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Single domain proteins are thought to be tightly packed. The introduction of voids by mutations is
often regarded as destabilizing. In this study we show that packing density for single domain
proteins decreases with chain length. We find that the radius of gyration provides a poor description
of protein packing but the alpha contact number we introduce here characterize proteins well. We
further demonstrate that protein-like scaling relationship between packing density and chain length
is observed in off-lattice self-avoiding walks. A key problem in studying compact chain polymers is
the attrition problem: It is difficult to generate independent samples of compact long self-avoiding
walks. We develop an algorithm based on the framework of sequential Monte Carlo and succeed in
generating populations of compact long chain off-lattice polymers up to ledgtB000. Results
based on analysis of these chain polymers suggest that maintaining high packing density is only
characteristic of short chain proteins. We found that the scaling behavior of packing density with
chain length of proteins is a generic feature of random polymers satisfying loose constraint in
compactness. We conclude that proteins are not optimized by evolution to eliminate packing voids.
© 2003 American Institute of Physic§DOI: 10.1063/1.1554395

I. INTRODUCTION the potential roles of voids in affecting protein stability and
in influencing tolerance to mutations and designability of
Geometric considerations have lead to important insightproteing®°are not well understood.
about protein structurés?® Voids are simple geometric fea- An important parameter describing packing is the pack-
tures that represent packing defects inside protein structurekg densitypy, which is a quantitative measure of the voids
For multisubunit proteins such as GroEL and potassiur@nd was first introduced to study proteins by structural biolo-
channel, voids or tunnels of large size are formed by thedists. This concept has been widely used in protein
spatial arrangement of multiple subunits, and are essenti@hemistry?**The scaling relationship qfy and chain length
for the biological functions of these proteidéin this study, N was first studied in Ref. 1lpy can be thought of as the

we focus on voids formed due to packing defects that are ndthysical volumev,q, occupied by the union of van der
directly involved in protein function. For this purpose, we Waals atoms, divided by the volume of an envelogg, that

. _ 11
choose to study only structures of single domain proteins?Ightly wraps around the body of atomBy=vyqw/Venv-

Although these proteins are well known to be comamd Voids contained within the molecule will not be part of the

their interior is frequently thought to be solid-liReé° recent van der Waals _volume_\,dw, but will be included invep,.
Using geometric algorithmsy gy, veny, and pg can be

calculations showed that there are also numerous voids burréadily computed for protein structures in the Protein Data

ied in the protein interiot! The importance of tight packing Bank20:21

in single chain protein is widely appreciated; packing is |, his work, we further study the scaling behavior of
thought to be important for protein stabilit§;* for kinetic packing densitypg with chain length of single domain pro-
nucleation of protein folding?*® and for successful design teins and explore the determinants of the observed scaling
of novel proteins following a predefined backbdfieThe  pehavior. We seek to answer the following questions: Is the
conservation of amino acid residues during evolution ma}gca"ng behavior Opd unique to proteins? Are proteins op-
also be correlated with tightly packed sit€s!’ In contrast,  timized during evolution to eliminate packing voids? We in-
troduce two new packing parametars (the alpha contact

dAuthor to whom correspondence should be addressed. PK@h®355- numbej andz, (t_he alpha _COOl'din_ation numbeWe Shqw
1789; Fax:(312996-5921; Electronic mail: jliang@uic.edu thatn, characterizes protein packing very well with a linear
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scaling relationship with the chain length, and that a widely
used parameter, the radius of gyratRy, characterizes pro-
tein packing poorly. To overcome the attrition problem of
low success rate in generating compact long chain polymers,
we develop an algorithm based on sequential Monte Carlo
importance sampling and succeed in obtaining thousands of
very compact long chain off-lattice polymers up %
=2000. We demonstrate that the scaling behaviop pfor
proteins can be qualitatively reproduced by randomly gener-
ated polymers with rudimentary constraintsigf. Our simu-
lation studies lead us to conclude that proteins are not opti-
mized to eliminate voids during evolution. Rather, voids in . :

FIG. 1. The alpha contacts in a toy molecule. In this molecule, both atom 1

E)rotelns are" a generic feature of random polymers with @nd atom 2 have 4 alpha contacts. The number of atoa®, the number of
reasonable”(as measure by,) compactness. alpha contacts is, =22 (twice the number of edggsand the alpha coor-
The paper is organized as follows: In the Methods, wedination numbee,=n,/n~2.4.

