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porphyrin complexes. Model compound I has been shown by
X-ray crystallography to have two thioether ligands coordinated
to Fe(111)'®. The similarity between the g-values of these model
compounds and bacterioferritin is striking.

The evidence from the NIR-MCD spectrum and the com-
parison between the g-values of the protein and bis-thioether
model compounds leaves little doubt that the haem group in
Ps. aeruginosa bacterioferritin is ligated by the thioether side
chains of two methionine residues. Table 1 indicates that this
seems to be a common feature amongst bacterioferritins from
a variety of sources. In no bacterioferritin has a haem content
of greater than 0.5 haem per protein subunit yet been observed.
For example, neither Azotobacter vinelandii* nor E.coli*® bac-
terioferritin apparently contains more than 0.5 haem per subunit
and the protein from Ps.aeruginosa is reported to have only one
haem per five subunits®. If 0.5 haem per subunit is the maximum
number of haem groups which can bind to bacterioferritin, either
the haem group is bound at the interface between a pair of
subunits or only half the subunits bind haem. The identification
of the haem ligands as methionine does not, at this stage, rule
out the latter possibility, but we consider it most likely that the

haem group is bound by individual subunits, as is found in
other multimeric haemoproteins.

Andrews et al'® have reported the amino-acid sequence of
E. coli bacterioferritin and a secondary structure analysis which
indicates a high a-helical content consistent with a structure
composed of bundles of four a-helices. Such a tertiary structure
for bacterioferritin is consistent with its similarity to mammalian
ferritins', shown by X-ray crystallography to consist of bundles
of four a-helices'!. E. coli cytochrome bse, (ref. 22) and
Rhodospirillum molischianum cytochrome ¢’ (ref. 23) also have
a four-a-helix bundle structure. In these two proteins the haem
lies between two pairs of helices so that it is located at one end
of the bundle with the haem normal perpendicular to the bundle
axis. On the basis of the analysis of Andrews et al.'®, a similar
location for the haem of bacterioferritin is possible, involving
ligation in the E. coli protein by Met 1/Met 144 near the N and
C termini of the polypeptide chain. Ligation by Met 31/Met 119
or Met 120 may be sterically possible. A partial sequence of the
related protein from Nitrobacter winogradskyi** shows that
Met 31 is not conserved, however, and hence cannot be a ligand,
suggesting that the Met 1/Met 144 site is likely. O
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NATURAL proteins exhibit essentially two-state thermodynamics,
with one stable fold that dominates thermodynamically over a vast
number of possible folds, a number that increases exponentially
with the size of the protein. Here we address the question of whether
this feature of proteins is a rare property selected by evolution or
whether it is in fact true of a significant proportion of all possible
protein sequences. Using statistical procedures developed to study
spin glasses, we show that, given certain assumptions, the prob-
ability that a randomly synthesized protein chain will have a
dominant fold (which is the global minimum of free emergy) is a
function of temperature, and that below a critical temperature the
probability rapidly increases as the temperature decreases. Our
results suggest that a significant proportion of all possible protein
sequences could have a thermodynamically dominant fold.

We investigate a model of a protein chain in which protein
folds are characterized by sets of coordinates of C, atoms {r]"}
where index i denotes the position of an amino-acid residue in
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the sequence and m denotes the fold. Monomers are positioned
in sites of a three-dimensional lattice to account for steric
interactions. Energy of a fold m, say, is represented in a simple
form:

N
E, =Y BT~ r]) (1)
LS

where N is the total number of monomeric units, B;; is the
interaction energy between monomers i and j when they are
adjacent in space; this energy depends on the types of these
monomers. A(r" —r[") =1 if monomers i and j are lattice neigh-
bours and 0 otherwise.

The Boltzmann probability of a fold p,, is given by

pm=exp(=E,/kpT)/Z

where Z =Zf: exp (—E,,/kgT) is the partition function of the
chain. M is the total number of folds; it grows exponentially
with N so that M = y"™ and 7y is the number of conformations
per monomer.

The existence of a unique structure of a protein implies that
one fold m, corresponding to this structure dominates thermo-
dynamically over all other folds so that:

Pm,=1-¢ (2)

where € < 1.
To determine the probability that a random protein folds into
a unique structure, we assume the interaction energies Bj; to
have random values. There are 20 types of amino-acid residues
and, hence, 210 » 1 types of interactions between them. There-
fore we assume the probability distribution of B; to be
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continuous and gaussian; that is:

P(Bij):

_(Bij‘”Bo) jl (3)

1
————eX
v27B? p[ 2B?
where B, is the mean which determines overall compactness

and B is the variance which corresponds to the heterogeneity
of the chain.

FIG. 2 The lattice and example of a compact self-avoiding walk of a chain
of 27 monomers (thick line). Exhaustive enumeration by a first-depth
algorithm yields all possible folds unrelated by symmetry. The total number
of folds is 103,346. Two hundred realizations of sequences were generated
with a distribution of contact energies between monomers B; given by
equation (3). The mean B, is unimportant as we consider compact conforma-
tions with fixed number of contacts and this parameter gives a constant
contribution to energy of each conformation. Therefore we assumed B,=0.
Standard variance B determines 7.. We estimated it according to data on
inter-residue contact energies in proteins given in ref. 8 B=0.6kcal m™*
which yields kg7, =~0.9 kcal m~*. But the particular value of T, is also not
crucial here since we use dimensionless parameter T/T,. Energy of each
fold for each sequence was calculated according to equation (1) in which
only nearest neighbours in space were assumed to interact. Boltzmann
probabilities p,, (m=1,...103,346) of all folds for 200 realizations of
sequences (sets of B;;) were determined and parameter X (equation (5))
was evaluated for each sequence at different temperatures.

