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Thus the major differences in glass temperature are
attributed to differences in conformational entropies due
to differences in conformational energies and configura-
tional entropies associated with the packing of chains in
the liquid.
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Stability of the Cross-Linked Tropomyosin Dimer: Cross-Link
Effect on the Cooperativity of the Ordering Process and on the
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Wayne L. Mattice* and Jeffrey Skolnick?
Department of Chemistry, Louisiana State University, Baton Rouge, Louisiana 70803.

Received December 11, 1981

ABSTRACT: A configuration partition function has been formulated for a partially helical, cross-linked,
in-register dimer composed of polypeptide chains of identical degree of polymerization. The three important
features incorporated in this formulation are as follows: (1) Conformational flexibility is allowed in the
cross-linking unit, with certain of the cross-link configurations giving rise to nonalignment of helices propagating
away from the cross-link site. (2) Cross-linking of the helices may be accompanied by deformation of the
helices near the cross-link site (or may induce stress in the cross-linking unit). (3) There is assumed to be
a vanishingly small probability that a sequence of random coil residues connecting two helical segments will
adopt a configuration that causes the helical segments to be collinear. Application is made to the case of
cross-linked a-tropomyosin. Features 1 and 2, which are indistinguishable in this formulation of the configuration
partition function, are found to have a profound impact on the high-temperature portion of the thermal
denaturation of the cross-linked dimer. Feature 3 has two important consequences for the helix probability
profile in the middle of the thermal denaturation: local detail, seen at low helicity, is obscured, and the maximum
in the helix probability profile is shifted to the residue at the cross-link site. Thus conclusions as to the most
stable helical region in the cross-linked dimer will be affected by the incorporation of feature 3 into the

configuration partition function.

Dimeric tropomysin has a helical content greater than
90% in physiological media at low temperatures.'”” He-
lix—coil transition theory indicates that monomeric tro-
pomyosin at low temperature should have a helical content
in the vicinity of 17%.% A logical inference is that helix-
helix interaction constitutes the major factor responsible
for the high helicity of the dimeric form.*!? This extra
stabilization can be overcome by an appropriate increase
in temperature, as is shown by the observation of thermal
denaturation for the cross-linked dimer of tropomyosin.*?
These features of the behavior of tropomyosin have been
rationalized by a theoretical treatment of the helix—coil
transition in in-register, two-chain, coiled-coil polypeptides
that may or may not be cross-linked.!® The objective here

! Present address: Department of Chemistry, Washington Univ-
ersity, St. Louis, MO 63130.
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is to explore consequences of several refinements in the
theoretical treatment, with special emphasis on their im-
plications for the thermal denaturation of cross-linked
tropomyosin.

Pertinent aspects of the original treatment are conven-
iently presented with the aid of schematics A and B of
Figure 1. Figure 1A schematically depicts two identical
helical chains cross-linked via a disulfide bond. Helices,
which are depicted as thin rods, are parallel and in register.
Separation of the two helices is assumed to be so small that
residue  in one chain interacts with residue i on the other
chain. This interaction is represented by the dashed line
drawn for the residue denoted by the arrow to its partner
on the other chain. Figure 1B depicts a configuration in
which the tail of one chain is in the random coil state. It
is assumed that the disordered segment does not interact
with the other polypeptide chain. We now focus on con-
tributions made to the statistical weight of each configu-
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Figure 1. Six schematic configurations of a cross-linked dimer.

ration by the amino acid residue at the position denoted
by the arrow, as well as its partner on the other chain.
Statistical weights potentially accessible to each amino acid
residue are assumed to include those described by Zimm
and Bragg.!* In Figure 1B, the indicated residue in the
top chain is in the interior of a helical segment, and its
statistical weight is therefore s;. The corresponding residue
in the other chain is in a random coil segment. It therefore
has statistical weight of unity. Since the residues do not
interact, their combined contribution to the statistical
weight of the configuration in Figure 1B is simply the
factor s;. Both residues are in the interior of a helical
segment in the configuration depicted in Figure 1A. If the
helices did not interact, these two residues would con-
tribute a factor s;2 to the statistical weight of this config-
uration. When the two residues interact, their contribution
becomes s;2w;, where w; is the factor that arises from that
interaction. Values of w; only slightly greater than unity
will suffice to produce an almost completely helical dimer
under conditions where the helicity of monomers is small.