first describe briefly howy andn, are computed from the
dual simplicial complex of protein structure, and introduce
an off-lattice discrete model for generating random polymeroverlap and their corresponding weighted Voronoi cells in-
conformations. We next describe the sequential Monte Carlgersect. Thealpha coordination numbeis z,=n,/n, where
importance sampling and resampling techniques that allow is the total number of atoms in the molec@$ee Fig. L In
us to generate adequate samples satisfying various criteria ofir calculation, we only consider nonbonded alpha contacts.
n,. In the Results, we begin with the characterization ofDetails of the theory and computation of alpha shape and
void properties of proteins by boffy andR,. We then show  dual simplicial complex can be found elsewhé&hé!3
the linear scaling behavior af, found in proteins. The scal- We follow previous work in Ref. 11 and define packing
ing behavior ofpy of random polymers generated by sequen-densitypy as
tial Monte Carlo with chain length is discussed later. We
conclude with summary and discussion of our results. Py= Uvdw _ _ Uvdw ,

Venv. UmsT Uvoids

Il. METHODS Wherev gy, Ums, anduv,,igs are van der Waals volume, mo-
A. Protein data lecular surface volume, and the void volume of the molecule,

_ o o _ ~ respectively® Packing density is computed with a solvent
To avoid complications of multichain and multidomain tPFObe radius 1.4 A, as described in Ref. 11.

proteins, we examine the packing density of proteins o
single domain proteins. We collect proteins from the
PDBSELECT databas® that contains only one domain, as de- C. Growth model for off-lattice random polymers
fined as single chains in thec8p database with one numeri-

>3 We use a modified off-lattice discretestate model first
cal label’

developed in Ref. 32 to generate self-avoiding wakaw's)
in three-dimensional space. All monomers are treated as balls
with a radius of 1.7 A. For monomeisandj that are not
sequence near neighbots< j|>2), the Euclidean distance
We use alpha shape to characterize the geometry of praki,j) between them must be greater than 27 A so they
tein structure. Alpha shape has been successfully applied &re self-avoiding. Sequence neighboring monomers are con-
study a number of problems in proteins, including void mea-nected by a bond of length 1.5 ¢ig. 2).
surement, binding site characterization, protein packing, We use a chain growth model to obtain conformation of
electrostatic calculations, and protein hydratibh@:21:24-28  nolymer of specified lengtf? There arem=32 possible
Briefly, we first obtain a Delaunay simplicial complex of the states where the next monomer can be placed. They are
molecule from weighted Delaunay triangulation, which de-evenly distributed spatially on a sphere of radius 1.5 A cen-
composes the convex hull of atom centers into tetrahedrtered at the current monomer. We forbid the placement of the
(3-simplices, triangles (2-simplices, edges(1-simplices, new monomer anywhere on a cap of the sphere with an angle
and verticeg0-simplice$. We then obtain the dual simplicial <60° from the entering bond. This ensures that there are no
complex of the protein molecule by removing any tetrahedraunnatural acute sharp bond angles. The remaining sphere is
triangles, and edges whose corresponding Voronoi verticeslivided into four strips, each may have different width but is
edges, and planar facets are not at least partially containeaf equal surface area. For the 32 possible states, we place
within the protein moleculé®° The edges between atoms uniformly 8 points at the midline of each of the 4 strips.
that are not connected by bonds corresponds to nonbond&llowing Park and Levitt? the coordinates of each state are
alpha contacts. The total sum of the number of such edggsarametrized by two anglesand 7 for ease of computation.
for each atom is the total number afpha contacts p. It  «is the bond angle formed by the-1, i andi + 1th mono-
reflects the total number of atoms that are in physical neareshers. 7 is the torsion angle formed by four consecutive
neighbor contact with other atoms. These atoms have volum@onomers.

B. Dual simplicial complex, alpha coordination
number, and packing density
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Start with (x;, x;)

t -2

Set sampling distribution
for next step to ge+ j(Xp4+ 101y

Add one monomer xy, to
chains following g+,

1 -—t+]

Update weights

Resampling? Resampling
FIG. 2. The 32-state discrete model for chain growth. There are 32 possible
positions for adding the next monomer. They are located on a sphere of
radius 1.5 A, but placement on the cap with an angé®° from the entering
bond is forbidden. The surface is divided into four stripes of equal area.
Eight positions are placed evenly on each stips the bond angle.

