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As can be seen in Table 2, the agreement between the trace metal
residence times based on stream flow and sedimentation rate is,
with the exception of those for Cd, quite good and certainly better
than other recent comparisons!®4, Furthermore, the calculated
influx of fluvial suspended particulate matter is comparable with
the rate of oceanic sedimentation3. The discrepancy between the
calculated rate of cadmium input to the oceans by rivers and the
rate of cadmium sedimentation is too large to be attributed solely
to an abnormality in the composition of the St Lawrence River,
especially in view of a recent analysis of Amazon River water!!. It
is probable that the sedimentation rate is a more realistic estimate
of oceanic throughput than river input in this case but some re-
examination of both the extent of nearshore precipitation and the
Cd distribution in marine sediments seems warranted. Co and Ni
are the only elements for which the stream flow residence times are
greater than the sedimentation rate residence times. This suggests
that other forms of input are more important for these elements
than the others. It is interesting that when the relative metal
contents of terrigenous rock and corrected river flux are compared,
Co and Ni are the only elements which are enriched in terrigenous
rock. Dry atmospheric fallout may, therefore, be more important
for Co and Ni than for the other elements.

Overall, our estimates of residence time are generally shorter
than values given in previous compilations®-16. This feature is
most pronounced in the cases of Fe and Mn. Labeyrie ef al.1” have
estimated, on the basis of weapon-produced 55Fe settling rates,
that the residence time of Feis about 10 yr. We are thus not alone in
proposing such a short residence time for this element. Concern
has often been expressed about the difficulty of rationalising
residence times much shorter than oceanic mixing times with
evidence for the relatively homogeneous distribution of the same
elements in ocean sediments. This conflict will be reconciled if
biological activity and horizontal dispersion/mixing of both
particulate and dissolved metals is sufficient to ensure reasonably
uniform metal concentrations in surface waters beyond the
continental shelves. Settling of the inorganic and refractory
biogenic components of the uniformly distributed particulate
matter will then account for the relatively uniform distribution of
the metals in the sediments. The residence time of Fe in the surface
layer of the open ocean, calculated according to the method of
Goldberg ez al.'® and using data from the western North Atlantic®,
is 16 yr compared with:20 yr for water. Mn, unlike most othet
metals, has a concentration in the surface layer which exceeds that

Nature Vol. 268 18 August 1977

indeep waters®. This suggests thatitssurfacelayer residence timeis
comparable with that of water. Thus it is likely that both these
metals will exhibit fairly uniform distributions in open ocean
surface waters despite their short oceanic residence times. The
overall residence time of Fe corresponds to a settling rate of
4 x107% m s compared with 1075 m s™! for particles containing
55Fe (ref. 17). The equivalent Stokes particle size for inorganic
detrital material is about 3 um. Nevertheless, the primary host for
downward transport of Fe in the open ocean is likely to be larger,
lower density, biogenic particles, such as faecal pellets, with similar
settling velocities.

Metals which remain predominantly in solution are removed
from the water column considerably more slowly. Their distri-
butions in the surface layer are probably controlled by mixing and
metal incorporation into the biological components that are
largely regenerated in the mixed layer. The deep water dissolved
metal concentrations will be maintained by the degradation and
dissolution of biogenic detritus and the balancing accumulation of
metals on to exposed inorganic particle surfaces in the water
column and in the sediments. The residence times of the pre-
dominantly dissolved metals, therefore, probably represent the
time scales in which organic scavenging, biogenic particle settling
and dissolution, and final association with inorganic particulate
surfaces in the deep water are occurring.
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DNA arrangement in isometric phage heads
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DNA is wound tightly into phage heads in such a way that
it tends to form layers concentric with the rigid protein
shell. In P22 and wild-type lambda, DNA completely fills
the internal volume, with a highly uniform local packing of
adjacent segments; in lambda deletion mutants containing
less than a full genome, the local packmg distance increases
correspondingly.

DeTeErRMINING the packing geometry of nucleic acid in virus
particles presents a rather difficult experimental problem.