The situation depicted in Figure 1A is an oversimpli-
fication; not every residue in the real tropomyosin dimer
is in contact with its counterpart on the adjacent chain.
In order to effect the stabilization represented by w, res-
idues a and d, or e and g, of the quasi-repeating abcdefg
heptet must be in contact with d’ and &/, or g’ and ¢, on
the neighboring chain. These contacts are present only
if all residues a~d (or e—g) are in the helical conformation.
Our original treatment!® accounted for this requirement
by the introduction of the coarse-graining approximation
in which tropomyosin was divided into alternating four-
and three-member blocks, i.e., the 4,3 approximation.
However, for the values of ¢ and s appropriate to the
primary structure of tropomyosin, even for noninteracting
chains the average length of a helical sequence is 16 res-
idues. If the helix—helix interaction parameter per block
is assumed to be site independent, then the stabilization
per block is found to be equal to w;*5, with w; the stabi-
lization per residue calculated in the single-interacting
residue pair approximation. Thus for convenience we shall
employ the single-interacting residue pair approximation,
although coarse graining permits a more detailed treatment
of the actual interchain interactions present in this protein.
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The refinements to be discussed here are easily de-
scribed with the aid of Figure 1C-F. Figure 1C shares with
Figure 1A the feature that cross-linked chains are com-
pletely helical. However, the conformation of the cross-link
is assumed to be different in these two configurations. As
a consequence, helices in Figure 1C are not aligned, and
the residue denoted by the arrow cannot participate in an
interaction with its partner on the other chain. The sta-
tistical weight contributed by this pair of residues is s;>w;
for the configuration in Figure 1A, but it is just s for the
configuration depicted in Figure 1C. One objective here
is to explore the consequences of distinguishing between
configurations depicted in schematics A and C of Figure
1.

In Figure 1D both cross-linked chains are completely
helical, and the helices are aligned so that an interaction
takes place between the residue denoted by the arrow and
its partner on the other chain. These two residues
therefore contribute a factor s;%w; to the statistical weight
of this configuration. However, alignment of the helices
is assumed to have required the imposition of a stress at
the cross-link site. In addition, the configurational entropy
of the cross-linked molecules is reduced. Another objective
is to inquire how this stress might modify the helicity of
the cross-linked dimer.

Schematics 1E and 1F depict configurations of cross-
linked dimers in which a random coil segment occurs
within one of the chains. In Figure 1E, both helical seg-
ments are assumed to have maintained alignment with
their partners on the completely helical chain. This
alignment could occur only at the expense of the config-
urational entropy of the random coil segment, i.e., the loop
entropy. These configurations are a priori excluded in the
formulation presented below. Evaluation of the full model
that includes loop entropy indicates neglect of these con-
figurations has no important consequences in the present
case.!> We retain configurations such as that depicted in
Figure 1F, where the random coil segment is uncon-
strained. Now the helical segment at the tail of the bottom
chain is not in a position to interact with the other chain.
The residue denoted by the arrow and its partner on the
other chain contribute a statistical weight of s,%w; to the
configuration depicted in Figure 1E, but their contribution
is only s;2 for the configuration depicted in Figure 1F. A
final objective is to ascertain the impact of configurations
such as that depicted in Figure 1F upon the properties of
the cross-linked dimer.

Configuration Partition Function

We assume two polypeptide chains with amino acid
residues indexed 1 through n. While the present appli-
cation assumes the chains have identical amino acid se-
quences, extension to the case where the amino acid se-
quences differ is straightforward. In order to differentiate
the chains from one another, we label them A and B. A
cross-link is present between residues A, and B,.

The states potentially available to each residue are de-
noted ¢, h, and h*. The configuration of a residue must
be that found in the helix if its state is to be h or h*; any
other configuration is denoted by c¢. States denoted by h*
differ from those denoted by h in that they merit an ad-
ditional weighting factor that arises from helix-helix in-
teraction in the cross-linked dimer.