End growth and
output chains
FIG. 3. The steps of sequential Monte Carlo method applied to improve

sampling efficiency.
D. Approximately maximum compact polymer

In addition, we generate polymers that are approximately
maximum compact based on the face centered c(fb@
packing of balls of 1.7 A radii. For hard spheres, fcc packing
has recently been proved to have the tightest packify.
Because the distance between two balls in canonical fc
packing is 2<1.7=3.4 A, which is greater than the bond
length 1.5 A, we shorten the distance along bonds connectin

contacting balls of radius 1.7 A to 1.5 A. This mimics the Jisy is Used. Letw be one of the 32-states connectedko
bond length of the model polymer. Unlike fcc packing of i+ satisfies the self-avoiding criterion. First we initialize the

hard spheres, bonded monomers here are allowed to haYl%mber of neighbors.(») to  as 1, and the Euclidean
volume overlaps. Additionally, there are some boundary ef'distance from to the nearest neighbor monomefw) to

fects because bonds connecting balls in different layer have@A We then incremenby(w) by the number of existing
. . . e
distance>1.5 A. Although mathematically unproven, we monomers within a distance of 6.0 A . Among these

conjecture that this artificially constructed polymer repre- . onomers. we identify the monome that is the nearest
sents conformations of SAWs that have very close to maXiheighbor V\’/ith the shortest Euclidean distartéo . We

mum compactness. require in addition that the sequence separationt|>3 so

The _paCking density of canonical fcc packing by oury “5n4 4 are not sequence near neighbors. The distance
method is 0.74! As described earlier, although fcc packing d(w) is then replaced by the value df The sampling prob-
contains no voids, there are packing crevices or dead spacgéi”ty is set as

that do contribute to the calculation p§ by our definition'!
In approximately maximum compact polymer, because the _
distance between bonded balls is shorter than that in fcc  9t+1(Xtr1=@[Xyx)*e

acking,py4 can be as high as 0.80 for polymers with a range . . .
gf chai% Fl)gngth. g POl g whereE’ (o) =In{[d(w)]/ngw)} is an artificial “packing en-

ergy” favoring more compact conformations, afid is a
pseudotemperature controlling the behavior of sampling. Us-
ing this energy function, growth to positiom with close

Since we are simulating compact conformations that renearest neighbdismalld(w)] and a large number of neigh-
semble proteins, we need an efficient method to generateors within a 6 Adistancdlargeny(w)] is favored. Here the
adequate number of conformations satisfying protein-likeadjustable parameteris used to balance the effect dfw)
compactness criteria. Here we use a sequential Monte Carlnd no(w). T’ controls the importance of compactness. At
(SMC) chain growth strateg}f*” which combines impor- low T’, conformations generated are compact, but at high
tance sampling and the growth method. The main steps afg’, the compactness criterion becomes less important.
shown in Fig. 3. According to the sequential Monte Carlo framework, the

Denote the conformation of a polymer of lengthas  importance weightw,,,; for the sampled conformation
(Xq,..-X¢,) wWherex; is the three-dimensional location of the (X4,...X;;1) IS updated as

ith monomer. Starting with fixed initial locatiorx{,x,), we

grow polymers by sequentially adding one monomgr,

to occupy one of the 32-states connecting to the last mono-

ﬁwerxt of the current chain. The monomey, ; is randomly
laced according to a sampling probability
v+ 1(Xe+1/X1...X). In this study, the following function

—E' ()T’

E. Importance sampling with sequential Monte Carlo
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Tepa(XeXey1) Begin
Wiy =Wy '
(Xy %) - O 1 (X 2[Xao - X¢)
wherem 1(Xy'*X;+1) is the target distribution at+ 1. With Find % samples to be
a set of weighted samplééx{) ... x), w}, |, statistical resampled ffom
inference on the target distributiofr,(X,,...,X,) can be e
made using
]m: W h(x) LX) Divisifnr;r::ii:itr;gkwk
E,Tn[h(xl,...,xn)]= s, 1W(j) 1) groups randomly.
1= n
. -1
for most of the proper functioh. it
F. The target distribution
. . Find conformations not
We wish to generate random samples of polymer with marked as "resampled”
different compactness criterion. This is achieved by using a in group 1.
target distributions, which is uniform among all SAWs &
satisfying a compactness constraint. The constraint is set as

. . Choose the conformation j with Ry
follows. First, for each chosen pair values af (c), we use nearest the target R value in group v

the functione & (®'T" to generate 500 random conforma-
tions as a trial run. Ignoring the importance weights, we cal-

culate the mean alpha coordination numggmn,T’,c) of all Duplicate conformation ),
h ted f ti Th t the t t distrib half the weights of both
the generated conformations. Then we set the target distribu- copies and mark them as

tion 7} as the uniform distribution of all SAWs satisfying "resampled”.
z,€(0.8:z%(n,T',c), 1.2-Z5(n,T’,c)).

