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ABSTRACT: Rotational isomeric state theory, in the form appropriate for branched molecules, has been used to cal-
culate the mean-square unperturbed radius of gyration, (s2)e, for cross-linked polyglycine, poly(L-alanine), poly(L-
proline), poly(L-alanyl-D-alanine), poly(L-prolyl-L-prolylglycine), poly(L-prolyl-L-alanylglycine), poly{(glycyl-L-al-
anyl-L-proline), and poly(L-alanyl-L-alanylglycine). The central amino acid residue in each polypeptide chain is re-
placed by the L-cysteinyl residue involved in cross-link formation. Each cross-linked molecule is considered to con-
tain two trifunctional branch points, the a-carbon atoms of the two L-cysteinyl residues. Random flight statistics
provide a poor estimate for g, defined as the ratio of (s2), for branched and linear polypeptides containing the same
number of amino acid residues, for molecules of moderate molecular weight. The values of g obtained by random
flight statistics and rotational isomeric state theory merge as the molecular weight becomes infinite. Deviations of
g from its random flight value correlate with the size of the characteristic ratio, {s2)o/nplp? for the linear polypep-
tides. The number of peptide bonds is np,, and I denotes the distance between neighboring «-carbon atoms. Random
flight statistics perform better in estimating the change in {(s2)y accompanying the cross-linking of the two polypep-

tide chains than it does in the estimation of g.

The unperturbed dimensions of disordered homopoly-
peptides,’-19 as well as random!1-13 and sequentiall* copoly-
peptides, have been the subject of several investigations.
Rotational isomeric state theory!®16 provides the means for
relating the unperturbed dimensions to the short-range in-
teractions operative in each polypeptide. The unperturbed
dimensions of several disordered proteins, obtained from
measurements in concentrated guanidine hydrochloride
containing mercaptoethanol,!7-18 are in agreement with results
deduced from the short-range interactions acting in simpler
polypeptides.l® The presence of mercaptoethanol is required
to reduce any disulfide cross-links present in the proteins.

Cross-linking of disordered polypeptides will lead to al-
terations in the unperturbed dimensions. Figure 1 represents
a simple example, where two polypeptide chains are joined
through the formation of a disulfide bond by two cysteinyl
residues. This molecule can be viewed as a “4-star,” i.e., a
molecule in which four branches emanate from a common
locus, the cystinyl residue. The customary approach to the
evaluation of the unperturbed dimensions of a “4-star” has
been to apply random flight statistics. Attention is focused
on a parameter, g, which is defined as the ratio of the mean
square radius of gyration for the branched and unbranched
molecules having the same number of bonds. The result for
a “4-star” is given by eq 1, where n; is the number of bonds in
branch j and N = £n;. 2021

g=N73% (3Nn;2 - 2n;3) (1)
j

The applicability of eq 1 to disordered polypeptides and
proteins which are crossed-linked as shown in Figure 1 is un-
certain. One difficulty concerns the size which N must attain
before random flight statistics can be justified. Rotational
isomeric state theory2223 has shown that the necessary value
of N may exceed 1000 for certain simple “4-stars” whose bonds
possess a symmetric threefold rotation potential.2* The di-
rection and size of the error encountered upon the application
of random flight statistics to smaller “4-stars” depends on the
nature of the short-range interactions present.? An additional
difficulty in the application of eq 1 to cross-linked proteins
is a possible ambiguity in the definition of the unbranched
molecule containing an identical number of bonds. This
problem arises when the two polypeptide chains have different
amino acid sequences.

The present objective is to use rotational isomeric state
theory to obtain the unperturbed dimensions for homopoly-
peptides and sequential copolypeptides cross-linked in the
manner shown in Figure 1. The following paper will present
results obtained with a variety of cross-linked proteins.

Computations

Configuration Partition Function. The configuration
partition function, Z,25 is given by eq 2.