All residues can occupy a ¢ state by simply adopting the
appropriate internal conformation. Whether the h or h*
state is also accessible depends on events elsewhere in the
cross-linked dimer. Residue A; can occupy the h* state
only if residues A; through A, are helical, the cross-link has
a configuration that aligns the helices, and residues B;
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through B, are helical. If these conditions are all met
simultaneously, residue A; can occupy the h* state but
cannot be in the h state. If any of these conditions is not
fulfilled, the h state is accessible but the h* state is not.
If x < i, we must look backward along the chain from
residue i in order to ascertain whether the h* state is
accessible. However, if i < x, we must then look forward
along the chain in order to make this determination. The
requirement that we be able to look forward means that
our formulation cannot be based on the 2 X 2 version of
the Zimm-Bragg statistical weight matrix. In that matrix,
rows index the state of residue { - 1 and columns index
the state of residue i. There is no information about the
state occupied by residue { + 1. We will instead have to
build upon a 3 X 3 version of that matrix in which rows
index the states of residue i ~ 1 and i, while columns index
the states of residues i and [ + 1.13

1 0 ol'?s
udd-11 o 0 (1)
0 ol/?s 8 i

The order of indexing is ¢(c or h), he, hh. A residue at
either end of a helical segment merits a statistical weight
of ;1/2%s,, and the use of zero for the 1, 2 element prohibits
the occurrence of helical segments containing only one
residue.

The required statistical weight matrices for the A;B; pair
are of dimensions 10 X 10 and are of different formulation
depending upon whether { < x,i = x, or i > x. The strategy
involved in their formulation is perhaps more easily de-
scribed if the initial dimensions are 20 X 20. Condensation
of the larger matrix gives rise to the matrices actually used
in the computations. Rows are indexed by states for
residues i — 1 and i in chains A and B, while columns are
indexed by states of residues { and i + 1. If each residue
could be ¢ or h and if condensation is not effected, the
dimensions are 2¢ X 2¢ (16 X 16). Dimensions increase to
20 X 20 when h* states are included. When i < x, indexing
must include the four following possibilities: (ch*),(ch*)g,
(hh*),(ch*)g, (ch*),(hh*)g, and (h*h*),(h*h*)s. The four
added possibilities are (h*c),(h*c)g, (h*h)(h*c)g, (h*c),-
(h*h)g, and (h*h*),(h*h*)g when { > x. Finally, when i
= x, the four added rows are indexed (ch*)y(ch*)g,
(hh*),(ch*)g, (ch*)5(hh*)g, and (h*h*),(h*h*)p, but the
four additional columns are indexed (h*c),(h*c)g,
(h*h) s (h*c)g, (h*c)s(h*h)g, and (h*h),(h*h)g. In all cases
the resulting matrix is 20 X 20. After condensation the
matrices become

3X3 3x3
U - BESER 0 @
L0 0 0 0 oX’op’saspw of ‘sasgw O oi’saspw O saASBW i i>x
UsBxa ® UX3 ox'oR saspw
0
v
9B *SASBW
0
Ue= o (3)
0

/2

SASBW

o a
s

[0 0 0 0 oi'of’sasgw oB’saspw 0 oi’saspe 0 spsaw

Ud% @ UY® ook saspw
0
op ‘SASBW
0

U = 0 (4)

0
o *sASBW
]
0

0 5 ASBW Jivi<x
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Here ® denotes the direct product, 0 denotes a row or
column composed of nine zeros, and w is a factor that arises
from orienting the cross-link so that helix propagation will
result in helix alignment. Indexing of rows and columns
for the matrix in eq 2 is [¢(c or h)]s[c(c or h)]g, (he)alc(e
or h)]g, (hh)[c(c or h)]g, [c(c or h)]s(hc)g, [(h or h*)c]s[(h
or h*)c]g, [(h or h*)h],[(h or h*)c]g, [c(c or h)](hh)g, [(h
or h*)c],[(h or h*)h]g, (hh),(hh)g, (h*h*),(h*h*)g, while
for the matrix in eq 4 the indexing is {c(c or h or h*)][c(c
or h or h*)]g, (he)afc(c or h)]g, [h(h or h*)],[c(c or h or
h*)]g, [c(c or h)]s(he)g, (he)s(hc)g, (hh)a(he)g, [clc or h or
h*)]s[h(h or h*)]g, (hc)a(hh)g, (hh),(hh)g, (h*h*),(h*h*)p.
Rows in U, are indexed as in eq 4, but the columns are
indexed in the manner of eq 2.

