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wavelength peak of Aequorea GFP*°. We
now report that simple point mutations in
Aequorea GFP ameliorate its main prob-
lems and bring its spectra much closer to
that of Renilla.

Serine 65 of the amino-acid sequence
of Aequorea GFP becomes part of
the ®p-hydroxybenzylideneimidazolinone
chromophore. To test the hypothesis’ that
Ser 65 undergoes additional dehydration
to form a vinyl side chain, we mutated
that residue to Ala, Leu, Cys or Thr. If a
vinyl group were formed by elimination of
H>O or H,S, Ser and Cys should give
identical spectra very different from Ala
and Leu in which elimination is impossi-
ble. Serendipitously, all four mutants
showed single excitation peaks, located at
470-490 nm, whose amplitudes were
four- to sixfold greater than that of wild-
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Comparison of recombinant wild-
type and mutant green flu-

orescent proteins. a, Fuores- T -
cence excitation and emission =
spectra of wildtype protein T ¢
(- - -), Ser 65-Ala (- - - -), Ser Z
65—Cys {~ -) and Ser 65—-Thr - 2
(—) mutants. The coding region %
of Aequorea gfp cDNA? (gift of o 4
D. Prasher) was cloned into the ® 3
T7 expression vector pRSETg 5
(Invitrogen), giving a polyhisti- a 2
-dinetagged fusion protein E
expressed in Escherichia 1

coli, BL21(DE3)LysS (Novagen).

type for equal numbers of molecules (a
in the figure). These results exclude vinyl
formation. The Ser 65-5Thr mutant
(S65T) was selected for further character-
1zation because it had the longest wave-
lengths of excitation and emission (490
and 510 nm), which closely resembled
those reported for Renilla GFP (498 and
508 nm). The crucial post-transiational
oxidation® to produce the fluorophore
from the nascent polypeptide chain pro-
ceeded about fourfold more rapidly in
S65T than in the wild-type protein (b in
the figure). This acceleration ameliorates
a poten—ﬁally significant limitation in
using GFP as a repmter protein for rapid
gene inductions®.

Mutations of Ser 65 to Arg, Asn, Asp,
Phe, and Trp gave fluorescence intensities
well below that of wild type. It remains

Oligonucleotide-directed mutage- 0
nesis at the codon for Ser 65
was performed® on the same
construct using the Muta-Gene
Phagemid in vitro kit version 2
(Bio-Rad). All fusion proteins
were purified on nickel-chelate
columns {Qiagen). Spectra were
obtained from equal concentra-
tions of GFPs controlled by den-
sitometry of denaturing gels
stained with Coomassie bilue.
Excitation spectira were obtained
collecting emission at the
respective peak wavelengths
(508, 503, 507, and 511 nm for
wildtype, S65A, S65C and "
S65T) and were corrected by a 0.00

quantum counter; emission 0
spectra were likewise measured

at the respective excitation

peaks (475, 471, 479, and 489
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nm) and were corrected using factors from the fluorometer manufacturer. The amplitude of the 475
nm excitation peak of wildtype GFP has been defined as 1.0. The sixfold greater peak amplitude of

S65T arises from a 5.5-fold higher extinction coefficient (39,200 M~*cm
at 395 and 475-nm for wild-type), similar fluorescence

compared with 21,000 and 7,150 M~ 'cm™1

=1 at 490 nm for S65T

quantum vield (0.68 versus 0.77), and slightly narrower emission spectrum. The extinction coeffi-
cients and quantum vields reported here for recombinant wild-type protein fused to a polyhistidine
tag are in good agreement mth literature® values for GFP extracted from Aequorea when corrected

for the revised molecular mass®. Recombinant expression and polyhistidine tagging are known