Z = ,U;(m(U; © 3Uy)[(Us(n2~D)
® {3U2(4)(4U1 e 5U1)[(4U2(n4—1))
® (U~} (2)

Each statistical weight matrix, U, is assigned a presubscript
which denotes the pertinent branch and a postsubscript which
denotes the pertinent bond (branch 3) or virtual bond
(branches 1, 2, 4, 5). Branch 8 is that portion of the L-cystinyl
residue which lies between the two a-carbon atoms. Notation
of the type ;U;(" denotes the product of n; statistical weight
matrices, commencing with ;U;.15 The rectangular matrices
denoted by ;U; © 3U; and 4U; © 5U; are defined in ref 22, and
® denotes the direct product. In the present case, the ex-
pression for Z can be simplified through the application of eq
3, yielding eq 4.25

Ui =0U;=4U;=5U;=[1], i<ny,j>1 (3)
Z =,U,,(;U; & 3Uy)5U@ (U, 6 5U,) (4)

The elements appearing in the statistical weight matrices in
eq 4 have been formulated previously.25 The resulting con-
figuration partition function was found to provide excellent
agreement with the optical activity (and its temperature de-
pendence) exhibited by low molecular weight derivatives of
L-cystine and S-alkylthio-L-cysteine.

Generator Matrices. The mean square unperturbed ra-
dius of gyration of the a-carbon atoms, (s2), can be obtained
by application of the procedures presented in ref 23. For this
purpose generator matrices must be assigned to each virtual
bond in branches 1, 2, 4, and 5, and to each bond in branch 3.
However, interatomic distances involving the sulfur atoms and
methylene groups of the L-cystinyl residue must not be
counted in the evaluation of (s2), if this quantity is to be the
mean square unperturbed radius of gyration of the a-carbon
atoms. For this reason the generator matrices will be formu-
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lated from eq 5.23 The transformation matrix (or averaged
transformation matrix), bond (or virtual bond) vector, and
the transpose of the bond (or virtual bond) vector for bond (or
virtual bond) i in branch j are denoted by ;T;, ;l;, ;LT
respectively. The length of virtual bond vectors is 3.8 A. Bond
lengths, bond angles, and dihedral angles in the L-cystinyl
residue are specified in ref 25. The mass, m, is always zero if
it is that of a sulfur atom or methylene group in the L-cystinyl
residue, thereby rejecting all interatomic distances involving
these groups. Unity is always used for the mass if it refers to
an «-carbon atom outside the L-cystinyl residue. The mass
used for the a-carbon atoms in the L-cystinyl residue is unity
unless stated to the contrary. Averaged transformation ma-
trices for L-alanyl and glycyl residues which are not followed
by an L-prolyl residue are from Brant et al.4 If the following
residue is L-prolyl, the results obtained by Schimmel and
Flory!?2 were used instead. The averaged transformation
matrix for an L-prolyl residue which is not followed by another
L-prolyl residue is also from Schimmel and Flory.12 Two av-
eraged transformation matrices were used for an L-prolyl
residue followed by another L-proly] residue. One predicts
({r?)o/nplp?)e is in excess of 100 for poly(L-proline),® while
the other yields a limiting ratio of 19.8 The unperturbed
mean-square end-to-end distance is denoted by (r2)¢, and n,
is the number of virtual bonds of length I,

Equation 5 was used to formulate the generator matrices
;jFr and »;; Fy, according to the procedures summarized in
eq 31-38 of ref 23. The presubscripts denote the succession
of branches which constitute the pertinent chain, and the
postsubscript denotes the bond (or virtual bond) in that chain.
The appropriate representation for the statistical weight
matrix and transformation matrix associated with a particular
bond depends on the sequence of branches which constitute
the chain of interest.23 Proper attention was given to the for-

&
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Figure 1. Diagrammatic representation of two polypeptide chains
cross-linked via the disulfide bond of an L-cystinyl residue. Non-
peptide hydrogen atoms and the side chains of noncystinyl residues
have been omitted.

mulation of the statistical weight matrices and transformation
matrices for each bond.

Radius of Gyration. The mean-square unperturbed radius
of gyration of the a-carbon atoms was obtained from eq 6.

