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SI Text
Frustration of the IM7–Colicin E7 Complex. In nature, residues
involved in binding have evolved to form a favorable binding inter-
face. The local frustration of the IM7 chain in isolation and with the
binding partner Colicin E7 appears in Fig. . Compared to the iso-
lated IM7 monomer (Fig.A), region III in particular has fewer highly
frustrated contacts (Fij < −1, red) and more minimally frustrated
(Fij > 0.78, green) contacts when bound to Colicin E7 (Fig.B).
Moreover, the IM7-Colicin E7 interface is dominated by minimally
frustrated contacts. These observation support the idea that the frus-
trated regions become less frustrated upon binding to Colicin E7.
Furthermore, the side chains of the three top residues selected for mu-
tation (positions 49, 55, and 56) are located in the central region of
the binding interface (Fig.B). Many contacts still exposed to solvent
remain highly frustrated. Interestingly, the N-terminal region of the
Colicin E7 (>400 aa in length) is absent from this crystal structure.
A possible explanation for the remaining frustrated regions may be
provided by interactions with this missing region of the Colicin E7
structure. Also, the biologically-relevant IM7-Colicin E7 oligomer-
ization state may not be a dimer. In alternative oligomerization states,
other regions of the IM7 surface may form additional interactions.
Simulation Methods. Two Hamiltonians with different contact en-
ergy terms are used to elucidate the folding of IM7. We first used
an off-latice G ō-like model of the type introduced by Eastwood and
coworkers (1) to investigate the role of topology on folding. We then
performed molecular dynamics simulation with the AMW Hamilto-
nian (2). This Hamiltonian allows us to obtain details on the role of
non-native contacts as well as water mediated interactions at a molec-
ular level. The AMW Hamiltonian and the simulation protocols are
described.
Native topology-based simulations . We first studied the fold-
ing of IM7 with a native topology-based model yielding a perfectly
funneled energy landscape.

HGō = Hbb +HAM
Gō [1 ]

Each term in this Hamiltonian does only depend onCα, Cβ and the
backbone oxygen atoms, which are thus the only atoms to enter the
dynamics. In this model theHbb represents a generic backbone poten-
tial that assures correct backbone chemistry of the protein chain. The
individual terms are explained in detail by Eastwoodet al. (1) and
are set to yield physically reasonable values. Secondary and tertiary
structure are biased to be native-like with a potential whose minimum
is at the native structure of IM7.
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The sum overij runs over all unique pairs of carbon atoms used in
the simulation separated in sequence by at least three residues. The
interactions betweenCα(i) andCβ(j) is a Gaussian centered at the
distance found in the native structure of IM7. The well widths is de-
pendant on sequent separation, i.e.σij = |i − j|0.15. The strength
of interaction is given byγGō[x(|i− j|)] and is scaled to yield equal
energy in each proximity class (short range, medium range and long
range interactions). The energy in each proximity class is normalized
to yield a third of the native energy. Energetic heterogeneity is intro-
duced by scaling the set ofγ values according to the set of weights
determined by Goldsteinet al. (3). Multiple trajectories with numer-
ous unfolding/folding transitions were collected and analyzed using
the histogram analysis method to calculate the free energy surface
projected onto the fraction of native contacts (QW ) and rmsd. The
reaction coordinateQW was previously demonstrated to accurately
map toPfold at the resolution ofΦ-values for a funneled energy land-
scape (4). We incorporated nonadditivity, which implicitly accounts
for sidechain and solvent interactions ordinarily absent from the pair-
wise additive model, into calculations of free energy profiles (5, 6).
Molecular dynamics simulations with the AMW Hamilto-
nian . The AMW Hamiltonian is a coarse-grained, transferable po-
tential designed to predict the global native fold of proteins from their
sequence. The Hamiltonian is general and contains20 × 20 contact
potentials for direct and water mediated contacts that are modulated
by the local environment. The basic mathematical form of the AMW
is given by

