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Different molecular size scaling regimes for inner and outer regions of proteins
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We study the rough statistical features of size scaling in protein backbones by using molecular descriptors
associated with their central and external regions. By using a diverse set of experimental structures, we show
that the mean radius of gyration and the span of backbones scale differently, leading to a ratio of “inner” and
“outer” scaling size exponents af; / v,~0.8. The span of average proteins is found to scale with the number
of amino acids aR~n"°, with 1/2<»,<3/5, thus providing a measure of the “locally” swollen character of
the backbone near the exterior. The result holds for all classes of proteins, including those with the most
compact coreq.51063-651X96)12009-2

PACS numbd(s): 87.15.He, 82.20.Wt, 05.98m

The selective packing of amino acid residues according tguantitative comparison of the swollen vs compact character
hydrophobicity is a key factor determining the three-of sections of a protein backbone.
dimensional structure of proteins. Globular proteins exhibita Backbones are specified by the positionsno&-carbons
slight dominance of hydrophobic amino acid resid(&5%), (one per residue {r;,i=1,2,...,n}, as deposited in the
whereas soluble proteins have an even population of polddrookhaven Protein Data BarfRDB) [10]. [The centroid of
and hydrophobic residud4]. These two groups of proteins thea-carbon backbone is taken as the origfor simplicity,
make up the large majority of those for which x-ray struc-we characterize the backbone size with only two geometrical
tures are available. As a result, the “average” configurationdescriptors{i) the radiusR of the smallest sphereentered
of the known protein native states is expected to include &t the centroiiwhich encloses completely the backbattee
hydrophobic core and an exterior dominated by hydrophilic'span”), and(ii) the instantaneous radius of gyratibg
residueq2]. Whereas each protein native state is a singular 1
conformation evolved to serse a specific biological func?ion, R=maxri, ri=[[ril|; Ré:ﬁzl rf, Re=R
it is important to test whether the distribution of native state e . (1)

Another definition of the span, using an enclosing box

over a large database exhibits some defined rough “unive rather than a sphere, can also be UEBH. This approach

sal” statistical features. In this work we tackle this issue: the q h lusiohsh R is d ined b
characterization of average properties common to a larg a_stot € same conc usionghe sparR is ‘?tefm'r.‘e Y
number of protein configurations a single residudthe farthest from the centroidand it rep-

' resents the state of the outer layers. In contrast, the radius of

The relation between the total number of residugsgnd tion takes int ¢ all i d ai
the change in molecular size when moving from the interiofdyration takes into account all residues and gives a mean

to the exterior of the globule is an important piece of infor- SIZE. Since normally the value & will be Eontrolled.by”
mation about the protein’s configurational state. Understand€ INner layers, we usk; as a measure of “internal size.”
ing the interrelation between size, compactness, and hydrd} SIMPle power-law scaling with the number of residues is
phobicity is central towards unraveling the mechanism an@sSsumedRg~n" and R~n" with two distinct exponents
reaction intermediates of the folding pathwi@s-6, and ref- 1of the intemal ¢;) and the external i,) radii. We test
erences therein Recent work has commented on the pos-hether a relation

sible existence of power-law scaling in a subclass of compact Re~aR’, g=vilv,, 2
proteins. There is evidence that the mean size of the smallett found in proteins, and whether the random-polymer result
globular proteins resembles that of collapsed polyrfig/@. ~ (9~1) is valid for their native states.

These results suggest that it is indeed possible to apply con- From the behavior ofandom linear polymershe follow-
cepts from scaling theory of polymel8] to the study of the ing results are known(i) All molecular size functions scale
medium-size biopolymers. However, it must be noted thagqually in terms of polymer lengttor n in our casg, i.e.,

the “collapsed state” is not the standard configurationalg=1[9]. (i) If the polymer is in & solvent(i.e., an “ideal”
state of most proteins. Results indicate a dependence of prpoor solvent where repulsive and attractive monomer-
tein compactness on chain leng8i. Yet, nothing is known monomer interactions balance each othewe expect

on how the scaling regimes of molecular sizes for inner and/j=v,=1/2[9]. (iii) If the polymer is in a “good” solvent,
outer regions compare. Here, we assess their relation bijpe chains adopt swollen conformations and the size expo-
studying the change in molecular size scaling across the praients are larger vj=v,~3/5. (The actual value is
tein (from inner to outer regionsWe focus on two distinct 0.588+0.002[12]; the exponent 3/5 corresponds to a mean-
geometrical descriptors adapted to study different sections dfeld approach.(iv) If the polymer is in a very poor solvent,
experimental protein backbones. Contrary to the behavior iit is expected to appear in collapsed, maximally compact,
random homo- and heteropolymers, we show that the shapmnformationd13], wherev;=v,=1/3.