(8Z)g=(n1+ng+ng+ns+ 2)-2Z-1
X [a12 + aias + @135 + aozs + agss + ags
—a1—2a3—ay—2a5— a3 —as] (6)

The first six terms in the brackets evaluate all pertinent in-
teratomic distances. In this process, however, certain of the
interatomic distances are evaluated more than once. The last
six terms in the brackets correct for this multiple counting.
The following expressions for the terms in the brackets are
written in a manner which takes full advantage of eq 3, all
elements in oUj, 4Uy, and 5U; being unity, and the sum of the
elements in ;U,, being unity.

a1p = Z1oF (mtn2) (7

a134 = 134y (n1¥04td) (8

135 = 135F (11¥nsts) 9)

34 = 234F1 24D, p3my, =0 (10)

Q935 = 935 F1(P2¥75%8), g3smy, = ga3sMpyes =0 (11)
ags = ZysF1n4¥08), ysmy, =0 (12)

a1 = 12F 134U 41©® (13)

ag = Zy Fyr2~D) (14)

ay = ZysFy 0V (15)

as = ZsgFyns~D (16)

a1z = 134Fm+9 ¢0l(1,1,1,1,1,1,1,1,1,1,1,1)  (17)
ass = 134Up ©134Fp, 169 (18)

The mean-square unperturbed radius of gyration of the
a-carbon atoms in non-cross-linked polypeptide chains was
computed using the customary methods.18

Results

Homopolypeptides. Consider a polypeptide chain which
contains 2; + 1 amino acid residues. The residue in the middle
of the chain is an L-cysteinyl residue, while all others are either
glycyl, L-alanyl, or L-prolyl residues. The L-cysteinyl residue
in this chain reacts with an L-cysteinyl residue in a like chain,
forming a cross-linked molecule containing 4i + 2 amino acid
residues. If random flight statistics is to be used, it will be
convenient to view the cross-linked polypeptide as a “4-star”
in which all four branches contain { amino acid residues.
Equation 1 yields g = % when N = 4; and n; = i. In the random
flight approximation, g will be independent of the molecular
weight and independent of the type of amino acid residues
present in the polypeptide under consideration.

The results obtained for g using rotational isomeric state
theory are shown as curves 1, 2, 4, and 5 in Figure 2. The value
of g is a function of the number of amino acid residues, n, and
depends upon the nature of the short-range interactions
present. The result predicted by random flight statistics is the
limit attained by cross-linked polyglycine (curve 1) at high
molecular weight. Cross-linked poly(L-alanine) approaches
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Table I
Summary of the Behavior of the Unperturbed Dimensions for Various Polypeptides, Arranged in the Order of
Increasing Characteristic Ratio

Not cross-linked

Cross-linked®

POlypeptide (<S2>O/nvplp2)cm SlOpe b g slope® f1 SlOped Nmin® &min® gmin/gCD ¢
L-Ala-D-Ala 0.137/ 10 17 —-16

Gly 0.368 -1 1 -3

Pro-Pro-Gly 0.436/ -4 -2 -1 42 0.604 0.966
Pro-Ala-Gly 0.471f -3 -3 -1 30 0.591 0.946
Gly-Ala-Pro 0.5181 -6 -5 -1 30 0.564 0.903
Ala-Ala-Gly 0.578f -4 =5 -1 18 0.564 0.903
Ala 1.548 -15 —-24 7 22 0.391 0.625
Pro 3.17" —64 —60 5 34 0.359 0.574
Pro 19.3¢ -350 —-350 21 34 0.313 0.501

2 The middle residue in each polypeptide chain is an L-cysteinyl residue. A disulfide bond is formed by the reaction of L-cysteinyl
residue on like chains. ® d[({s2)o/nplp2)/((s2)0/nplp2)=]/d(1/np) as np goes to infinity. © d(g/g-)/d(1/n) as n goes to infinity. ¢ d{(f,/
f1.=)/d(1/n) as n goes to infinity. ¢ Characteristics of the minimum in a plot of g vs. n. / Obtained from the extrapolation of (82)o/nplp?
vs. 1/ng to 1/n, = 0. £ Reference 4. # Calculated as (1/6)[(E + (T))(E — (T))~]y; from the v2 transformation matrix in ref 8. { Reference

5.
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Figure 2. Dependence of g, calculated using rotational isomeric state
theory, on the total number of amino acid residues in polypeptides
containing one interchain disulfide cross-link. All polypeptide chains
contain the same number of amino acid residues, with the middle
residue in each chain being the one involved in cross-link formation.
The other amino acid residues are glycyl (curve 1), L-alanyl (curve
2), L-prolyl (curves 4 and 5), or alternating L-alanyl-D-alanyl {curve
3). The averaged transformation matrix used for the L-prolyl residue
followed by another L-prolyl residue was from reference 8 for curve
4 and from reference 5 for curve 5. Random flight statistics predict
g = %. The scale on the right shows the ratio of the g obtained using
rotational isomeric state theory to that obtained using random flight
statistics.