In the heads of double-stranded DNA-containing bacterio-
phage, such as A or P22, the nucleic acid is condensed 250-
fold, and DNA strands are then so closely packed that con-
ventional electron-microscopic techniques have yielded no
interpretable images. Moreover, such phages are too large
for application of the X-ray diffraction methods used to visual-
ise single-stranded RNA in tobacco mosaic! and tomato bushy
stunt viruses®. A large number of indirect approaches have
been tried (see ref. 6), but virtually the only direct data bearing
on the problem of DNA arrangement are those of Richards et
al.?, who managed to‘visualise gently disrupted bacteriophage
particles in the electron microscope. They concluded that DNA
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Organisation of phage DNA

The diffraction from phage DNA ir situ, just described, reveals
both local and long-range order in the phage head. The pre-
sence of local order, indicated by the strong 25-A diffraction,
ha sbeen recognised for some time®®; the long-range order,
indicated by the rippled modulation of this diffraction, was
observed more recently by Earnshaw ef al.t, who first examined
isometric phage with X-ray cameras of sufficient resolution.

Local order: adjacent segments of the DNA molecule are
packed in a locally parallel array, with a side-to-side spacing
that can be determined from the position of the 25-A diffraction
band?. From the width of this band, we can conclude that this
spacing is quite uniform throughout the phage head with an
‘apparent domain size’ of —125 A (refs 4, 5, 16). Assuming
hexagonal packing, as in concentrated gels of DNA in vitro?, the
interhelix distanceisequal to1.165 where & (~ 25 A)is thespacing
of the observed diffraction (Fig. 4 and Table 1, where the pre-
-cise determination of 8 from the pattern is described). We can
also calculate the area of the local ‘unit cell’ (Fig. 4)—the cross-
sectional area occupied by -one DNA strand—this area, mul-
tiplied by the length of the P22 DNA molecules, gives the
volume, V, taken up by the packed DNA. This calculated
volume is in fact equal to the internal volume of the wild-type
phage head, accurately determined from the structure of empty
heads®. These calculations are summarised in the top line of
Table 1. ~ ‘

Fig. 1 X-ray diffraction from phage P22. The outer set of rings

corresponds to the 25 A diffraction discussed in the text and shown

as a scan in Fig. 2. The experimental conditions are described in
ref. 4.

is coiled into the phage head—either coaxially like thread on a
spool or with random direction like a ball of yarn. Recent small-
angle X-ray scattering studies of intermediates in the P22 head-
assembly pathway led us to recognise evidence for considerable
long-range order in packaged DNA® We describe here an
extension of that work, leading to some conclusions about the
organisation of DNA in bacteriophages with isometric heads—
P22, L and T7.

Intensity

Diffraction from phage g

A photograph of X-ray diffraction from a solution of phage
P22 is shown in Fig. 1. The series of rings at small angles can be
interpreted in terms of the radial distribution of density in the
particle’. They show that in first approximation, the P22 par-
ticle diffracts like a uniformly filled sphere. The strong outer
band, corresponding to a spacing of about 25 A in the struc-
ture, is due to- DNA%®. A densitometer trace of the intensity
in this band is shown in Fig. 2. The diffraction is modulated
by a series of ripples, having a periodicity approximately equal
to the reciprocal of the head diameter. Experiments with other
isometric phages (various strains of A, T7) show this modula-
tion to be not a mere superposition of other diffraction but

0.035 004 0,043 0.050
Diffraction spacing (2 sin 8/1)

Fig. 2 Densitometer trace in the 25-A region of a film similar to
the one shown in Fig. 1. The film was scanned as described in
ref. 4. The shaded peaks are those used for fitting the model in
Fig. 3. The horizontal bar indicates the half-width at half-height,
0.004 AL The data have been corrected by subtracting a smooth
background due to diffuse scatter of the X-ray beam.

Long-range order: the ripples that modulate the intensity
of the 25-A diffraction have a wavelength of about 1/540 A,

rather a consequence of the geometry of DNA packing. De-
tails .of the interpretation of these observations are presented
below. At wider angles, the diffraction from P22 and A phage
heads show the characteristic B-form DNA pattern, with
maxima near 12, 8 and 3.4 A (ref. 4).

that is, approximately the reciprocal of the internal diameter
of the phage head. This indicates coherent diffraction from
opposite sides of a particle: locally ordered DNA segments
on one side must be diffracting with a fixed phase relative to
locally ordered segments on the other. A linear DNA molecule

