
site were calculated. These values, 
which range from 302 to 317 mlsec, are 
similar to scores of values determined 
for acoustic-gravity waves generated by 
nuclear explosions at different test sites 
and detected at globally distributed re- 
corders (I). They also match the theoret- 
ical computations for such propagation 
(2). On the basis of signal appearance 
and appropriate group velocities (or ar- 
rival times), we concluded that signals 
shown in Fig. 1, a to e ,  were generated 
by the eruption of Mount St. Helens. 

From pressure amplitudes and periods 
it is possible to compute the probable 
explosive energy or yield of the eruption, 
but not the total energy of the entire 
event. We used separate theoretical and 
empirical procedures for this purpose. 

1) Posey and Pierce (3) developed the 
following approximate theoretical rela- 
tionship among energy, pressure pertur- 
bation amplitude, and period for an ex- 
plosion in the atmosphere: 

E = 13 P[R sin ( r l ~ ) ] " ~  H, (cu3l2 

where E is energy (ergs), P is the first 
peak-to-trough pressure change (micro- 
bars), R is the radius of the earth (centi- 
meters), r is the great circle distance 
from source to receiver, H ,  is the scale 
height of the atmosphere (taken as 8 km), 
c is the speed of sound, and T is the wave 
period (seconds) for the first full wave. 
From the microbarograph data in Table 1 
we computed the yields in megatons 
(MT) shown in the last column. The 
average yield is 35 MT. 

2) Figure 2a is a plot of pressure ampli- 
tude against distance, where the square 
root of the latter is used because the 
cylindrical spreading of the gravity 
waves causes amplitude to decrease as 
1 / f i  A straight line has been fitted to 
the points. Figure 2b is an earlier graph 
(4) of pressure against yield for a number 
of tests in Novaya Zemlya that were 
recorded by several instruments in our 
array of four stations around Palisades, 
New York. Using the distance from No- 
vaya Zemlya to Palisades (6600 km) in 
Fig. 2a, we obtain the pressure ampli- 
tude for Mount St. Helens for that dis- 
tance. The resulting value of 190 kbar 
corresponds to a yield of 35 MT in Fig. 
2b, which matches the theoretical calcu- 
lation above. 

3) In another empirical analysis, we 
used wave period as a tool to estimate 
yield. In addition to the periods from 
microbarographs in Table 1, we used 
values from long-period vertical seismo- 
graphs at widely distributed locations. 
Seismic drum records have much higher 
time resolution than most microbaro- 
graphs, so that period measurements 
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with good accuracy are obtainable [see, 
for example, the record from De Bilt in 
the Netherlands (5)l. The data from the 
seismographs are also given in Table 1. 
Like the microbarograph signals, the 
seismograph data yield normal group ve- 
locities between source and receivers. 
Figure 2c shows the period of the first 
full wave plotted against distance and 
indicates the dispersion effect described 
earlier. Only records from stations at 
least 1000 km from Mount St. Helens 
were used, to ensure that the lead gravity 
wave was fully established. Figure 2d 
shows the period plotted against cube 
root of yield, where the periods are 
based on waves from tests at Novaya 
Zemlya that were recorded on the Pali- 
sades array. It is known that wave period 
varies as the cube root of yield. Only two 
points in which we have confidence in 
the yield are plotted, together with zero. 
Using 6600 km for the distance from 
Novaya Zemlya, we obtain an equivalent 
period of 365 seconds from Fig. 2c. This 
equivalent period corresponds to a yield 
of 30 MT (from Fig. 2d) for the Mount St. 
Helens explosion, in good agreement 
with the theoretical and empirical esti- 
mates given above. 

On the basis of the best available evi- 
dence, we conclude that the explosive 
yield of the main Mount St. Helens erup- 

tion on 18 May 1980 at 1532 GMT was 
roughly 35 MT (1.48 x loz4 ergs). 

Note added in proof: Records from 
Hawaii and Japan, the only stations with 
records available to the west of the 
source, indicate a somewhat lower yield 
(about 25 MT). 