descriptors of protein native states present different scaling In the case of general proteins, it is difficult to establish
behavior depending on whether they are associated with the nature of the dominant conformations from standard cor-
“mean size” or to an “external size.” The result provides a relations between the number of residmeand the radius of

1063-651X/96/543)/30444)/$10.00 54 3044 © 1996 The American Physical Society



54 BRIEF REPORTS 3045

60

50 ¢
7 g=5/6,

=1,
401 £

o~ 3.5
°< S’ o~ .
3 £ o:ﬂ./ 30 ¢ o g=2l3
(= 3 o8
g g ép ° g
2.5 204
® O
[e]
2 o
01
1.5 7
0 + t 1 t
1 , , , . \ 0 20 40 60 80 100
1 2 3 4 5 6 7 R(A)
Inn FIG. 2. Correlation between size descriptors for inrfeg) and

FIG. 1. Distribution of backbone spanRY and radii of gyration  outer (R) layers in the set of 373 proteingthe correlation is non-
(Rg) for the working set of 373 proteins as a function of the num-linear for proteins witfR>30 A (n>300). The curves indicated fit
ber of amino acidsr(). [The numbers 1/3, 1/2, and 3/5 indicate the various scaling exponents=v; /v, .]
limiting slopes associated with the and v, exponents expected in
collapsed, ideal, and swollen polymers, respectiyely. apply, in principle, to the entire protein set. However, Fig. 1

suggests thaR; andR may not scale in the same manner as
gyration. Using a small set of proteins, Dewey suggested tha function ofn, for largen values.
universal validity of an exponent,~1/3 [7]. Recently, we Whereas Fig. 1 shows a large dispersion in terms,of
have shown with a much larger set of structuf@aslected to  Fig. 2 shows that the interrelation between radii is better
avoid biases in secondary structutkat the dispersion in defined. For the set of 373 proteins, a log-log correlation
Rg Vs n is too large to derive a reliable scaling exponent forgives
all proteins[8,14]. However, in the subclass of proteins with Rg~(1.2+0.1)R(0:80:002
the smallest backbone radius of gyratiarithin a fixed range
of monomer numbers, a well-defined scaling behavior is With 95% confidence error&@and a correlation coefficient of
found with an exponent;~0.4[8]. (The conclusions are the C=0.961).[Pseudolinear regression modBig vs RY, where
same if the actual volumes of individual residues are taked maximizes C, lead to comparable results:
into account in an alternative definition of “compactness” Rg~(1.6= 0.1)RO7E002 " with ¢=0.947] The linear
[15,16.) Only in the case of thshort maximally compact model[g=1 in Eq.(2)] can be readily discarded because of
proteins =<300), an exponent close to the collapsed poly-its poor correlatiorRg~0.57 R, with C=0.858(dashed line
mer regime is found #;~0.34+0.05) [8]. In summary, in Fig. 2. The linear correlation does, however, give us a
whereas there is evidence that thean sizéas measured by bound to the radius of gyration of a protein in terms of its
Rg) of the smallest globular proteins resembles that of colspan:Rg<0.6R. [The significance of correlatio3) has
lapsed polymers, the situation for the average protein nativbeen tested by also evaluating the exporgeit a “control
state is not so simple. All recent studies have centered oget” of linear polymers with comparable numbers of mono-
properties of the radius of gyration. Below, we show thatmers. We have generated a series of random chain confor-
important information can be extracted by analyzing the bemations with two characteristicsl4]: (i) a constant step,
havior of R for average native states, as well as for speciabimilar to the distance betweem-carbons in proteins
classes of proteinge.g., those with the global constraint of (I=3.8 A), and(ii) variable excluded volume interaction. In
being maximally compagt the limit of no-excluded volume, the correlation between

We have analyze®Rg and R in a working set of 373 Rg and R produces an exponeng=0.96-0.02, with
proteins. The set includes proteins of various lengths, come=0.999 (and »;=0.500+0.001). For large excluded vol-
position, and structural contef8]. It has been chosen to ume, we find g=0.95+0.05, with C=0.998 (and
maximize diversity. Nearly identical proteins have been ex-v;=0.57+0.01). These results agree with the expected limit
cluded. The set includes no structural bias and we believe =~ 1 for random polymers and suggest that correlat®)ris
should properly convey the rough statistical features of thes meaningful deviation associated with the occurrence of
average known native stat€See Ref[8] for the mean mo- special structural features in proteins. In addition, note that
lecular shape properties of the proteins in the)set. the correct statistical behavior for homopolymefise.,

