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For some proteins it takes an hour to spontaneously fold into
their biologically active three-dimensional (3D) structures, while
others manage to do it in mere microsecohd$ie 9-orders-of-
magnitude range in observed folding times has usually been
considered a manifestation of the large variability in structural
patterns and amino acidic sequences found in natural préteiese
we show that folding times correlate with protein size, following a
simple scaling law similar to those found in a growing variety of
biological processesbut operating at the molecular level.

In recent years there has been strong emphasis in trying to
understand the connection between the 3D structure of a protein
and its folding time. Simple structural descriptors, such as the
relative contact order, that condense the structural features of
proteins into a single number have been found to correlate with
the folding time of small single-domain proteihSimilar prediction
accuracy has been obtained with a more mechanistic approach i
which folding times are calculated from protein structures with
statistical mechanical models of foldiddgdiowever, the prediction
of folding times of larger multidomain proteins seems to require
the additional consideration of protein siZ€The obvious question
that arises is: how strong a determinant of folding time is protein
size alone?

Starting with the seminal work of Thirumal@geveral theoretical
studies have emphasized that folding times should scale with the
size of the protein following the simple relation lag( ~ N/, in
which the value of3 should lie betweed/, and4/5.7~° Recently,
an empirical correlation between folding times and protein size has
been reported? Here we further investigate this issue by looking
at a compilation of experimentally determined folding times for
69 proteins/peptides with size ranging from 16 to 396 residues.
This compilation includes all of the two- and three-state proteins
that have been used by Ivankov et al. in a previous analyEie
only exception is cytochromigse; because the available data come
from a very long extrapolation. Additionally, we have incorporated
the folding times of two proteins with disulfide bonds (Ten-
damistat: 72 residues, 15 ms; and egg-white lysozyme: 129 resi-
dues, 250 ms), of the proteins BBL (40 residuesy4pand FSD-1
(27 residues, 24s), which have been determined in our laboratory,
of the designed helix bundle3D (73 residues, 3s'), and of
seven-repeat ankyrin (239 residues, 2.5 s; Doug Barrick, personal
communication). When we analyze this database we find that there
is a strong correlation between folding time and protein size (Figure
1). The correlation coefficientR) is 0.74 when the logarithm of
folding times is correlated to the square root of the number of
residues in the proteirNd?) and converges to a maximum value
of ~0.78 as the exponent approaches 0 (inset of Figure 1).

The correlation between folding time and protein size is better
than previously found with a smaller databas&his observation
is a strong indication that the scaling law is robust because the
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Figure 1. Linear correlation between experimental folding times and the
square root of the number of residues. (Blue circles) Data from 69 proteins
and peptides. The red line corresponds to the linear fit to the data. (Green
triangles) Folding times directly calculated framfor the subset of proteins
with thermodynamic data availab¥é(Inset) Dependence of the correlation
coefficient with the magnitude of the exponentf

In fact the correlation coefficient that we report here is almost as
good as the one previously obtained by Ivankov et al. when
predicting folding times with a combination of protein size and
secondary structure predictiéricherefore, folding times increase
with protein size as expected from polymer dynamics arguments.
An important practical implication of this finding is that we can
predict folding times with a precision of1.1 time decades by
just knowing the size of a protein, a property most easily obtained
experimentally.

With the scarcity of data currently available the characteristic
exponent can have any value from 0.5 to 0. It is not even clear
whether trying to find the exponent that maximizes the correlation
coefficient is the right strategy when there is intrinsic “noise” from
other factors, such as structure and sequence. However, an exponent
of 0.5, as originally predicted by Thirumalapffers an intriguing
thermodynamic interpretation to the scaling law. To derive this
interpretation we define the parameter:

__AHM

VRTAC,

where the numerator corresponds to the difference in enthalpy
between unfolded and folded states and the denominator accounts
for the enthalpy fluctuations of the unfolded state in excess of those
of the folded state. Assuming that the heat capacity of the folded
protein is entirely due to nonstructural enthalpy fluctuations, the
latter can be interpreted as the fraction of the enthalpy fluctuations
of the unfolded chain and solvent that is associated with the folding

database of 69 proteins increases the dynamic range significantlyprocess2 Thus,n, is related to the frequency at which the unfolded