WILLIAM L. DONN 
NAMBATH K. BALACHANDRAN 

Lamont-Doherty Geological 
Observatory of Columbia Uvtiversity, 
Palisades, New York 10964 
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Rapid Massive Assembly of Tight Junction Strands 

Abstract. Incubation at 37'C of excised rat prostate tissue results in massive 
proliferative assembly of new tight junction strands along the entire length of the 
lateral plasma membranes of the columnar epithelial cells. The new tight junction 
elements are assembled within 5 minutes and have an average length six times that 
of those present in the apical tight junction band. Massive assembly occurs in the 
presence of protein synthesis inhibitors (cycloheximide) or of metabolic uncouplers 
(dinitrophenol). Thus, proliferative assembly of tight junction strands involves 
molecular reorganization from a pool of preexisting, probably membrane-associat- 
ed, components. The fascia occludens and some examples of experimentally induced 
tight junction proliferation may reflect the massive emergence of tight junction 
strands when tissue is subjected to diverse stressful conditions. 

The tight junction (occluding junction, 
zonula occludens) is a specialized inter- 
cellular contact between adjacent epithe- 
lial cells that assures the physical separa- 
tion of luminal and intercellular spaces. 
Current views of tight junction structure 
derive from the morphological analysis 
of thin section ( I )  and freeze-fracture (2) 
preparations as seen by electron micros- 
copy. In these studies, the tight junction 
is described as a network of anastomos- 
ing strands visible on the protoplasmic 
fracture face (3),  with corresponding fur- 
rows observed on the exoplasmic face. 
As in many other epithelial cells, the 
strands are predominantly oriented par- 

allel to the edge that separates luminal 
from lateral regions of the plasma mem- 
brane. They generally number less than 
15 and may also exist in other regions of 
the plasma membrane, for example, in 
places where the polarity of the cells is 
less marked. 

The chemical nature and the supramo- 
lecular organization of the tight junction 
components are virtually unknown, and 
their biogenesis and assembly are poorly 
understood. Evidence from freeze-frac- 
ture studies indicates that a single or 
double filament may be the main struc- 
tural element of this junction (2). Studies 
of its mode of assembly have been hin- 
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dered by the lack of a system in which 
the formation of the junction might be 
induced and be amenable to experimen- 
tal manipulation. We now describe ex- 
periments with excised prostate tissue in 
which we show that massive prolifera- 
tive assembly of tight junction strands 
can occur within 3 to 5 minutes, even in 
the presence of cycloheximide (a protein 
synthesis inhibitor) or dinitrophenol (a 
metabolic uncoupler). 

For our experiments we used prostate 
tissues excised from adult male Sprague- 
Dawley rats that were lightly anesthe- 
tized with ether. Each of the experi- 
ments was performed at least three times 
with samples taken from different ani- 
mals. The tissues were incubated for 0, 
3, 5, 15, 30, and 60 minutes in 0.1M 
cacodylate buffer, pH 7.4, at 4"C, 37"C, 

and room temperature. Each specimen 
was then fixed by immersion in 3 percent 
glutaraldehyde in 0.1M cacodylate buff- 
er, pH 7.4, at the temperature of incuba- 
tion for 3 hours. To rule out the toxic 
effect of arsenic (from cacodylate), as 
well as toxicity that might result from 
incubation and fixation in the absence of 
Ca2+, ~ g ~ + ,  K+, and C1-, we incubated 
and fixed excised tissues in Tyrode's 
solution (4). Tissues were also incubated 
and fixed in saline or in 310 mosM sodi- 
um phosphate buffer, pH 7.4. To test the 
importance of protein synthesis, we in- 
cubated the tissues in cycloheximide 
(100 or 200 pg/ml) in 0.1M cacodylate 
buffer, pH 7.4, for 10 minutes at 4"C, 
then for 5 minutes at 37°C. To test the 
effect of uncoupling of oxidative phos- 
phorylation, we incubated the tissues in 

O.005M 2,4-dinitrophenol in 0.1M caco- 
dylate buffer, pH 7.4, for 10 minutes at 
4"C, then for 5 minutes at 37°C. After 
fixation, the specimens were rinsed in 
0.1M cacodylate buffer, pH 7.4, impreg- 
nated in 30 percent glycerol in 0.1M 
cacodylate buffer, pH 7.4, placed on gold 
specimen carriers, frozen in partially so- 
lidified Freon 22, freeze-fractured at 
-llO°C, and shadowed at 45" with a 
platinum-carbon electron gun. The repli- 
cas were cleaned, mounted on Formvar- 
coated grids, and observed at 80 kV with 
an electron microscope. 