Table 1 Measured and calculated dimensions for DNA packing in phage heads*

Phage dA) 5 (A A Ay 1(A) V(A% r (A) ro (R) n f ref.
P22 24.2 23.8 638 140x10* 89x107 - 278 278 A+1) 7 8
Ab221 (78) 26.2 25.8 772 12.6 9.75 285 294 5 90 9
Ab2 (88) 25.1 24.7 708 14.1 10.0 - 288 294 5 86 9
Ab515-b519 (89) 25.0 24.6 701 14.5 10.1 290 — — — 9
A+ (100) 24.0 23.6 647 16.1 10.4 292 294 5 80 9
A att? (105) 235 232 625 16.8 10.5 293 294 4 74 10

*d mean Bragg spacing of DNA diffraction band measured from films; 8, interlayer spacing, derived from d by applying an approximate
intensity-profile correction to account for the fact that the intensity maximum will be somewhat displaced from the reciprocal of the spacing
between shells; A, area of local unit cell of DNA segment packing (cell assumed hexagonal, so that. 4 = 1.16 §2); I, length of DNA ; ¥, volume
occupied by DNA in head (¥ = A.1); r, minimum radius to which DNA must extend, calculated from V' = (4/3) nr®; r,, radius of DNA-protein
boundary, calculated from best fit in Fig. 3 by adding 12 A to the mean radius of the outermost DNA shell; #, number of DNA shells used for
best fit to diffraction data (Fig. 3), in P22, a protein shell has also been included; f, fraction of total DNA in coherently scattering shells; ref.
reference. for DNA molecular weight. .

The number in parenthesis after the name of the lambda phage strain indicates the percentage of wild-type DNA complement present. The
genotype of Aatt? was i%.b515.b519.int,.xis,.att®.bio+.uvrB* ; all other A strains were s7 (lysis-defective). Diffraction measurements were recorded
from A in 0.05 M NaCl, 0.1 M Tris-HCl (pH 7.4), 0.001 M MgCl, and from P22 in 0.01 M Tris-HCI (pH 7.5), 0.005 M MgCl,.
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is not likely to form a single crystal inside a spherical phage

head (for example, the recent demonstration by Lerman et al.
of the absence of chain-folding in ethanol-precipitated DNA?®),
Coherence across the phage particle must, therefore, be im-
posed by the regular, isometric protein shell within which the
DNA is contained. Indeed, we would expect segments of the
DNA molecule, locally parallel and tightly packed against
the inner surface of the phage head, to fall into layers spaced
regularly inward from the protein boundary. A spherically
averaged. picture of the particle will thus show distinct shells
of density concentric with the protein shell itself. From the
degree of local order implied by the intensity profile, we ex-
pect to see three or four such shells before packing irregularities
destroy the uniformity of their diameter (Fig. 4). The same mode
of packing continues at smaller radii, but packing faults be-
come increasingly frequent.

The calculation presented in Fig. 3 shows that the ripples
modulating DNA diffraction from P22 can indeed arise from
a shell-Hike density fluctuation in the particle. The calculation
assumes that z#-concentric DNA layers, differing in radius by
increments of &, are packed within the protein shell. This
relatively tight shell* also contributes to the X-ray scattering
since its inclusion in the calculation as a shell 24 A from the
outermost DNA layer improves the fit in Fig. 3. The radius of
the outermost layer of DNA, 266 A, has been chosen to achieve
the best fit to the observed intensity profile. The radius of the
boundary between DNA and protein, denoted r, in Fig. 4
and Table 1, can then be taken as this shell radius plus 12 A
(an estimate of the ionic radius of the DNA cylinder, see
atomic coordinates in ref. 7). The parameters that best fit
the intensity profile are r, = 278 A and n = 4, where & = 23.8
A has been determined directly from the mean spacing of the
DNA diffraction band. This value of r, is, in fact, the same as
the radius corresponding to ¥V (the calculated total DNA
volume). Likewise, it is in accord with the inner radius of the

protein shell, determined by small-angle X-ray scattering from

empty heads?.