1000

this limit, but has not quite reached it when n is 1000. An even
slower approach to this limit is found with cross-linked
poly(L-proline). Extrapolation of a plot of g vs. 1/n to 1/n =
0 (not shown) reveals that g = % for cross-linked poly(L-
alanine) and poly(L-proline).

The curves in Figure 2 for cross-linked poly(L-alanine) and
poly(L-proline), but not cross-linked polyglycine, exhibit
minima when the number of amino acid residues is in the
range 22-34. Consequently the sign of dg/dn is positive upon
the approach to the asymptotic limit for cross-linked
poly(L-alanine) and poly(L-proline), but it is negative for
cross-linked polyglycine. The characteristics of the minima
are summarized in Table 1.

Sequential Copolypeptides. Similar computations were
carried out for several cross-linked sequential copolypeptides.
One of these is obtained from the alternating copolypeptide
poly(L-alanyl-D-alanine), with the middle L-alanyl residue
replaced by the L-cysteinyl residue involved in cross-link

062r

9 058l .
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Figure 3. Dependence of g, calculated using rotational isomeric state
theory, on the total number of amino acid residues in collagen-like
sequential copolypeptides containing one intermolecular disulfide
cross-link. The copolypeptides are poly(L-prolyl-L-prolylglycine)
(curve 1), poly(L-prolyl-L-alanylglycine) (curve 2), poly(glycyl-L-
alanyl-L-proline) (curve 3), and poly(L-alanyl-L-alanylglycine) (curve
4). The middle amino acid residue in each polypeptide chain is re-
placed by the L-cysteinyl residue involved in cross-link formation.
The value of g predicted by random flight statistics corresponds to
the top of the figure.

formation. The results obtained from rotational isomeric state
theory, shown as curve 3 in Figure 2, share with cross-linked
polyglycine the absence of a minimum, but the rate of ap-
proach to the asymptotic limit is reminiscent of cross-linked
poly(L-alanine).

Results for four cross-linked sequential copolypeptides
which contain a glycyl residue at every third position are
shown in Figure 3. These molecules are obtained from cross-
linking poly(glycyl-L-alanyl-L-proline), poly(L-prolyl-L-
alanylglycine), poly(L-alanyl-L-alanylglycine), or poly(L-
prolyl-L-prolylglycine), with the middle amino acid residue
in each polypeptide chain being replaced by the L-cysteinyl
residue involved in cross-link formation. In each case a min-
imum is obtained, and the asymptotic limit is approached
quickly. The value of g.. is % for all of the sequential copoly-
peptides.

Correlations with the Limiting Characteristic Ratio.
The presence or absence of a minimum in a plot of g vs. nn, the
depth of the minimum, and the rate of approach to g. can
each be related to properties of the uncross-linked polypep-
tides. Limiting characteristic ratios, ((s2)o/nylp?)=, for the
uncross-linked polypeptides studied are shown in Table L.
They span two orders of magnitude. A convenient manner of
expressing the rate at which the limiting characteristic ratios
are approached is as d[((s2)o/nplp2)/({s2)o/nplp2)=]/d(1/np)
at 1/ny, = 0. The pertinent curves are presented in Figure 4,
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Unperturbed Dimensions of Disordered Proteins
Containing an Interchain Disulfide Cross-Link
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ABSTRACT: Mean-square unperturbed radii of gyration, (s2)o, have been calculated for several proteins cross-
linked via an interchain disulfide bond. Thirty different polypeptide chains were used. Characteristic ratios tend to
be smaller for cross-linked proteins than for the uncross-linked chains, although exceptions to this generalization
do exist. Random flight statistics tend to overestimate the value of g, defined as the ratio of (s2) for the cross-linked
protein to (s2)q for an analogous linear polypeptide chain containing the same number of amino acid residues. The
parameter f;, defined as the ratio of the (s2)q for the ith uncross-linked polypeptide chain and the cross-linked pro-
tein, is usually more accurately estimated by random flight statistics than is g. When the cross-link connects two
chains of identical amino acid sequence, the values of f; obtained via random flight statistics are within 6% of those

provided by rotational isomeric state theory.