The lateral plasma membrane of the 
prismatic columnar epithelial cell gener- 
ally has five to seven faces (5). When 
tissues are fixed at 4OC or at room tem- 
perature immediately after excision, the 
membranes are flat, displaying few inter- 

Figs. 1 to 5. Proliferation of tight junction strands on the lateral membranes of rat ventral prostate columnar epithelial cells. Fig. 1. 
Control. Fig. 2. After incubation for 3 minutes at 37°C. Fig. 3. After incubation for 5 minutes at 37°C. Fig. 4. After incubation in the 
presence of cycloheximide for 10 minutes at 4"C, then for 5 minutes at 37T.  Fig. 5 After incubation in the presence of dinitrophenol for 10 
minutes at 4OC, then for 5 minutes at 37°C. Figs. 1 and 5 show aspects of the top region of the lateral plasma membrane, adjacent to the apical tight 
junction band; Figs. 2 to 4 show aspects from the mid-region. Scale bar, 0.2 bm. 
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digitations; and the tight junction, which 
generally consists of 7 to 15 anastomosed 
strands, is confined to a narrow (0.5 to 
1.0 p,m) band contiguous with the apical 
plasma membrane (Fig. 1). If the excised 
tissues are fixed at 37°C immediately 
upon excision, loose strands of the tight 
junction are observed over approximate- 
ly one-tenth of the fractured lateral plas- 
ma membranes. 

After 3 minutes at 37°C (Fig. 2) tight 
junction strands are frequent in about 50 
percent of the fractured lateral mem- 
branes, and after 5 minutes at 37°C (Fig. 
3) about 90 percent of the fractured later- 
al membranes show numerous tight junc- 
tion strands loosely distributed over the 
entire length of the cell. Identical results 
were observed in specimens incubated 
and fixed in cacodilate and phosphate 
buffers, in Tyrode's solution, or in sa- 
line. Massive proliferation was also ob- 
served in specimens incubated at 37'C 
for 10 minutes and fixed with glutaralde- 
hyde in Tyrode's solution that had been 
equilibrated and continuously bubbled 
with mixtures of 95 percent 0 2  and 5 
percent C02,  40 percent O2 and 60 per- 
cent C02,  or 100 percent C02. The fre- 
quency of new tight junction strands 
varies within the lateral membrane. In 
general, the new strands represented in- 
dependent structures, but some are con- 
tinuous with those of the apical band 
(Fig. 5). After 5 minutes and up to 60 
minutes of incubation at 37'C, the 
amount of new tight junction elements is 
not perceptibly increased. Massive, gen- 
eralized proliferation is also observed in 
cells from tissues excised 5 to 10 minutes 
postmortem. Incubation at 4'C for up to 
60 minutes does not result in prolifera- 
tion of tight junction elements. At room 
temperature, some loose strands appear 
after 15 minutes of incubation (not illus- 
trated). 

Although the density of the proliferat- 
ed tight junction strands appears to be 
low, clearly lower than the density at the 
apical tight junction band, the strands 
are spread over the entire area of the 
fractured lateral membrane. Morpho- 
metric analysis (6) of micrographs of 
freeze-fractured lateral plasma mem- 
brane after incubation for 5 minutes at 
37°C indicates that the average total 
length of newly formed tight junction 
strands represents six times (and, in ex- 
treme cases, up to 12 times) the length of 
those present on the apical tight junction 
band. 

Our results cannot be exvlained with- 
out invoking de novo assembly of tight 
junction strands. Assembly might be 
achieved either by migration and reorga- 
nization of preexisting membrane (and, 

possibly, cytoplasmic) components or by 
the incorporation of newly synthesized 
molecules. The latter alternative appears 
less likely because of the very short time 
required (3 to 5 minutes). Experimental 
confirmation is derived from the obser- 
vation of intense proliferation of tight 
junction strands in specimens which, af- 
ter mincing at 4"C, are incubated in cy- 
cloheximide (Fig. 4). Other experiments 
showed that massive proliferation of 
tight junction strands occurs in speci- 
mens incubated with dinitrophenol (Fig. 
5), an indication that the process of as- 
sembly does not require the continued 
operation of oxidative phosphorylation. 