Consequences of configurations of the types depicted in
Figure 1C,D are incorporated in w. A small value of w
would arise if there were many configurations of the type
depicted in Figure 1C or if alignment of the helices was
accompanied by the imposition of a stress at the cross-link
site (Figure 1D). Physically, « takes account of both
modifications in the initiation parameter of the cross-
linked residue relative to the non-cross-linked case as well
as the enhanced (or reduced) statistical weight of a pair
of helical residues at the cross-linked site in the dimer
relative to the isolated monomer. Let Pyy(x) be the sta-
tistical weight of a helix-helix pair at the cross-linked site
x and Py, (x) the statistical weight of a helical residue x
in the isolated monomer. Then w = Pyy(x)[Pyma(x)
Py, g(x)]7Y. Observe that the quantitative (or even qual-
itative) effect of cross-linking on the values of the ¢ and
s of cysteinyl residues is unknown. For this simple version
of the theory the temperature dependence of w should
account for the “pretransition” seen in the thermal dena-
turation behavior of cross-linked tropomyosin. We shall
address this point in detail in future work.

The configuration partition function, Z, is obtained as

Z = J*U,U,..U.J 6)]

where J* = row (1,0,0,0,0,0,0,0,0, 0) and J = col (1,
1,0,1,1,0,0,0,0,0). The probability that residue i in
chain A is helical, Py 5, is obtained as

Ph,Ai = Z_lJ*U]_Ug...Ui_1U,iUi+1...UnJ (6)

where U’; differs from U; only in that all elements not
containing s, are made null. The helical content of chain
A, P h,A» is

Pya=nt EP hA; (7

The helical content of the dimer, which we denote simply
by py, is identical with py , if chain A and chain B have
the same amino acid sequence.

Calculations were performed for various combinations
of w and w using the amino acid sequence of a-tropo-
myosin.!>® Each chain contains 284 amino acid residues,
and the chains are assumed to be cross-linked at Cys-190.
The ¢ and s values, collected in Table I, are those for water
as the solvent and a temperature of 30 °C. They are taken
from the experimental work of Scheraga and co-work-
ers!” 3 or estimated by analogy with amino acid residues
for which ¢ and s are known. After completion of the
calculations reported here, experimental ¢ and s values
were reported for glutamine.®* Use of the experimental
values in place of our estimates produces negligible effects
on the calculations.
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Table I
Statistical Weights Used for Amino Acid Residues (30 °C)

residue o X 104 s refd
Ala 8 1.058 18
Asp 50 0.63 27
Glu, GIn 6 0.97 23
Phe, His 18 1.069 21
Gly 0.1 0.615 17

Ile 55 1.11 32
Lys 1 0.947 26
Leu 33 1.14 20
Met 54 1.15 29
Asn 0.1 0.806 28
Arg 0.01 1.017 26
Ser, Cys 0.8 0.793 19
Thr 0.1 0.836 30
Val 1 0.97 21,33
Trp 70 1.06 31
Tyr 66 0.96 24

% Reference for first amino acid residue listed.

np,

or

Vo2

Figure 2. Average number of helical residues (npy), average
number of residues in a helical segment (»), and average number
of helical segments per chain (npy/v) for a cross-linked tropo-
myosin when w = 1

Results and Discussion

Behavior When w = 0. If w = 0, the last row and last
column in U, are null. Since all terms in the last row and
last column of each U; are thereby rejected, the value
assigned to w becomes irrelevant; i.e., the helices cannot
interact. The configuration partition function for the
cross-linked dimer depends only on U3*® @ U, i.e., the
configuration partition function reduces to the product of
configuration partition functions for the isolated chains.
This result arises because, if @ = 0, the cross-link cannot
adopt configurations that permit alignment and interaction
of helices propagating away from the cross-link site. The
completely helical dimer is forced into a configuration of
the type depicted in Figure 1C. A calculation with w =
0 yields p; = 0.17, and the average number of residues in
a helical segment, », is 16.8 The average number of helical
segments in a chain, npy /v, is 3.

Behavior When w = 1. Figure 2 depicts the behavior
of py, v, and npy /v when w is unity. If w is unity or smaller,
the results are essentially those seen when w = 0. However,
as w rises above 1.1, there is a dramatic increase in helical
content. The helicity reaches 90% when w is 1.245. As-
sociated with the increase in helicity, but lagging slightly
behind, is an increase in the average number of residues
in a helical segment. This number becomes equal to 90%
of the residues in a tropomyosin chain when w is 1.35. The
average number of helical segments in a polypeptide chain
falls sharply from 3 to 1.5 as w rises from 1.1 to 1.2,
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0 100 200

Figure 3. Average number of residues in a helical segment (A)
and helix probability profile (B) for a cross-linked tropomyosin
dimer when w = 1 and the helicity is 0.17, 0.29, 0.51, 0.70, or 0.91.
Solid circles on the npy line in Figure 2 denote these helicities.