The ordered structures adopted by proteins in their na-
tive states can be completely disrupted by suitable changes
in solvent composition.! Concentrated guanidine hydro-
chloride containing a disulfide bond reducing agent, such as
mercaptoethanol or dithiothreitol, is the most thoroughly
characterized such system.2-5 The reducing agent serves to
rupture any disulfide cross-links present, thereby permitting
characterization of the disordered polypeptides by the
methods customarily applied to linear polymers. Presumably
the ordered structures would also be disrupted if guanidine
hydrochloride were used without a disulfide bond reducing
agent, but the intact cross-links would bring about alterations
in the dimensions of the molecules. Our present objective is
to examine the conformational consequences arising from the
presence of a single intact interchain disulfide cross-link in
denatured proteins. Calculations have been performed using
rotational isomeric state theory®7 in the form appropriate for
branched molecules.??

Computations

The formulation of the configuration partition function,
generator matrices, and expression for the mean-square un-
perturbed radius of gyration of the a-carbon atoms can be
found in ref 10 and 11. All amino acid residues, except glycyl,
L-prolyl, and those L-cysteinyl residues involved in cross-link
formation, were treated as L-alanyl residues in the formulation
of the generator matrices. The y2 transformation matrix from
ref 12 was used for those L-prolyl residues followed by another
L-prolyl residue. Polypeptide chains used, along with litera-
ture citations for the amino acid sequences and the number
of amino acid residues, n, are collected in Table I. Cross-linked
molecules contain one interchain disulfide bond. The disulfide

bonds considered do not necessarily occur in the proteins in
their native states.

Results and Discussion

Characteristic Ratios. The characteristic ratios for
cross-linked and uncross-linked polypeptide chains will be
defined as (s2)o/(n — 1){,% where (s2)q s the unperturbed
mean-square radius of gyration of the n a-carbon atoms in the
molecule. For uncross-linked polypeptide chains this defini-
tion is equivalent to (s2)o/npl,2 where n, is the number of
virtual bonds. The length of the virtual bond, /;,, is 3.8 A1s

Figure 1 presents the characteristic ratios obtained for the
molecules considered. Characteristic ratios for the uncross-
linked polypeptide chains are denoted by squares. They range
from a low of 0.81 (a-trypsin C chain) to a high of 1.41 (a-
tropomyosin). All but three polypeptide chains withn > 100
have a characteristic ratio which lies between 1.00 and 1.29.
The exceptions are cytochrome ¢, globin, and a-tropomyosin.
The incorporation of a few glycyl or L-prolyl residues in a
poly(L-alanine) chain reduces its characteristic ratio.l415
Therefore the high characteristic ratio for a-tropomyosin
arises because only three glycyl residues, and no L-prolyl
residues, occur out of a total of 284 amino acid residues. In
contrast, 16-21% of the amino acid residues in cytochrome ¢
and globin are glycyl or L-prolyl, leading to the unusually low
characteristic ratios for these proteins. The average charac-
teristic ratio for those polypeptide chains having n = 100 is
1.13, with a standard deviation of 0.11.

Characteristic ratios for the polypeptide chains cross-linked
via a disulfide bond are also shown in Figure 1. Filled circles
denote cases where both polypeptide chains have the same
amino acid sequence. Multiple cross-linked forms are possible
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with the same number of amino acid residues as the cross-
linked one. However, it would be possible to study the un-
cross-linked o-tropomyosin molecule, and compare its di-
mensions to those of the cross-linked a-tropomyosin. It will
be convenient to express the results as f;, defined in eq 19.

fi

The subscript is required to encompass cases where non-
identical polypeptide chains are cross-linked. Random flight
results for f; can be obtained from eq 1. If branches 1 and 2
constitute polypeptide chain 1,

fi=(n1+nx) N3 (3Nn;2 = 3n;%)| ! (20)

When all n; are equal, 1 = %.

Results obtained via rotational isomeric state theory for the
homopolypeptides and poly(L-alanyl-D-alanine) are shown
in Figure 7. The presentation is as the ratio of f; computed via
rotational isomeric state theory to the result obtained from
random flight statistics. As with g, f; is found to be a function
of molecular weight and to depend on the nature of the
short-range interactions present. The result predicted by
random flight statistics is attained by polyglycine in Figure
7. Higher molecular weight is required for f; to attain its as-
ymptotic limit in the other cases.