The trace in Fig. 2 shows that the ripples modulating the 25-A
diffraction band account for about 15% of the total intensity.
Since only one of the three (100) planes in the local hexagonal
lattice (marked by arrows in the insert in Fig. 4) will contribute
to this sampled diffraction, we expect the ripples to -account
for a maximum of one-third of the integrated intensity (actually
somewhat less, since the outer layers account for only about
75% of the DNA molecule). Irregularities in the lattice and
layer spacing will fill in the minima between ripples, so that the
observed ratio of sampled to diffuse intensity is consistent with
the picture drawn in Fig. 4. Note, that the envelope of the
rippled intensity follows the diffuse diffraction: the local order
is essentially the same in all directions, but the packing boun-
dary imposed by a rigid head leads to a long-range radial
regularity,

Deletion mutants of phage A

We have interpreted the diffraction from P22 phage DNA in
situ in terms of locally parallel segments of DNA, packed
tightly into the head in such a way that the polymer tends to
form layers concentric with the outer protein shell. This model
is summarised diagrammatically in Fig. 4. Further evidence
for such a picture comes from measurements on a series of
deletion mutants of bacteriophage A. Unlike P22, which pack-
ages a constant headful of DNA, A packages only the DNA
between two distinct sites on the viral chromosome. As a re-
sult, genetic deletions result in production of phage heads con-
taining less DNA. We have, in this way, obtained diffraction
from structures with varying amounts of DNA packed into a
head of constant size. The parameters of the model described
above for P22 should be determined in a uniform way for the
entire series of measurements on A deletions: r, should be the
same for all these structures, since it is in effect determined. by
the inner radius of the protein shell, and d should be given by
the mean spacing of the DNA diffraction band, as before. Our
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ability to fit the observed diffraction from all the stains by a
simple r-layer model, with a single value of 7, and the measured
& for each deletion, is a strong test of this interpretation.

The results of diffraction measurements from various A
deletion strains are shown in Table 1. The mean spacing, d, of
the DNA diffraction band increases with decreasing DNA
content, but its half-width does not change. This indicates
that the distance between adjacent segments of the DNA
molecule increases, but that the uniformity of packing remains
essentially the same. In other words,. the degree of local order
is as great in b221 as in wild-type A, even though the total
length of DNA in the head has decreased by 22% and the
average spacing between adjacent segments of the molecule has
increased by 9%. As shown by the calculation of V, the in-
crease in mean intersegment spacing compensates for about
two-thirds of the lost DNA, that is, V" decreases by about 7%,
when the total DNA content decreases by 25%,. This result
implies that in the deletion mutants a small fraction of the
DNA—presumably near the centre of the particle—is packed
more loosely than the rest.

Protein shell radius = 290 A P .
= DNA outer shell nh .
- Radius =266 A L ifin .
| s=1238A | it -
=4 L
L/ n= ALV Y VA
~ DNA shells Ab221 N
- Outer shells radius = 282 A .
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i 5=258A ] ] ] ‘.‘l,'{“ A i
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> | .
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=l d=247A ,~,"l‘.:"‘|l”‘|,f\ R
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Fig. 3 Correspondence of model calculations to observed dif-
fraction for phage 22 and various A mutants. Spikes represent
position and scaled height of intensity maxima (shaded ripples in
Fig. 2); — — —— shows scattered intensity calculated for a series
of concenttic shells'®, with each shell weighted according to the
amount of scattering material it contains. The calculated intensity
equals F2, where :

m . .
F_z: Ay 2 .SIn2xr;s
T4 / b 2nrys

=

and r; is the radius of the ith shell (m in all) and s = 2sin8/X; the
diffraction spacing. There are # shells of DNA spaced 8A apart, -
and in the case of P22 a shell for protein has also been’included.
For A mutants, where head size is constant, we have assumed a
fixed radius of 282 A for the outer DNA. shell: to obtain r,, the
DNA-protein boundary, 12 A must be added to this figure,
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Fig.4 Diagrammatic representation of the model used to obtain
curves in Fig. 3. The protein (radius = rp) is shown stippled; the
radius of the DNA-protein boundary is ry; the inter-shell spacing
is 8. Adjacent segments of the DNA helix are parallel, with the
local unit cell assumed to be hexagonal™®®. If this is the case,
packing faults must be introduced in inner shells, as shown. For
this reason, the innermost DNA is shown as partially organised
shells, though it could be packed in some other manner. For
phage P22 the model includes a shell at radius r, and four inner
shells with spacing 8. For the A mutants the model includes five
shells with spacing 8, the outer shell at a radius of 282 A.