Further increases in w are accompanied by a more gradual
decline in npy/v. If w is as large as 1.5, nearly all chains
contain one helical segment.

Five helix probability profiles are depicted in Figure 3B.
The corresponding p, are denoted by the five filled circles
in Figure 2. A vertical line is drawn in Figure 3B at i =
190, which is the cross-link site. Figure 3A presents lines
whose lengths are determined by ». These lines are ar-
bitrarily centered in the middle of the figure. Comparison
of the helix probability profiles for the cases where py, is
0.17 and 0.29 shows that the initial increase in helicity is
confined to the vicinity of the cross-link site. The single
residue whose helical content is enhanced the most is that
residue that participates in cross-link formation. This
observation is a necessary consequence of the conditions
that must be met if the h* state is to be accessible to
residue i. These conditions include the requirements that
all residues from i through x be in the h* state. If the
influence of the h* states is great enough (if w is large
enough), the maximum in the helix probability profile
must therefore shift to the cross-link site. This shift has
occurred when py, = 0.51 (Figure 3B). The helix probability
profile at p, = 0.17 contains much local detail, but this
detail is obscured in the profile at p, = 0.51. The re-
quirement that residue i can be in the h* state only if
residues { through x are all in this state demands that local
detail must be lost as the h* state becomes dominant. The
major differences in the helix probability profiles depicted
in Figure 3A and those calculated earlier® lie in the lo-
cation of the maximum and in the retention of local detail
as py, increases. These differences arise from the treatment
of configurations of the type depicted in Figure 1E,F. The
former is allowed in the earlier calculation, while the latter
is allowed in the present treatment.

Helix formation by the ends of the tropomyosin chain
lags appreciably behind that of the middle of the chain.
The profile at p, = 0.51 in Figure 3 shows that there has
been almost no effect on the first 50 residues under con-
ditions where py,, is as large as 0.9. The last 20 residues
also resist the imposition of a helical conformation. An
alternative means of demonstrating these end effects is
through specification of the w required to produce py,; =
1/4. The necessary w are depicted in Figure 4. Much of
the interior of the tropomyosin chain passes through the
condition py,; = !/, as w changes from 1.105 to 1.120. This
portion nearly becomes helical as one unit. A smaller, but
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Figure 4. Values of w at which py,; becomes 1/, for a cross-linked
tropomyosin dimer with w = 1.
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Figure 5. Helical content as a function of w for a cross-linked
tropomyosin dimer when w is 0, 1074, 1073, 1072, 107}, and 1, as
indicated.

still significant, block near the amino terminus passes
through the py; = !/, condition when w is 1.20. Appre-
ciable helicity in this block, as well as in a smaller block
at the carboxyl terminus, is developed only after the in-
terior of the chain is completely helical, as is evident from
the profile at p,, = 0.70 in Figure 3.

Variation of w. The helical content is independent of
w when « = 0 and strongly dependent on w when w = 1.
Attention is now directed to circumstances where w has
an intermediate value. In these computations we are ex-
amining the consequences of configurations such as those
depicted in Figure 1C,D. A small value for « could arise
if alignment of the helices requires a reduction in the
configurational entropy of the cross-link or if cross-linking
the helices produces strain.

Figure 5 depicts py, as a function of w for six values of
w ranging from one to zero. The curve with w = 1 is taken
from Figure 2. Three changes occur as « decreases from
1 to 10* First, the midpoint of the transition moves to
higher w. Second, the transition becomes more coopera-
tive; the slope becomes larger when py, = /,. Finally, while
there is a large effect on the initial part of the transition,
no effect whatsoever is seen in the final portion. That part
of the transition for which py, > 0.7 is unaffected when w
decreases from 1 to 0.1. The helix probability profiles
depicted in Figure 3 show that it is the middle portion of
tropomyosin that is affected as py, rises from 0.17 to 0.7.
Consequently, it is this portion whose helix formation has
been rendered more difficult when w falls from 1 to 0.1.

Macromolecules
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Figure 6. Helical content as a function of 1/(In w) for a cross-
linked tropomyosin dimer when w is 0, 10, 107, 1072, 107}, and
1, as indicated.

Figure 4 shows that the middle portion of the chain be-
comes helical nearly as one unit. Consequently, steric
and/or entropic difficulties at the cross-link site will simply
make helix formation by this block more difficult and more
highly cooperative.