Massive assembly of tight junction ele- 
ments can proceed in the presence of a 
protein synthesis inhibitor or of a meta- 
bolic uncoupler and is observed within a 
few minutes of the onset of stressful 
alterations of the cellular environment. 
In consequence, structural assembly of 
the tight junction must be carried out 
from a pool of preexisting components, 
which probably are, at least in part, ele- 
ments of the lateral plasma membrane. 
The contribution of components from 
presumptive cytoplasmic pools appears 
to be minor but cannot be assessed. 
Even in extreme instances of tight junc- 
tion proliferation, the freeze-fracture 
morphology of the nondifferentiated re- 
gions of the lateral plasma membrane is 
not altered, and the density of membrane 
particles appears to be unchanged. Dis- 
cussion of the possible mechanisms of 
assembly of tight junction elements is 
hindered by the absence of plausible 
structural models for this junction. Mi- 
gration of membrane components to the 
loci of junction formation may or may 
not coexist with alterations of the physi- 
cal-chemical milieu at those sites; such 
alterations may be crucial to the process. 
While massive assembly of tight junc- 
tions is taking place, intermediate assem- 
bly stages (7) are never observed. This 
suggests that assembly occurs at only a 
few sites, probably at the tips of the tight 
junction strands. We believe that mem- 
brane lipids have a major role in the 
structural definition of the tight junction 
(8). 

Our experiments cannot identify the 
underlying biophysical or biochemical 
alteration of the cellular environment 
that is responsible for proliferation of 
tight junction strands. These might in- 
clude effects within the membrane itself, 
as well as interactions of tight junction 
components with cytoplasmic elements; 
the latter might play a role in the propa- 
gation and configuration of the junctional 
strands. Lowering the intracellular pH 
and, in consequence, disturbing the 

binding patterns of other ions, in particu- 
lar Ca2+ (9), may be involved in many 
or all of our preparations (in particular 
those incubated in an atmosphere con- 
taining 60 percent or more C02). Mas- 
sive proliferation of tight junction 
strands is observed even in tissues incu- 
bated and fixed with glutaraldehyde in 
Tyrode's solutions equilibrated with 95 
percent O2 and 5 percent C 0 2  or with 100 
percent C02.  It therefore appears unlike- 
ly that anoxia or lowering the intercellu- 
larpH, or both, in themselves constitute 
necessary conditions for triggering the 
assembly process. The use of excised 
epithelial tissues as experimental models 
should allow kinetic analysis of the de 
novo assembly of tight junctions. 

Multiple tight junction strands along 
the lateral plasma membranes of epitheli- 
al cells were reported as the fascia oc- 
cludens [that is, they were taken to rep- 
resent a genuine cellular structure (10, 
11)] or as instances of experimentally 
induced proliferation (12). These may 
reflect the massive emergence of tight 
junction strands that occurs when the 
tissue is subjected to diverse stressful 
conditions. 
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Diketopiperazine Formation During Investigations of 
Amino Acid Racemization in Dipeptides 

Abstract. The formation of  diketopiperazines from the dipeptides isoleucylglycine 
and glycylisoleucine was investigated at  132'C over the pH range - 2 t o  10. A t  pH 
6.2, - 50 percent of  the original dipeptides were converted t o  the diketopiperazines 
during the heating experiments. Hydrolysis o f t h e  diketopiperazines can yield either 
the original dipetide or an inverted dipeptide product. The isoleucine in the diketo- 
piperazirtes was the most highly epimerized component in the system. Previous race- 
mization and epimerization studies with dipeptides have not taken into account the 
formation of diketopiperazines and, as a result, the conclusions about the mech- 
anism and geochemical implications of  amino acid racemization in dipeptides will 
require revision. 