Figure 1 shows the dependenceRyf andR on the mono- g~1) was achieved with a control set of off-lattice model
mer numbem. It is clear that a simpl@ scaling cannot be chains with onlyn<500 monomers. This suggests that the
assigned to the proteins, except for those that minimize thehain lengths for proteins within our set{<824) should be
radii. For a qualitative reference, we indicate the limitinglong enough to extract a qualitative scaling behayior.
lines associated with the random-polymer scaling exponents In order to provide an interpretation to the correlation in
that appear to fit best the proteins with smallBgt and R Eqg. (3), a number of fixed scaling models have also been
values. These exponents are illustrative and they may naxplored over the entire set of proteins, in addition to the

(radii in angstroms, (3)
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linear one. From the scaling regimes discussed before for
random polymers, only threg<1 power laws could be pos- ( Subset of 15 most compact proteins ]
sible: (8) a compact centeri{=1/3) and a less compact 4
exterior (v,=1/2), i.e.,g=2/3~0.67; (b) a center at inter-

mediate compactnessy;&1/2) and a swollen exterior 3.5 1 .
(v,=3/5), i.e., g=5/6~0.83; (c) a compact center &
(v;=1/3) and a swollen exterior v,=3/5), i.e., —_~ 37 s
g=5/9~0.56. The regression analysis with fixgexponent < .
leads to comparable results in the above cases *Q? 2.5 1 . o

g

Rg~(2.68+0.03R%°, (=0.923, (4a) |
Rs~(1.83+0.02R?® (=0.946, (4b)
Rs~(1.02+0.0)R%5, (=0.931. (40

Correlations(4b) and (4c) are superimposed to the experi- 1 ' ' ;

mental results in Fig. 2. The empirical scaling exponent for 2 2.5 3 3.5 4

the entire working se€tg~0.80+0.02 in Eq.(3)] appears to

be consistent with the model scalingtb) and (4c). Never- InR(A)

theless, the agreement is, at best, qualitative. It shootthe FIG. 3. Nonlinear scaling between size descriptors in the pro-

taken as inequivocal indication that the exterior residues reteins with maximally compact backbong$he slope indicates the

semble chains in a “good” solvent. It is also possible thatsame differential scaling of outer and inner regions found in the

the change in scaling exponentreflects a “surface correc- average state of all proteinR~R%2]

tion” to the radius of gyration of a finite polymer. In this

case, a behavior such as-aR3+bR2 would be expected, distinct geometrical descriptors, such Rg and R. The

but this effect cannot be discriminated with our data. present results suggest that previous observations on the con-
Note that the functions in Eq&4a—(4c) “cross” among  figurational state of some special proteifisose with com-

themselves and with the simple linear correlation at nearlypact backbones or minimal volumesan be extended to the

the same valuesR~33+2 A andRg~19+1 A . These average state of all native state¥/e observe that(i) in

radii correspond to proteins with a critical number of resi-short proteins, the core and the exterior chain section appear

duesnc~300£50. For proteins below tha. value, the re- to be in similar scaling regimesgji) in long proteins, the

lation betweenR and Rg is closer to linear, indicating a exterior region appears to be in a regime corresponding to

similar configuration statéresidue packingfor sections of more “swollen” chains. Note that the strong deviation from

the backbone across the globule. Proteins longer than theg=1 regime is a clear indication of differential packing

deviate from this behavior and lead inequivocallyget1,  across the protein. Nevertheless, it should be noted that there

suggesting different packing features in the exterior. are several mechanisms that can account for the “swollen”
The above result indicates that the average configurationalature of the farthest residues, with distinct solvation being

state of longer proteins is less compact than the one foonly one of them. The present results convey a fact but pro-

shorter proteins. A similar difference in compactness as &ide no unique interpretation for it.

function of length had been proposed on different arguments The above results apply to the complete set of 373 pro-

for globular proteing13]. Our present finding of a change in teins. We have also checked the scaling behavior in the sub-

scaling law at a “critical” number of residues-~300 is  set of proteins with maximal backbone compactnfgk

also consistent with results on the compactness of multidoHere, we select proteins whose backbones have minimal ra-

main proteins. The consensus is that proteins with more thadius of gyration over a “window” in the number of residues

ca. 250 residues usually fold by forming separate domaing. That is, we selecbne protein within a given “bin”

[17,18 and have nonspheroidal native stafdS]. These [n,,n,+An], with radiusRE(n3)

larger proteins are expected to haye a different proportion Oﬁ’é(n;‘)z min  Rg(n), nNg=ni=<ny+An, 5)

hydrophobic residues at the exterior surface with respect to nelng.ng+An]

smaller(single-domaii proteins[13]. This distinct behavior

where then} is the number of residues of the selected pro-

could be a factor leading to the difference in inner and outeEein per bin. We have checked the scaling behavior of size

size scalings observed here. Thus it is possible thaingur descriptors in the set of the 15 most compact proteins found
value indicates the beginning of multidomian proteins, or the " P bact p