1,10,11

not to affect the fluorescence spectra of wild-type GFP. b, Rates of autoxidative fluorophore genera-
tion in wild-type () and S65T (A) GFP, measured by development of fluorescence after admission
of air to E. coli cultures anaerobically grown in GasPak pouches (Becton-Dickinson) for 3 days. Air
was readmitted while transferring the cells to phosphate-buffered saline containing 8 mM NaN3 as
a metabolic inhibitor. The time course of subsequent fluorescence development measured the final
oxidation step in the protein’s self-modification to generate its internal fluorophore®. Data from two
independent runs normalized by their respective asymptotic fluorescence values were pooled for
each protein. The smooth curves are exponential curve fits consistent with pseudo-first-crder kinet-
ics, with time constants of 2.0 and 0.45 h for wild-type and S65T, respectively. Previously reported
time constants for wild-type GFP autoxidation® were rather longer, probably because the protein was
held in bacteria for longer periods of anaerobic growth, which seems to slow subsequent oxidation.
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unclear exactly how position 65 controls
spectral properties or why Aequorea
chose serine. Nevertheless, the greatly

-increased brightness and rate of fluo-

rophore generation in mutants such as
S65T should make them superior to wild-
type Aequorea GFP for most experimen-
tal uses.
Note added in proof: GFP variants gener-
ated by combinatorial mutagenesis of
positions 64-69 have excitation peaks
near 490 nm, but their amplitudes and the
kinetics of ﬂm)wphore formation have
not been quantified'”.
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Kinetics of
protein folding

SIR — Sali et al' have attempted to
resolve the “Levinthal paradox” of how
proteins find their unique native confor-
mations so fast. Although we agree with
some of their points, we question others.

First, a model can bear on the
Levinthal paradox only if the folding
kinetics are run at a temperature low
enough for the native state to be more
stable than the denatured states. But Sali
et al. are not studying native conditions:
their molecules are mostly denatured. The
temperatures they use are so high that
equilibrium populations of the native
states of many of their “folding
sequences” are only 1-5% (ref. 2), and
none exceeds 40% (ref. 1). Other model
studies’ show that native states can be
accessed quickly in certain ranges of dena-
turing temperatures, but most of the
chains will not stay there. If Sali er al.
could not find native states under folding
conditions, they have not completely
addressed the Levinthal paradox.

Second, Sali ez al. state that the “neces-



R e e e = e—

==

sary and sufficient condition for a
sequence to fold rapidly in the present
model is that the native state is a
pronounced energy minimum” 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, neglecting the
non-compact conformations””. But this
conclusion is contradicted by 11 of the
sequences they studied for which
lowest-energy conformations are not
maximally compact®. The true denatured
ensemble is generally much larger than
the maximally compact ensemble, so
neither the first excited state “energy gap”
AE,,, defined by them, nor the tempera-
ture, T, which they define using only the

maximally compact ensemble’, 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 landscape™®, 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 i1s the shape, not the size
alone, of the conformational energy land-
scape that matters”*”. Many large land-
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scapes have shapes that can be quickly
traversed to reach the bottom®”. Sali ef 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'®!. The issue, therefore, is
whether their potential function 1is
better than earlier models. Baldwin in
News and Views'” has said that Sali ef 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.

Baldwin'? 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 ef al. raise
several questions, all of which have simple
answers. The object of our study"” 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, 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%".

A pronounced energy gap between the
native and first excited state (equations
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- (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 criterion”. Further, the use of
the energy condition for quantitatively
determining the folding rate has been
demonstrated®. 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 paradox'-.
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 10'° configu-
rations and requires fewer than 5% 10’
Monte Carlo steps to find the native
state. Short oligomers that have been
extensively studied on a two-dimensional
square lattice'®” may be too small;
for example, more Monte Carlo steps
(10° or more) than there are configura-
tions (4 x 10%) were required for folding
a 13-mer'®.

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
parameters” correspond to the Miyazawa
and Jemigan set™ 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
conceptis in refs 1 and 2 were presaged in
earlier work of Go and Abe™ and of oth-
ers cited in refs 1 and 2. The 27-mer
model studies™™'® 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 folding™.
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