We then rerun a large simulation with the sanmié,€)
parameters and harvest the conformations, using uniform No
distribution with no restriction on the intermediate target
distribution 7, but take the truncated distribution’ as the
final target distribution. The truncation is achieved by dis-
carding all generated conformations that does not satisfy the
constraint. Typically, the truncation rate is very small

(<0.1%. The bias in sampling is fully compensated by FiG. 4. The steps of the resampling procedure for the sequential Monte
proper weighting. Carlo method.

Yes

End

G. Resampling

Because it is easy to have self-avoiding walks to groWtein structure determinatioil. We have the following

into a dead-end, we use resampling to replace dead samplggéudocode for resamplinig:

or samples with small weight to improve sampling Proc€duréRESAMPLING (m,ds,R;) ,
efficiency?” Intuitively, we check regularly during the chain // M- Monte Carlo sample size, ds: steps of looking-back.
growth process whether a particular chain is stuck in a dead! Rt: targeting Ry. .

end, or is too extended, or has too little weight. If so, thisk<—number of dead conformations.

chain is replaced by the replicate of another chain that haBivide m—k samples randomly intk groups.

the desired compactness. Both duplicate chains will thefor groupi=1to k

continue to grow, and the final two surviving chains will be Find conformations not picked in previods steps.
correlated up to the duplication event. Conformations of the /IPick the best conformation P,

monomers added after the duplication will be uncorrelated. Pj—polymer with mifR;—R| .

This resampling technique targets our simulation to specified Replace one ok dead conformations witR;
configuration space without introducing too much bias, Assign both copies oP; half its original weight.
where conformations all have desired compactnés= endfor

Fig. 4). Here dg is used to maintain higher diversity for resampled

Although we found that the total contact numioeris an  conformations. That is, conformation that has been picked in
excellent parameter for characterizing protein, its calculatiorthe pastdg steps are not available for resampling.
involves expensive computation of weighted Delaunay trian-  After resampling, the samples with their adjusted
gulation and alpha shape. We decide to Rg&s a surrogate weights remain to b@roperly weightedwith respect to the
parameter during resampling. For resampling, we use theriginal target distribution. We can then calculate the ex-
empirical relationshifRy(n) = 2.2-n%38 wherenis the num-  pected alpha coordination numkgyr, expected packing den-
ber of monomers in the polymer, as described in Ref. 38sity py, or expected value of any other functibrusing Eq.
This relationship has been used as a constraint in NMR profl). With these sampling and resampling strategies, we can
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FIG. 5. The relationship between packing density, radius of gyration  FIG. 6. The scaling behavior of the total number of nonbonded atomic alpha
Ry, and the number of residué in single domain proteins. contacts with the total number of atoms for single domain proteins. Here
only contacts from different residues are counted.

successfully grow thousands of self-avoiding walks of chain ] ) ] ) ]
length up to 2000 using a Linux cluster of 40 CPUSs. scales linearly with the protein chain lendtr residue num-
berN, data not shown Regression leads to a linear relation-

ship ofn,=4.28 n— 432, withR?=0.995. The alpha contact
numbern,, therefore provides a more accurate global char-
A. Packing density acteristic of protein than radius of gyratid®y,. This linear

Figure Sa) shows the correlation of packing densty scaling relationship of packing related property is similar to
other linear scaling relationships observed for protein, for

with the number of residueN in real proteins. Similar rela- S _ .
tionship has been observed in Ref. 11. Here we further rexample, of empirical solvation enerlfy protein surface

strict the samples to be of single domain bycd® area and protein volumiewith chain length. It is interesting

annotatior?® We found thatp, decreases with chain length. to note .that the value of-axis intercept fom of .the linear _
That is, short chain proteins have high packing density regression model suggests that the size of a minimum protein
but py decreases from-0.85 to about 0.74—0.75 when the would be in the order of 100 atoms, or about 12—13 residues.