All strains studied show the same rippled modulation of the

DNA diffraction described above for P22, The spacing be-
tween these ripples remains essentially constant with varying
DNA content, but the positions of the maxima and minima
shift, as indicated in Fig. 3. The results in Table 1 and Fig. 3
show that we can fit all observations by models with four or
five coherently scattering layers, without changing r,. That
is, we can imagine an outer layer of DNA segments, packed
tightly against a protein shell of fixed size, and successive
layers of segments packed against the first with a spacing that
increases with decreasing DNA. content. Moreover, the best
value of r, for all strains agrees well with the inner radius of
urea-treated A ~petit A, an in vitro analogue of empty heads (Earn-
shaw and Hendrix, in preparation). In contrast with P22, the
protein shell itself does not appear to contribute to the 25 A
diffraction, and it has not been included in the model cal-
culation. ,

The fraction of the DNA molecule that would be contained
in these coherently-diffracting layers varies from about 909,
for b221 to about 75%, for att? (Table 1). In all cases, then,
a large fraction of the molecule is packed in this way. There
are probably several further layers, but at this distance from
the constraining walls of the phage head, the segments would be
sufficiently out of register that they would not contribute to
ripples in the 25-A diffraction.

The results from A strains in Table 1 refer to phage in 0.05
M NacCl, 0.01 M Tris (pH 7.4), 0.001 M MgCl,. Substitution
of 0.01 M polyamine (spermidine or putrescine) for Mg?*
has no effect on the measured spacings. Moreover, diffraction
from intracellular Ab2.s7 accumulating in unlysed su— cells
shows the 25 A band quite clearly. We conclude, as we did
earlier for P224, that the arrangement of DNA in a phage head
does not change when lysis alters its ionic environment. Poly-
amine may, however., be important for the initial packaging
event!t, ’

Three dimensions

What more detailed pictures of DNA packing are consistent .

with the picture presented above? The electron micrographs
of gently-disrupted phage heads obtained by Richards et al.®
show unexpanded DNA bundles, flattened into the grid: DNA
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strands near the periphery of these bundles always have a
circumferential orientation. These micrographs suggest that
DNA is not folded with sharp kinks inside the phage head,
but rather, that it is wound with relatively uniform curvature.
Richards et al.® proposed two limiting descriptions of DNA
in phage heads based on these images: a ‘ball of string’ and a
‘concentric spool’. In the first (Fig. 5a), DNA is wound roughly
along a great circle path at any radius, with no particular re-
lation of the tilt of the planes of successive great circular wind-
ings. In the second (Fig. 5b), the molecular windings are con-
centric with a single axis. Our observations seem to be in-
consistent with the ball-of-string picture. The crossing of suc-
cessive turns in a ball of string does not lead to parallel ad-
jacent strands or to radially concentric layers. Such crossing
also leaves gaps too large to be compatible with the tight pack-
ing of DNA in the head. Coaxial winding does not present
these difficulties : segments are locally parallel and closely packed.
Our data do not specify the relative orientation of these windings
and the axis of the phage tail.

Certain folded structures might also be consistent with an
overall organisation into shells of DNA segments layered in-
ward from the protein, provided that the folds were appropriate-
ly positioned (Fig. 5¢). Folds could plausibly result only from
interaction of DNA with specific sites on the inner surface of
protein subunits. The continuous variation of DNA spacings
observed in A deletions is difficult to reconcile with a fixed set
of folding positions. Moreover, the local symmetry of the

- protein surface lattice implies that only radially-directed DNA

can have an equivalent orientation with respect to each folding
site: the uniformity of packing we have observed rules out a
radial direction. Finally, we would not expect folded structures,
when flattened on to an electron microscope grid, to show the
images of coiled, circumferentially-directed strands seen by
Richards et al.2. For these reasons, we prefer the coiled struc-
ture shown in Fig. 5b.

In any structure with more or less uniformly bent DNA, the
stiffness of the polymer will prevent windings of very small
radius, leaving a roughly cylindrical cavity in the centre of the
head (Fig. 5b). Changes in packing of DNA in this region—
estimated below to be less than 109, of the total volume of
the head—might account for the slight decrease in ¥ with
decreasing DNA content. This could also account for the
region of low density seen in the centre of A and Adg in
ultra-thin sections in the electron microscope®. A reasonable
value for rqn, the radius of the cylindrical cavity, is the radius
of a circle of DNA for which the bending enthalpy equals ~ 7
kcal mol—*—an estimate for the enthalpy of a single 180°

