 
spacing, projected onto the bending plane, 
is 32 nm and is the value that should be used 
to convert angular measurements to average 
sliding between doublets. 

Doublet separatlon (nm) 

Fig. 4. Absolute values of doublet separation, 
arranged in order of increasing magnitude from 
top to bottom of the graph. Values obtained from 
bead measurements are shown by horizontal lines 
representing the 90% confidence interval for the 
slopes determined as in Fig. 2, B and D, using 
Student's t distribution and the variance for the 
slope calculated from the linear regression. Values 
calculated from axonemal geometry (13) for an 
axonemal diameter of 132 nm (tubule centers) or 
158 nrn (overall) are shown by solid points. The 
inset shows microtubule locations in an axonemal 
cross section and identifies the doublet separation 
(DS) for a pair of beads (shown by the large open 
circles) and the bending plane (BP). 

The above discussion has emphasized the 
agreement between direct measurements of 
sliding obtained from bead movements and 
indirect calculations based on angular mea- 
surements of flagellar bending. The consid- 
erably greater effort required for the direct 
measurements is justified under conditions 
where the angular measurements are unreli- 
able. Calculation of the shear angle from the 
observed bending requires measurement of 
the orientation of the basal end of the 
flagellum, where sliding is assumed to be 0 
(1, 12). With swimming sperm flagella, the 
orientation of the axis of the sperm head is 
normally used to indicate the orientation of 
the basal end of the flagellum. This assump- 
tion can introduce significant errors if there 
are changes in the angle between the head 
axis and the base of the flagellum as the head 
of a swimming sperm swings from side to 
side. Such changes may be responsible for 
observations of apparently nonuniform pat- 
terns of microtubule sliding (oscillatory syn- 
chronous sliding) during the bending cycle 
in swimming spermatozoa-patterns that 
are difficult to simulate with simple models 
for flagellar bend propagation (18). Bead 
measurements of sliding provide an inde- 
pendent measure of microtubule sliding that 
can resolve this uncertainty and provide an 
accurate description of sliding patterns in 
swimming sperm flagella (1 9). 

Measurement of sliding by measurement 
of bead movement can also be used when 
sliding is not causing bending. The underly- 
ing mechanism for flagellar oscillation might 
be a low-amplitude shear oscillation that is 
amplified when flagella bend (20). With the 
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use of beads as markers, this low-amplitude 
shear oscillation should be measurable in the 
absence of bending in fragments of demem- 
branated flagella examined under conditions 
appropriate for reactivating the bending of 
intact flagella. 

These applications will be facilitated by 
development of more automatic and higher 
precision methods for photographic image 
analysis to obtain measurements of bead 
separation in both straight and curved re- 
gions of a flagellum. Other recent work has 
demonstrated the ability of digital image- 
processing methods to extract positional in- 
formation from light microscopic images at 
nanometer dimensions, well below the re- 
solving distance of light microscopy (10, 
21). 
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Histamine Is an Intracellular Messenger Mediating 
Platelet Aggregation 

Inhibition of human platelet aggregation by N,N-diethyl-2-[4-(phenyImethy1)phe- 
noxylethanamine-HC1 (DPPE), a novel antagonist of histamine binding, suggested 
that histamine might serve a critical role in cell function. Phorbol-12-myristate-13- 
acetate (PMA) or collagen was found to increase platelet histamine content in parallel 
with promotion of aggregation. Inhibitors of histidine decarboxylase (HDC) sup- 
pressed both aggregation and the elevation of histamine content, whereas DPPE 
inhibited aggregation only. In saponin-permeabilized platelets, added histamine re- 
versed the inhibition by DPPE or H D C  inhibitors on aggregation induced by PMA or 
collagen. The results indicate a role for histamine as an intracellular messenger, which 
in platelets promotes aggregation. 

' rsTAMINE IS A WELL-ESTABLISHED immunoregulation (1). Almost 30 years ago, 
extracellular messenger in numer- Kahlson et al. (2) suggested that newly 

. ous physiological and pathophys- formed histamine might be an important 
conditions, including allergies, in- mediator of cell growth. Histidine decarbox- 

flammation, gastric acid secretion, neurotrans- ylase (HDC) activity, the ability of cells and 
mission, cardiac dysfunction, and uterine con- tissues to form histamine, has been correlated 
traction, and is implicated in others such as with cell multiplication and growth (3) .  Stud- 

ies of DPPE, an antiproliferative agent that 
antagonizes histamine binding at a novel 
(non-HI, non-Hz, non-H3) affinity site that 
binds histamine in micromolar amounts (4),  
showed that DPPE inhibits platelet aggrega- 
tion stimulated by PMA, a tumor promoter 
usually considered to act primarily through 
activation of protein kinase C (5). However, 
DPPE did not inhibit protein kinase G 
induced phosphorylation of a platelet M, 
47,000 protein (p47) (6). Thus, the antiag- 
gregatory effect of DPPE is not due to antag- 
onism of protein kinase C. Since PMA in- 
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