chain length reaches about 190 residues. After reaching this The ggtalls of the I'|near scl:allnfg r.elat|on$,fh|p are fulrther
length, proteins seem to be indifferent about the existence gf*amineadin Fig. ). Itis areplot of Fig. € after normal-

voids. This suggests that maintaining high packing density iézation byn. It shc_)wed that for proteins with 1000 att_)ms_ or
only characteristic of short chain proteins. more (=120 residues the parameter alpha coordination

numberz,=n,/n is a constant of about 4.2. For smaller
proteins f<1,000),z, ranges from 2.5 to 4.0. A nonlinear
curve fitting leads to the relationship,=a—b/n, wherea

To identify the factors that dictate the scaling behavior of=4.27+0.03, andb=4.2x 10?+ 26. We decide to use, as
pg with residue numbeN, we need to determine whether the criterion to select random polymers generated computa-
such scaling is due to physical constraints of statistical metionally for packing analysis.
chanics or the product of extensive optimization by evolu-
tion. We study this problem by examining the scaling behavD. Targeted sampling of random chain polymer
for of pq with N in random chain polymers generated by Figure 7 shows typical conformations generated with

computer. different (" t d the conformation of maxi
Because of the enormity of conformational space, we ifferent (T',c) parameters an € contormation Of maxi-

focus on random polymers that resemble proteins in somg}alrlly com?act pqumer. ::igurﬁ gos(;g)Ws rt]he histqgr:amdogf
rudimentary sense. One possible criterion is the radius of! the conformations at lengt without weight adjust-

gyrationR,. This parameter has been widely used as a macent generated using differerit(,c) parameters. It can be

roscopic description of protein packing. For single domain>¢€" that the histograms for different valugs'bf,(:) do not
proteins, however, we found that there is substantial varianc v,erlap. This featyre demonstrated that with properly ghosen
in R, for proteins of the same chain lendtfig. 5(b)]. There- Thc) We can edff|C|entIy generate random polymers wath
fore, Ry characterizes protein packing rather poorly, and jghithin a targeted range.

unsuitable as a criterion for generating protein-like polymers

for our purpose.

Ill. RESULTS

B. Radius of gyration of proteins

C. Alpha contacts

An alternative global description of protein structure is
the total number of nonbonded alpha contagisdefined by
the dual simplical complex of the protein. In Fig(ap we
plot n, against the total number of atoms in the moleaule rorent i bability functioeE' ™ using different ') val

. . i |_eren sampling probabnility tTunctioa using airreren ,C) val-
As discussed before, these contacts are identified by compLﬁeS. (@ Conformations generated withT{,c) (L0, 0.0); (b) (T".c)

: L 20
ing the dual simplicial complex of_ the molgculije. The —(0.67, 0.0):(c) (T',c)=(0.1, 0.6); (d) Approximate maximally compact
total number of contacts, scales linearly withn. It also  conformation.

FIG. 7. Examples of self-avoiding walks of length 1000 generated with
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E. Packing density of random chain polymer domly generated self-avoiding walks are fundamentally very

h different from proteins: all residues are of uniform size, there
are no side chains, and there is no hydrophobic or any other
type of physical interactions in these polymers. Because it is
impossible to quantitatively define a similarity metric that
measures how different these polymers are from proteins, we
are not able to decide which specific values of ,c) are
88timal for modeling protein packing. Nevertheless, the scal-
ing of pg~n for all (T',c) values is qualitatively quite simi-
lar to that of real proteins.

The relationship betweepy andz, at chain length 1800
for self-avoiding walks generated with different parameters
(T’,c) are shown in Fig. 10. The, of both extended and
{naximally compact conformations have high values, but
conformations with an intermediate valuezfcontain voids
and have smallgpy values. This is similar to the relationship
of py and a compactness paramegeiequivalent toz,, used
here studied in two-dimensional latticésee Fig. 8 in
Ref. 37.

Figure 9a) shows the relationship af, associated wit
each pairs of T',c) as a function of chain length. It also
shows then, value for the maximally compact conforma-
tions. Figure %) shows the relationship af, andn. Note
that the targeted, generated with differentT’,c) param-
eters give rise to differert,~n scaling behavior. Because
the coarse grained random polymers generated here lack si
chains, they are fundamentally different from real proteins
We therefore have experimented with sevefBl,€) value.
We find that protein-like scaling can be obtained for a wide
range of (T',c) values.