Fig. 5 Schematic representation of various models discussed in
the text. a Ball-of-string. » Coaxial spool. ¢ Chain-folded struc-
ture (with 180° folds at each end).
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fold2. The bending enthalpy of DNA was determined by Gray
and Hearst3: their figure of AHyenq =75 kcal A mol ' rad 2 is
applicable, strictly speaking, only to radii of curvature com-
parable with the solution persistence length (~ 500 A), but its
use with rather smaller radii seems adequate, since even for
r = 50 A the bend is only about 4° per base pair. With this value
for AHpena, We get Fmia ~ 60 A. Also, using this estimate
of Pmin, integration over the total occupied volume yields
AHtot = 4n(AHbend/A))(r]n(zro/rmin‘"%)‘ro‘f‘rmin/2) ~ 500
keal (where A4 and r, taken here as 647 A? and 294 A, ap-
propriate for A, are defined in Table 1 and Fig. 4). To fold
DNA into a A head would require more than //2r, folds (/ is the
DNA length; 2r,, the head internal diameter)—more than
2,000 kcal. The cylindrical cavity defined by rn, contains
about 99 of the total volume. The column ¥ in Table 1 shows
that in Ab221, only about 91% of the total volume inside
¥, = 294 A is required for DNA packed with spacing 6 = 25.8
A. In this extreme deletion, then, the central regions might
actually be nearly free of DNA. In other forms, a larger fraction
of the total volume is required (all of it in wild type and att2).
In these structures, most of the DNA can be coiled into
cylindrically concentric shells, but up to 10%, might be folded
back and forth lengthwise in the central region (a possibility
suggested to J. Schellman), perhaps passing from there to the
phage tail (see cross-linking experiments with A and other
phages—refs 14 and 15).
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Initiation of chick cell division by trypsin

action at the cell surface

Darrell H. Carney & Dennis D. Cunningham

Department of Medical Microbiology, College of Medicine, University of California, Irvine, Irvine, California 92717

Trypsin immobilised on polystyrene beads causes initiation
of cell division which cannot be accounted for by trypsin
released into the medium or into the cells. Also, initiation
by soluble trypsin is inhibited by immobilised soybean
trypsin inhibitor. These results demonstrate that trypsin
can initiate proliferation at the cell surface.

THE site of action of peptide hormones and certain growth
factors is often presumed to be at the cell surface. Indeed,
binding studies and isolation of binding proteins by affinity
chromatography have demonstrated that specific receptors
for these molecules exist in the plasma membrane. Such re-
ceptors might be involved primarily in transport or other
functions, however. For example, it has been shown that
there are cell surface receptors for steroid hormones even though
their site of action is clearly inside the celll. There are reports
that certain peptide hormones and growth promoters can act
without entering cells 2%, but most of this evidence has been
obtained with Sepharose-immobilised preparations. The validity
of these studies has been challenged” ° primarily because of
the amount of soluble material released’-* and because such
material may be ‘superactive’™®, Therefore, it is still questionable
whether peptide factors can exert their biological effects with-
out entering cells. ‘

Trypsin and certain other proteases initiate: proliferation
of cultured quiescent chick embryo fibroblasts (CEF) (refs 11-
18). This system has two important advantages for studying

the mechanisms involved in initiation of cell proliferation.
First, the initiation occurs in serum-free medium without
additional growth factors'®, and second, it is caused by puri-
fied agents with well characterised proteolytic activities. In
spite of these advantages, little progress has been made to-
wards elucidating the actual mechanisms involved. It has been
reported, that 5-min treatments with soluble proteases or pro-
teases linked to Sepharose beads doubles the number of mouse
3T3 cells***.. This would suggest that trypsin acts at the
cell surface. But other investigators have not achieved sig-
nificant initiation of 3T3 cell division with trypsin using various
experimental conditions including exposures of up to several
dayst?- 22 22 Even in chick cells, whose division is readily
stimulated by trypsin, the protease must be present for at least
2 h to cause a significant increase in cell number, and the
fraction of cells which respond increases with length of ex-
posure up to 24 h (refs 17, 18). Such lengthy exposure times
suggest a more complex mechanism of initiation than the simple
binding or cleavage of specific receptors. Indeed, it has not
been possible to correlate cleavage of specific surface membrane
proteins with initiation of proliferation by proteases!4-16. 24,
Moreover, both thrombin (ref. 25 and B. M. Martin and J. P.
Quigley, personal communication) %nd trypsin?® accumulate
inside cultured cells after exposures sufficient to initiate cell.
division. These considerations prompted us to developtech-
niques to rigorously determine if trypsin could initiate pro-
liferation of chick fibrohlasts without entering the cells.

We report here that trypsin covalently attached to poly-