774

FIG. 1 Typical energy spectrum of a protein. Each line corresponds to a fold.
The total number of energy levels is the same as the number of folds, y".
The energy of each fold has a random value as we consider a random
realization of a sequence. The vast majority of folds belong to the top
quasicontinuous part of the spectrum, which corresponds to disordered
conformations with energies lying in the range (E —~Bv2pN, £ + BvV2pN).
Few levels (~N) lie in the bottom part of the spectrum; these levels
correspond to folds with best-fit contacts and have energies ~E£ — Ne where
e=B+v2pIn y. At high temperature the energy of a chain corresponds to
the top part of the spectrum which is entropically favourable; decrease of
temperature leads to the movement downwards of the spectrum and at
some definite temperature, T_, a transition takes place to the bottom discrete
part of the spectrum which is entropically unfavourable but favourable
energetically. The density of leveis in the discrete part of the spectrum is
so low that the protein cannot jump from level to level (from fold to fold)
by thermal fluctuations. This is the reason for the freezing transition at
T =T, when only a few lowest-lying states become available to the protein.
The transition temperature T is universal for all sequences but the actual
number of thermodynamically relevant folds at 7 < T_ depends on specific
features of the bottom part of the spectrum for a given sequence and
especially on the energy gap A between the ground fold and the first ‘excited’
fold.

The thermodynamics of the chain is completely determined
by the set of energies of all folds E,,, that is, by the energy
spectrum (see Fig. 1). The statistical properties of this energy
spectrum were obtained in ref. 1 where the microscopic model
defined by equations (1) and (3) (with polymeric bonds taken
into account explicitely) was investigated analytically by a
replica approach. The result reads that energies of different folds
can be treated as statistically independent random values with
a gaussian distribution:

(4)

_ By
P(E,) = _(E, E))

1
ex
J27pNB? P ( 2pNB’
(p is the average number of contacts between residues) and
different low-energy folds (bottom lines of the spectrum) of the
same sequence are structurally different (this is the reason why
their energies are independent random values).

These results demonstrate the equivalence between disordered
heteropolymers and the random energy model (REM) intro-
duced by Derrida® in the theory of spin glasses. (This equivalence
had been postulated a priori in ref. 3).

The parameter which gives the effective number of thermo-
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FIG. 3 Fraction of sequences that are able to fold into unique structure, that
is, having Boltzmann probability of ground state p,, >0.99 (or X <0.02)
plotted against 7/T7,. The solid line denotes the analytical result of equation
(6), asterisks denote the numerical results obtained from exhaustive enumer-
ation of all conformations for 200 sequences.
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dynamically relevant folds is

M
X=1- % pi, (5)
m=1
(note that zfz,pm =1). When one state m, dominates, p,, =1
and X = 0. In the opposite case when all microstates have equal
Boltzmann probabilities, p,, =y~ and X =1—-y V=1,

The equivalence of random heteropolymers to the REM gives
the main clue to the estimation of the probability that a random
chain will fold. The probability distribution of X had been
calculated for spin glasses* and explicitly for the REM>. (For
the general case of a disordered system that possesses an energy
spectrum as shown in Fig. 1, with quasicontinuous top part and
discrete bottom part, the same probability distribution has been
derived®.)

Using these results, it is easy to derive the probability P, that
for a random chain a ground fold m; will dominate, that is,
Pm,> 1— & and, hence, to the same order in &, X < 2e:

sin (mXo) 5,
——¢

P, = 6
X (6)

where X, is X averaged over all sequences™”.

X, was found' as a function of temperature, T:
T/T. if T/T.<1
X,= 7
0 {1 it T/T.=1 ™
where
BVp
T.=——t— ®)
2kgVin y

T. is the temperature when the chain backbone obtains a
unique conformation. It may not coincide with T, the tem-
perature of denaturational transition when fixation of rotational
isomers of side chains and their tight packing occurs’. When
T.> T,, a ‘molten globule’ with a unique backbone conforma-
tion would exist in the temperature range T.,> T > T,.

Equations (6)-(8) give the main result of this work: at high
temperatures, T > T., X,= 1 therefore (see equation (6)) P, =0
and there are no sequences which can fold. When the tem-
perature decreases below T, the fraction of sequences that are
able to fold grows drastically. For example, taking & =0.01,
which corresponds to 99% ground fold dominance, we obtain
P_=0.1 at T = T./2. This means that under this condition every
tenth sequence will have one fold with 99% dominance.

This result is universal: all microscopic characteristics of
folded chains such as heterogeneity B, entropy per bond In v,
coordination of monomers p, are introduced via the single
parameter T, so that the main result, equation (6) depends only
on the dimensioniess parameter X,( T/ T.). It should be empha-
sized also that the ‘folding capacity’ of a random chain does
not depend on its length, N. The above investigation implies
also that folding of a random chain could lead to the global
minimum of free energy.

We tested the analytical result equation (6) by exhaustive
enumeration of all self-avoiding compact conformations of a
27-monomer chain in a 3¥3*3 fragment of a simple cubic lattice
(Fig. 2). The results (Fig. 3) match the analytical expression in
equation (6).

We conclude that the requirement for folding may not be very
restrictive for evolutionary choice of protein sequences. O
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