Figure 9c) shows the average packing dengtyfor all
conformations satisfying the constraint specified by differen
(T’,c) values. Except maximally compact conformations,
the scaling ofpg~n of all other sets of polymers is remark-
ably similar to that of proteifFig. 5a)].

Conformations from set 1 {(’,¢)=(1.0,0.0)) are more
extended, and have lower averagg[e.g., Fig. Ta)]. Be-
cause there are fewer voids, they also have pighConfor-
mations in set 3 (T’,c)=(0.1,0.6)) are more compact and
make more nonbonded contacts and hence havezyighl- It is well acknowledged that protein has high packing
ues[e.g., Fig. 7c)]. They also form more voids, and there- densitypy, as high as that of crystalline solifisdowever,
fore have lowerpy values. Set 2 (’',¢)=(0.67,0.0)) are recent study suggested that there are numerous voids and
conformations whose properties are between those of setdockets in proteind! It was also found that about 1/3 of the
and set Je.qg., Fig. Tb)]. residues in a protein deviates from the fcc close packing and

The relationship between, and chain lengtin can be  have random positions.The simulation results presented
characterized by a nonlinear equatigy+a—b/n, similarto  here indicate that chain connectivity, excluded volume, and
that of real proteins. The sets afandb obtained by curve global compactness are the main determinants of the scaling
fitting are listed in Table I. We emphasize that these ranbehavior of voids and chain length in proteins. Unlike maxi-

IV. SUMMARY AND DISCUSSION
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0 500 1500 FIG. 9. The relationship of alpha contact numivgy,
n alpha coordination numbez, , and the packing density

py of random compact and maximally compact self-
avoiding walks. The curves are sampled following the
functione & ('’ with differentT’ andc values. Each

data point is an average of 10 runs of sample size 600.

0.90

Pd
0.75

0.60

mally compact polymers which maintains high packing den-biased towards short chains. For very short chain polymers
sity at all chain length, proteins and simple near compacthere the chain has few turns, few nonbonded contacts exist
polymers have larggy, values only for relatively short and no voids are formed. In this casg, is low andpy is
chains. When the chain length reaches 190 residues for préigh. However, this small size effect disappears rapidly for
tein and about 600-700 for chain polymers, proteins aneur model conformations for maximally compact polymers.
polymers have lower packing density and are quite toleranBmall size effect therefore does not fully account for the
to the formation of voids. scaling behavior ofpy and z, in proteins and in simulated
The global compactness is a necessary condition for theandom polymers.
observed protein-like scaling behavior. However, not all pa-  There are major differences between self-avoiding walks
rameters related to voids and compactness are equally appnee generated and real protein structures. Our SAWs have no
priate. The data shown in Fig. 6 suggests that the alpha caide chains, and belong to the coarse-grain model where one
ordination numberz, reflects basic intrinsic compactness monomer is represented as a ball. In addition, the target dis-
properties of protein, which is absent in the widely usedtribution of SMC sampling is the truncated uniform distribu-
parameteRy, the radius of gyration. The advantage of pa-tion of all geometrically feasible conformations. The trunca-
rameters such as, emphasizes the importance of accurate
description of protein geometry and structure.

The parameterpy is biased towards short chain pro- o
teins. By definition, a polymer formed by 2, 3 or a small g T'=1.620
number of monomers do not have long enough chains to 2 ET’;O’Z; c)=0)
form voids, therefore all will havgyy=1.0. When chain o) + (T’=0.25,c=0.25)
length becomes longer, voids appear. Similady,is also M~V a (T'=04,6=0.8)
o e Max. compactness
TABLE I. The relationship between, andn can be described by the equa- gb
tion z,=a—b/n. The estimated values & and b, along with standard M
deviations in parentheses, are listed for three different sets of conformations o
generated with differentT(’,c) parameters which characterize the sampling
probability. The values oh andb for real proteins are also listed. w
© |
T c a b (=)
1.0 0.0 1.880.02 72(7) 20 30 " 40 " 5.
0.67 0.0 2.240.02 67(6) Zy
0.1 0.6 3.680.02 93(7)
Native proteins 4.20.04 42327) FIG. 10. The relationship gb4 andz,=n./n for self-avoiding walks gen-

erated using differentT(’,c) parameters at chain length 1800.
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