By way of illustration, if w is given by exp(-AG/RT),
with AH and AS independent of temperature, the influence
of w on the thermal profile is obtained from examination
of p;, as a function of 1/(In w). In this approximation we
ignore the temperature dependence of ¢ and s for the
constituent amino acid residues. Data from Figure 5 are
replotted in the prescribed manner in Figure 6. Curves
depicted in Figure 6 clearly demonstrate that events at the
cross-link site can have a profound influence on the
high-temperature portion of the course of thermal dena-
turation of the cross-linked tropomyosin dimer. On the
other hand, the low-temperature regime, where the parallel
helical configuration of the dimer dominates, is essentially
independent of w.

Conclusion

The formulation of the configuration partition function
for a cross-linked, in-register dimer has been refined so that
it provides a more detailed treatment of the cross-link site
and of the conditions necessary for helix-helix interaction
by residues remote from the cross-link. When applied to
tropomyosin, these refinements shift the location of the
maximum in the helix probability profile to the residue
at the cross-link site, suppress the local detail in the helix
probability profile, and render more difficult the onset of
helix formation. The proposed modifications should be
most important for the high-temperature portion of the
thermal denaturation of cross-linked tropomyosin.
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ABSTRACT: Globular poly{a,e-L-lysine) macromolecules protected on their surface by tert-butyloxycarbonyl
residues were studied in dilute solution by means of viscosity determinations, photon correlation spectroscopy
(PCS), and size exclusion chromatography (SEC). The three techniques yielded the following results: the
homologues double their molecular weight with each incremented step, they are monodisperse, and the globular
macromolecules are dense and behave as nondraining spheres. The sizes determined by viscosity and PCS
are in agreement. In SEC they correlate well with the size of nondraining globular biopolymers. Globular
poly(a,e-L-lysine) macromolecules are thus suitable for use as molecular size “markers” in dilute solution studies

of other polymers.

Introduction

Dense globular macromolecules of well-defined molec-
ular weights, all with molecular weight distributions of
M, /M, = 1.0, are usually biological in nature and obtained
by extraction from living organisms. These biopolymers
are usually soluble only in aqueous media. Furthermore,
nature does not furnish us with globular macromolecules
whose molecular weights and sizes change in uniform in-
crements, making them suitable for studies of solution
properties of dense globular macromolecules.

Denkewalter et al.! recently synthesized in our labora-
tories a series of tert-butyloxycarbonyl-blocked poly(«,e-
L-lysine) macromolecules. Models indicated them to be
globular and dense. The molecular weight of each member
of the series is twice that of the previous member. For each
homologue the molecular weight distribution is extremely
narrow, with M, /M ~ 1.0.

A detailed description of the synthetic procedure is
presented in ref 1. The highlights of the procedure are
summarized below. The nucleus of each globular macro-
molecule was N,N"-bis(tert-butyloxycarbonyl)-L-lysine
benzhydrylamide. In reactions building on this nucleus,
the nitrophenyl ester derivative of N,N“-bis(tert-butyl-
oxycarbonyl)-L-lysine was found to be the most convenient
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reactive monomer. At each step, the Boc-protected
product was deblocked in trifluoroacetic acid in di-
chloromethane, followed by the removal of excess acid and
solvent under nitrogen. The resulting product was dis-
solved in dimethylformamide (DMF) and neutralized with
triethylamine. A twofold molar excess (based on the
calculated number of amino groups present) of Boc-L-NPE
was added. The reaction mixture was then kept slightly
basic by gradual addition of triethylamine. The reaction
was allowed to proceed for 18 h in the case of the low
molecular weight homologues and up to 3 days for the high
molecular weight members of the series. The Boc-pro-
tected products were precipitated with ether, which al-
lowed for the removal of excess reagents and byproducts.
The Boc-protected products were then washed with ace-
tonitrile and readied for the next synthetic step. For
brevity, each member of the tert-butyloxycarbonyl-pro-
tected poly(e,e-L-lysine) series was denoted by a symbol
Boc-X. Thus the nucleus of each globular macromolecule
was denoted by Boc-A, the second-stage product by Boc-B,
the third-stage product by Boc-C, etc.

Because the Boc-X series was synthesized in a stepwise
fashion with Boc-protected monomers, each member was
expected to have a monodisperse molecular weight. Also,
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