
sary and sufficient condition for a 
sequence to fold rapidly in the present 
model is that the native state is a 
pronounced energy minimum,,2 and "the 
features that depend only on the lower 
discrete part of the spectrum can be 
characterized by use of the compact 
self-avoiding chains alone, ne~lecting the 
non-compact conformations" . But this 
conclusion is contradicted by 11 of the 
sequences they studied for which 
lowest-energy conformations are not 
maximally compace. The true denatured 
ensemble is generally much larger than 
the maximally compact ensemble, so 
neither the first excited state "energy gap" 
£lE IO , defined by them, nor the tempera
ture, Tx, which they define using only the 
maximally compact ensemble2

, is precisely 
related to true thermodynamic stability. 
Furthermore, the correlation they 
observed between their energy gap and 
folding kinetics is only a weak trend, and 
the energy-gap condition they use is not 
sufficient to discriminate between folding 
and non-folding sequences (see Fig. 7 of 
ref. 2). In general, folding rate depends 
on the entire energy landscapeH

, not just 
the energy gap in a highly restricted 
ensemble. 

Ultimately, the Levinthal problem is 
not that a protein has too many degrees of 
freedom. It is the shape, not the size 
alone, of the conformational energy land
scape that matters4-<i,9. Many large land-
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scapes have shapes that can be quickly 
traversed to reach the bottom6-9. Sali et al. 
show that Metropolis Monte Carlo sam
pling can find the lowest energy of a par
ticular parameterized potential function, 
but this was already clear from many 
earlier efforts lO,ll. The issue, therefore, is 
whether their potential function is 
better than earlier models. Baldwin in 
News and Viewsl2 has said that Sali et al. 
were using a potential function of the 
Miyazawa-Jernigan type, picked from the 
pairwise interactions in the protein data
base. But, as Sali et al. have noted\ the 
terms are picked from a random gaussian 
distribution, not from the databank. Their 
potential function is not particularly 
physical, as correlations among contact 
energies of different pairs of amino-acid 
residues are neglected. It is unclear 
whether the potential is any more or less 
protein-like than any of the potentials 
used in previous works. 

Baldwin12 describes the work of Sali et 
al. as an important "new view" of protein 
folding. Naturally, lattice models are 
useful for addressing general physical 
principles of protein folding, even though 
they involve considerable simplification. 
However, it is clear from many earlier 
efforts, including some that used compa
rable lattice simulations, that many of the 
ideas Baldwin cites as "new" are already 
in the literature (refs 4,10,13-18, and refs 
therein, and reviewed more recently in 
refs 3, 5, 6). 
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KARPLUS ET AL. REPLY - Chan et al. raise 
several questions, all of which have simple 
answers. The object of our studyl,2 was to 
examine a large number of sequences and 
to separate those that fold from those that 
do not. Consequently, a temperature 
slightly above T m the midpoint of the fold
ing transition, was used to speed up the 
reaction. If folding to the native state were 
always possible under the simulation con
ditions, as Chan et al. imply there would 
not have been any non-folding sequences 
and our computer experiment would have 
failed. But this is not the case. Further, the 
same folding kinetics is observed through
out the temperature range where the true 
native state stability varies from 1 to 
40%19. 

A pronounced energy gap between the 
native and first excited state (equations 

(3) and (10) in ref. 1) for the fully compact 
ensemble, is a necessary and sufficient 
condition for rapid folding in the model 
study. It is necessary because no sequence 
without such a minimum folds to the 
native state, and is sufficient because all 
sequences with such a minimum do fold 
(Fig. 7 of ref. 2). As to the 11 out of 200 
sequences that have their minimum out
side the fully compact set, none satisfied 
the energy condition nor did they fold 
repeatedly either to the lowest fully com
pact state or to the lowest energy state 
found by a Monte Carlo simulation. Thus, 
these sequences confirm and generalize 
the folding criterion2. Further, the use of 
the energy condition for quantitatively 
determining the folding rate has been 
demonstrated20. There is a strong correla
tion between the results from the fully 
compact states and the complete set of 
states (ref. 2 and Fig. 17 therein). 

The nature of the configuration space, 
as well as the number of conformers, is 
important for the Levinthal paradoxl,2. 
Surfaces can be constructed for which 
resolution of the paradox is trivial, 
but this is not true for the 27-mer since 
only a fraction of sequences fold rapidly. 
The large size of the configuration space 
is necessary for the existence of a para
dox. The 27-mer model has 1016 configu
rations and requires fewer than 5 x 107 

Monte Carlo steps to find the native 
state. Short oligomers that have been 
extensively studied on a two-dimensional 
square latticel6,21 may be too small; 
for example, more Monte Carlo steps 
(l05 or more) than there are configura
tions (4 x 104

) were required for folding 
a 13_merI6• 

The aim of the lattice simulations was 
to use random interactions so as to deter
mine what differentiates folding from 
non-folding sequences. The exact choice 
of parameters was not important, as long 
as a reasonable set was used. The 27 -mer 
parameters2 correspond to the Miyazawa 
and Jernigan see2 in terms of the magni
tude of the interaction energies and their 
standard deviation. 

As to Baldwin's statement in News and 
Views that we presented a "new view" of 
protein folding, we agree that some of the 
concepts in refs 1 and 2 were presaged in 
earlier work of Go and Abe23 and of oth
ers cited in refs 1 and 2. The 27 -mer 
model studies1,2,18 provided the first 
demonstration that the energy-gap condi
tion and a detailed mechanism for resolv
ing the Levinthal paradox could be found 
a posteriori in computer experiments with
out having to be introduced explicitly a 
priori to achieve folding24

• 
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