Investigations of the kinetics of race- the basis of the studies of epimerization 
mization of dipeptides have been sug- of isoleucine in several di- and tripep- 
gested to provide new insights into the tides at - pH 6 and 152°C Kriausakul 
mechanism of amino acid racemization and Mitterer (1) reported that NH2-ter- 
in peptides and in calcareous fossils. On minal isoleucine epimerizes faster than 

Table 1. Diketopiperazine formation, dipeptide inversion, and epimerization in glycylisoleucine 
and isoleucylglycine at 131°C in the p H  range - 2 to 10. Under the experimental conditions, the 
extent of hydrolysis of the dipeptides to free amino acids was less than 5 percent in all cases. 
Abbreviations: alloiiso, alloisoleucineiisoleucine; diketo, 3-isobutyl-2,5-piperazinedione. 

Heating Original Inver- Inverted Di- Di- Total 
pH at time dipeptide sion dipeptide keto keto allot 
l 3  lac* (hours) alloliso (%)t alloiiso (%)?. alloiiso iso$ 

Glycylisoleucine 
7 1 0 
62 0 
63 0 
49 0.06 
49 0.26 
76 0.59 
60 1.3 
74 1.4 
13 1.4 
30 1.4 
7 1.4 

Isoleucylglycine 
48 0.03 
34 0.32 
4 0.64 
14 1.0 

17 0.22 
4 0.15 
6 0.14 
3 0.20 
3 0 

*The pH values of the buffers at 131°C were extrapolated with the use of the equations given by Bates 
(12). tPercent inversion is tabulated relative to the total amount of dipeptide recovered from the heated 
samples Iinvertedl(origina1 + inverted)] excluding the diketopiperazine fraction. The percent diketo IS 
tabulated relative to the total amount of dipeptide and diketopiperazine recovered from the heated sample 
[diketol(diketo + original + inverted)]. $The alloliso values given in parentheses were calculated from the 
alloliso ratios determined for the dipeptide and diketopiperazine fractions and the relative abundances of each 
component analyzed. §No inverted product was detected. 
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COOH-terminal isoleucine. Smith and 
de Sol (2) studied the racemization of 37 
dipeptides at pH 7.6 and 122°C. Their 
results indicate that in general COOH- 
terminal amino acids racemize faster 
than NH2-terminal amino acids. De Sol 
and Smith explained these results by 
invoking inductive effects, by neighbor- 
ing group stabilization of the carbanion 
intermediate, and by steric effects on the 
solvation of the carbanion. 

We felt that the mechanistic conclu- 
sions or geochemical implications of 
these dipeptide results were premature 
because of the necessity of first investi- 
gating pH effects on amino acid racemi- 
zation rates in various dipeptides. These 
studies are important in order to deduce 
which ionic species of the dipeptide is 
undergoing racemization at a particular 
pH and temperature. For example, ele- 
vated temperature experiments (3) with 
free amino acids buffered at various pH 
values indicate that at pH 7.6 there is a 
mixture of ionic species racemizing and 
that these various ionic species have 
greatly differing racemization rates. In 
order to demonstrate which factors con- 
trol the relative racemization rates of 
free amino acids, it was necessary to 
determine and comvare the rates for a 
particular ionic species; comparisons us- 
ing the observed racemization rates at a 
particular pH give misleading conclu- 
sions (3). 

Besides the dipeptide ionic species 
problem, there is also the complication 
that dipeptides may cyclize to form dike- 
topiperazines. Hydrolysis of the diketo- 
piperazine may either regenerate the 
original dipeptide or create an inverted 
dipeptide. It is well known that dipeptide 
esters and amides easily cyclize to dike- 
topiperazines. At 25°C the rate of cycli- 
zation competes favorably with ester or 
amide hydrolysis (4). Brewerton et al. (5) 
observed extensive sequence inversion 
in some dipeptides in 2M HCl at 84" to 
114°C. Long et al. (6) observed that 
divalent metal ions catalyzed cyclization 
of glycylglycine at pH 3.8 to 6.0 at 91" to 
114°C. These investigations demonstrate 
the quantitative importance of diketo- 
piperazine formation and dipeptide se- 
quence inversion relative to peptide 
bond hydrolysis. Furthermore, amino 
acid residues in diketopiperazines are 
rapidly racemized at room temperature 
in dilute alkali (7). 

In order to investigate the effects that 
pH has on the racemization of dipeptides 
and the possible formation of diketo- 
piperazines we have conducted heating 
experiments with glycylisoleucine and 
isoleucylglycine in various buffered solu- 
tions ranging from pH - 2 to 10 (ionic 
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