by adding experimental data on very small and very large proteins.
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state reaches enthalpy values characteristic of the native state
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However, we do not know in what range of temperatures this
compensation should occur. What we find is that the scaling with
protein size of the barriers estimated with our procedure agrees
with the experimental data whey is calculated at335 K (Figure
2). At temperatures lower than 335 K the estimated slope is too
low and at higher temperatures is too steep. Interestingly, the
calculation at 335 K produces a folding speed limit (crossing with
the abscissa) of 1 us, which is in agreement with current empirical
estimates$# The remaining variability in folding times (i.e. differ-
ences in folding time among proteins of the same size) can be
explained with only small changes in the reference temperature at
which to calculaten, (335+ 11 K). In other words, the effects on
the folding time of protein structure and sequence are rather small
7 6 5 4 3 2 1 01 2 3 4 from a thermodynamic standpoint.
These observations unveil surprisingly simple patterns underneath
log(t, s) the apparent complexity of protein folding. Furthermore, our

Figure 2. Free energy barriers for the proteins shown in Figure 1 calculated analysis suggests that the expectation for proteins of less than 50

from the height of the harmonic potentialrat(335 K) standard deviations residues (i.eN'2 < 7) is to have very marginal folding free energy
from the unfolded minimum (see inset). The red line shows the folding barriers (i.e.<12 kJ/mol)
rates calculated with a preexponential of ¢4g) and barrier heights as a e '

function of protein size obtained usimgH (333K) = 2.92 kJ/(moires) ; ini
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minimum. Becaus@&H andAC, scale linearly with protein siz&,
n, scales a2 Indeed, direct calculation of, for the subset of References
proteins for which there is thermodynamic data produces the same

(1) Ivankov, D. N.; Finkelstein, A. VProc. Natl. Acad. Sci. U.S.2004

trend observed foN2 (green triangles and right scale in Figure 101, 8942-8944.
1). (2) Plaxco, K. W.; Simons, K. T.; Baker, . Mol. Biol. 1998 227, 985-
— 994.
In p_nnmple,_no can be calculated at any temperature, but_one of (3) West, G. B.; Brown, J. H.; Enquist, B. Sciencel997, 276, 122-126.
them is of particular interest. The solvent contributior\d varies (4) Mufoz, V.; Eaton, W. AProc. Natl. Acad. Sci. U.S.A999 96, 11311
linearly with temperature, so there is one temperature at which the 11316.

i ; ; (5) Ivankov, D. N.; Garbuzynskiy, S. O.; Alm, E.; Plaxco, K. W.; Baker, D.;
solvent contributions téAH and AC, compensate exactly. At this Finkelstein. A. V. Protein Sci 2003 9, 2057-2062.

temperatureAH could act as an order parameter for folding, or (6) Thirumalai, D.J. Phys.1995 5, 1457-1467.
perhaps even as a reasonable reaction coordinate, so that it might (7) Wolynes, P. GProc. Natl. Acad. Sci. U.S.A997 94, 6170-6175.

; ; : : : (8) Finkelstein, A. V.; Badretdinov, A. YFolding Des.1998 3, 67—68.
be p053|ble. t.o estimate heights of fold.lng barriers fnqunder . (9) Gtin, A. M.: Abkevich, V. I.: Shakhnovich. E. Phys. Re. Lett. 1996
these conditions the free energy barrier can be estimated with a 77, 5433-5436.
potential of mean-force approach: the unfolded state is represented (10) Li, M. S.; Klimov, D. K.; Thirumalai, D.Polymer2004 45, 573-579.

: ; [ (11) Zhu, Y.; Alonso, D. O. V.; Maki, K.; Huang, C. Y.; Lahr, S. J.; Daggett,

as a harm_onlc well and the natlve_ state as an infinitely sharp V.: Roder, H.- DeGrado. W. F.: Gai, FProc. Natl. Acad. Sci. U.S.A.
potential (i.e. no structural fluctuations) placed rat standard 2003 100, 15486-15491.
deviations from the minimum of the harmonic well. The height of ~ (12) Robertson, A. D.; Murphy, K. FChem. Re. 1997 97, 1251-1267.

the barrier is simply obtained from the intersect of the two potentials (13 Munoz, Vi Sanchez-Ruiz, J. Meroc. Natl. Acad. Sci. U.S.2004 In

' ! press.

(inset to Figure 2). (14) Kubelka, J.; Hofrichter, J.; Eaton, W. &urr. Opin. Struct. Biol2004
It is not unreasonable to expect that the solvation contributions 14, 76-88.

to AH andAC, converge at similar temperatures for all protélifs. JA044449U

J. AM. CHEM. SOC. = VOL. 127, NO. 2, 2005 481