The rate of approach of f; to the random flight value is
conveniently expressed as d(f1/f1..)/d(1/n), evaluated at 1/n
= 0. Results are summarized in Table L. It is of interest to
compare the rates at which f, and g approach their asymptotic
limits. The pertinent quantities are d(fi/f;.)/d(1/n) and
d(g/g-)/d(1/n), the “f; slope” and “g slope” of Table I. For
all polypeptides other than polyglycine, f; nears its asymptotic
limit more quickly than does g. The difference in rates exceeds
an order of magnitude for poly(L-proline). This phenomenon
is readily apparent from a comparison of Figures 2 and 7.
Equation 20 will generally be more accurate than eq 1 when
applied to cross-linked homopolypeptides and sequential
copolypeptides in which both chains contain the same number
of amino acid residues. The better performance of eq 20 arises
because it involves comparisons of molecules in which all
polypeptide chains contain the same number of amino acid
residues, and hence tends to suppress any influence of a mo-
lecular weight dependence different from that arising in
random flight statistics. In contrast, eq 1 entails a comparison
of molecules in which the number of amino acid residues per
polypeptide chain differs.

Relationship to Cross-Linked o Helices. Dimensions for
cross-linked poly(L-alanine) will generally depend upon
whether the individual polypeptide chains exist in the random
coil state or as rigid « helices. The mean-square radius of
gyration for the cross-linked helices is given by eq 21 if the

- (s2) for the ith uncross-linked polypeptide chain
{s2) for the cross-linked polypeptide

(19)

(ho) (L1 + Lp*) + LiLo[Ly2F1(Fy — 1) + Lo?Fo(Fy — 1) + () (L% + Lo?)]
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Figure 7. Ratio of the values of f; obtained from rotational isomeric
state theory and using random flight statistics for cross-linked po-
lyglycine (curve 1), poly(L-alanine) (curve 2), poly(L-alanyl-D-alanine)
(curve 3), and poly(L-proline) (curves 4 and 5) as a function of the
number of amino acid residues in the cross-linked polypeptide. All
polypeptide chains contain the same number of amino acid residues,
with the middle residue in each case being the one involved in cross-
link formation. The averaged transformation matrix used for the
L-prolyl residue followed by another L-prolyl residue was from ref
8 for curve 4 and from ref 5 for curve 5. Random flight statistics pre-
dict f 1= %,

CROSS - LINKED

LINEAR

(sz)o,cou. /(sz)o, HELIX

o]

0 ' 500 1000
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Figure 8. Ratio of (s2)( for random coil and helical poly(L-alanine).
The cross-link exists between the central amino acid residue (L-cys-
teinyl) in each polypeptide chain.

dimensions as random coils than as « helices, while the reverse
holds true at high degree of polymerization.3? The same trends
occur for cross-linked poly(L-alanine). Comparison of results
for molecules containing the same total number of L-alanyl
residues reveals that (s2)0.cil/ ($2)0 helix is larger by a factor
of 2.0-2.5 for the cross-linked polypeptide. If the comparison
is instead made between molecules in which the individual
polypeptides chains are of the same degree of polymerization,

(s?) =

cross-link acts as a free joint and the helices are represented
by infinitely thin rods. Intersection of the rods occurs at
fractions F; and F5 from an arbitrarily chosen end of helices
with lengths L and Lo, respectively. The case of current in-
terest corresponds to L1 = Loand F; = Fy = %, yielding (s2)
= L12/12. This combination of Ly, Ls, F1, and F5 produces the
same value of (s2) for any orientation of the helices, including
the case where they are colinear. The values of f; and g are
unity and Y, respectively.

Figure 8 presents the ratio of (s2)y for cross-linked
poly(L-alanine) in the random coil and a-helical states. Each
helix is assigned a length of 1.50 A per amino acid residue.2?
Equivalent information is shown for linear poly(L-alanine).
Linear molecules of low degree of polymerization have larger

(21)

(L1 + Ly)?