- .~ within the rangeg 20,49, [50,99, [100,149, etc., corre-
onset of distinct supersecondary structure only accessible tso onding toAn=>50. (Proteins that are oo short were ex-
larger proteins, e.gqg/B barrels. P g '

Recently, we have shown that such a change in Sizegluded since theiRg are trivially small. See Ref8] regard-

scaling behavior is apparent also in the subclass of protein'gg the molecular shape properties of the proteins in this

with maximal compactnesghose with a minimum backbone ensemblg.The relation between the inner and outer radii for

: : : : this set of maximally compact proteins is shown in Fig. 3.
radius of gyration over a range of residug8]. In this latter : ; . i,
case, a distinct behavior Rg vs n is observed fon< 300 There is a cleafnonlineay correlation between the radii. The

andn>300. As Fig. 1 shows, a direB vs n analysis is not scaling exponent found is close to the average behavior of

: ) the entire working set of 373 proteins
feasible for the overall ensemble of proteins. However, a . (0.82+0.05
clearer behavior is revealed by the correlation between two Re~(1.1£0.2R™*77, €=0.995. (6)
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The virtual coincidence of thg exponents for average pro- figurations are found in the same state as polymer chains in
teins and for the most compact ones is a strong indicatiofdeal or good solvents. Indeed, other interpretations are pos-
that native states ddll folded proteins share the same roughsible. The difference in scaling exponents may also represent
features with respect to packirip spite of different compo- an effect of side-chain branching on the size scaling of linear
sitions, secondary structure, and compactnethese fea- backbones. Note that randomly branched polymers belong to
tures do not correspond, however, to an overall collapsed distinct universality clasgl9,20. If one views side chains
polymer state, but rather to the occurrence of a comgiagt @S duenched random branches, a mean-field estimate in the
not “maximally compact’) core and a swollen exterior. regime of excluded volume would be=1/2 (instead of
Let us summarize the conclusions derived from the obser?i = 3/5) [19]. Itis possible that our results reflect indirectly

; : ; he modulation of backbone size caused by the distinct loca-
vations above. Depending on protein length and compaclI-. - .
ness, we find that the geometrical meastReand R (or tion of hydrophilic and hydrophobic branches throughout the

* : : - protein.
c) do scale differently with the number of residues for . . - . i
actual protein native states. Theerage valuefor their scal- In closing, we should point out that the distinct size scal

ing exponents %, 7o) appear to be bound differently be- ing in natlvg sta_ltes can _also provide insights into the strug
AL ture of folding intermediates. For example, recent experi-
tween the characteristic size exponents for random polymers; S
— o — mental results on molten globule$21] indicate a
1/3<v;<<1/2 for the “inner size” and 1/Z v,<<3/5 for the :
“ o X T . hydrophobic core and a content of secondary structure that
outer size.” We find an indication that compact proteins

with less than 300 residues appear to haye v ~1/3, can be either substantif22,23 or rather small[23,24. It

whereas longer compact proteins are packed differentlWOUId be valuable to compai andRg within a series of
9 pact p PaCKE %ompact intermediates corresponding to various proteins
(v;=1/2 andv,~3/5). This work shows that a simultaneous

analysis ofdifferentmolecular shape descriptors can provide[nfgi'n(ﬁg d?gg;?]);miiterz d}ﬂ“ﬁ Cs?)rI]u t?; nfe frt]'énfggs ;;osr’gct_he
valuable insights in the case of polymers with constraints in .
their configu?ational organizatioﬁ. i/Nhereas one of the depndary structure allows maximal compactness throughout

. . the protein, one would expegt~1 for the scaling of mo-
scriptors (either R or Rg) may be redundant for random Iechar sizes. On the otheE hgnd a reguitl for 9t])oth in-

homo- or heteropol.yr.ners, they do behave differently Wher1ermediates and native states will be a strong indication that
the polymer exhibits strong monomer-monomer and

monomer-solvent interactions. In other words, one shouléhe differential sizes of protein Iayer§ are determmeq at the
; . onset of hydrophobic collapse, and little affected during the
not assume in general th@tandRg share the same behavior

in heteropolymers. The possibility of distinct scaling shoulg'€Maning steps of the folding path. A new series of experi-
; ments should settle the actuglivalue.
be tested in each case. o o
We should stress that the presentand v, exponents
must be taken only as indicators of differential size scaling. This work was supported by FRU{Laurentian Univer-
Their values do not necessarily imply that protein chain consity) and by an operating grant from NSERCanada
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