(82)0,c0il/ {82)0 helix is only 20-25% larger for the cross-linked
poly(L-alanine).
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Unperturbed Dimensions of Disordered Proteins
Containing an Interchain Disulfide Cross-Link
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ABSTRACT: Mean-square unperturbed radii of gyration, (s2)o, have been calculated for several proteins cross-
linked via an interchain disulfide bond. Thirty different polypeptide chains were used. Characteristic ratios tend to
be smaller for cross-linked proteins than for the uncross-linked chains, although exceptions to this generalization
do exist. Random flight statistics tend to overestimate the value of g, defined as the ratio of (s2) for the cross-linked
protein to (s2)q for an analogous linear polypeptide chain containing the same number of amino acid residues. The
parameter f;, defined as the ratio of the (s2)¢ for the ith uncross-linked polypeptide chain and the cross-linked pro-
tein, is usually more accurately estimated by random flight statistics than is g. When the cross-link connects two
chains of identical amino acid sequence, the values of f; obtained via random flight statistics are within 6% of those

provided by rotational isomeric state theory.

The ordered structures adopted by proteins in their na-
tive states can be completely disrupted by suitable changes
in solvent composition.! Concentrated guanidine hydro-
chloride containing a disulfide bond reducing agent, such as
mercaptoethanol or dithiothreitol, is the most thoroughly
characterized such system.?-5 The reducing agent serves to
rupture any disulfide cross-links present, thereby permitting
characterization of the disordered polypeptides by the
methods customarily applied to linear polymers. Presumably
the ordered structures would also be disrupted if guanidine
hydrochloride were used without a disulfide bond reducing
agent, but the intact cross-links would bring about alterations
in the dimensions of the molecules. Our present objective is
to examine the conformational consequences arising from the
presence of a single intact interchain disulfide cross-link in
denatured proteins. Calculations have been performed using
rotational isomeric state theory®7 in the form appropriate for
branched molecules.??

Computations

The formulation of the configuration partition function,
generator matrices, and expression for the mean-square un-
perturbed radius of gyration of the a-carbon atoms can be
found in ref 10 and 11. All amino acid residues, except glycyl,
L-prolyl, and those L-cysteinyl residues involved in cross-link
formation, were treated as L-alanyl residues in the formulation
of the generator matrices. The y2 transformation matrix from
ref 12 was used for those L-prolyl residues followed by another
L-prolyl residue. Polypeptide chains used, along with litera-
ture citations for the amino acid sequences and the number
of amino acid residues, n, are collected in Table I. Cross-linked
molecules contain one interchain disulfide bond. The disulfide

bonds considered do not necessarily occur in the proteins in
their native states.

Results and Discussion

Characteristic Ratios. The characteristic ratios for
cross-linked and uncross-linked polypeptide chains will be
defined as (s2)o/(n — 1)I,% where (s2)¢ is the unperturbed
mean-square radius of gyration of the n a-carbon atoms in the
molecule. For uncross-linked polypeptide chains this defini-
tion is equivalent to (s2)o/nplp?, where ny is the number of
virtual bonds. The length of the virtual bond, /, is 3.8 A1

Figure 1 presents the characteristic ratios obtained for the
molecules considered. Characteristic ratios for the uncross-
linked polypeptide chains are denoted by squares. They range
from a low of 0.81 (a-trypsin C chain) to a high of 1.41 («-
tropomyosin). All but three polypeptide chains with n = 100
have a characteristic ratio which lies between 1.00 and 1.29.
The exceptions are cytochrome ¢, globin, and a-tropomyosin.
The incorporation of a few glycyl or L-prolyl residues in a
poly(L-alanine) chain reduces its characteristic ratio.1415
Therefore the high characteristic ratio for a-tropomyosin
arises because only three glycyl residues, and no L-prolyl
residues, occur out of a total of 284 amino acid residues. In
contrast, 16—-21% of the amino acid residues in cytochrome ¢
and globin are glycyl or L-prolyl, leading to the unusually low
characteristic ratios for these proteins. The average charac-
teristic ratio for those polypeptide chains having n = 100 is
1.13, with a standard deviation of 0.11.

Characteristic ratios for the polypeptide chains cross-linked
via a disulfide bond are also shown in Figure 1. Filled circles
denote cases where both polypeptide chains have the same
amino acid sequence. Multiple cross-linked forms are possible