HAMW = Hbb+HAM +HRG+Hcontact+Hwater+Hburial [3 ]

and applies to a reduced set of coordinates of the heavy backbone
atoms,Cα, Cβ and oxygen. In this reduced description, the positions
of the nitrogen andC

′
carbons are calculated assuming ideal pro-

tein backbone geometry. The Hamiltonian assures correct backbone
chemistry and collapse of the protein. The functional forms of the
individual terms of the Hamiltonian are explained in greater detail by
Papoianet al. (2). We note that for residues <12 apart in sequence,
the Associative Memory (AM) term applies while for residues sep-
arated by >12 in sequence, the contact potentials,Hcontact, Hwater

andHburial, apply. The AM term (1, 7) captures local structural
folding propensities. When used in de novo structure prediction first
one aligns the target sequence to memory proteins with the Local
Hamiltonian (3), a sequence-structure alignment tool. The sequence
is then threaded onto the memory proteins. These memory proteins
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then determine the interactions for residues that are close in sequence
therefore introducing a local secondary structure bias. In this study we
use the IM7 crystal structure as the only memory protein. This assures
that the local structure including secondary structure in the molecu-
lar dynamics simulations will be biased towards the local structure
of the native state. The contact potential terms then predict the ter-
tiary structure of the protein by flexibly assembling supersecondary
structure elements.

To obtain the free energy landscape, constant temperature molec-
ular dynamics runs were performed. Temperature is quoted in units
of the native state energy of the AM and contact terms. The na-
tive state energy for a protein ofN residues is scaled in units of

ε =
Enative

AM,contact

4N
, which leads to define a reduced temperature as

kBT = εT̄ , whereT̄ is the temperature of the simulation. All other
energy terms such as the backbone terms are scaled to yield physi-
cally reasonable interaction strengths. In a typical simulation run both
a randomly unfolded structure as well as the x-ray structure were used
as starting structures. Initial random velocities were assigned to the
protein. For each temperature two sets of20 trajectories were obtained
(starting from either the native or random conformations). The length
of each trajectory was 9×106 steps of approximate time length of 12-
ns per step (8) resulting in 0.108-s long trajectories. In each of the runs
3,000 independent structural samples were obtained for analysis. For
each sample the energies were recorded and the relevant order param-
eters were calculated. The free energy was then calculated at different
temperatures usingF (QW , rmsd) = −T̄ ·ln(P (QW , rmsd)) where
T̄ is the simulating temperature andP (QW , rmsd) is the probability
of finding a structure with givenQW andrmsd (9). These order pa-
rameters provide two different measures of the similarity to the crystal
structure and both involves a sum over all (but nearest neighbour) pairs
of Cβ or Cα atoms:
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whererN
ij is theCα-Cα distance between residuesi andj in the native

state,σij = |i−j|0.15 and the normalizationN = (N−1)(N−2)/2
is the number of non nearest neighbour pairs given the lenght N of the
chain.

Thus a rmsd of0Å means the examined conformation is identical
to the crystal structure whereasQW ranges between 0 (completely
unfolded) to 1 (native conformation) (1).

We define a non native contact as aCβ-Cβ pair whose distance in
the crystal structure is >9.5Å and whose backbone distance is greater
than four residues.

In order to calculate the folding time constant, we collected the
distribution of times needed to make the transition from the unfolded
state (rmsd> 8.0Å) to the native state (rmsd< 3.5Å). The exponen-
tial fit of this distribution leads to the folding time constantτf .

The PDB ID for IM7 is 1AYI.

Simulation results with funneled energy function. The results
for the simulations with the various funneled energy functions are de-
scribed in detail in the main body of the article. The figure provided
in the supplementary section shows results for simulations with a
perfectly funneled Hamiltonian with various degrees of explicit coop-

erativity. When no cooperativity is present, IM7 folds as a downhill
folder at all temperatures (see Fig.A). Stiffening the backbone chain
results in two-state folding with a barrier of less than1kBT . When
explicit cooperativity is added, IM7 clearly folds as a two-state folder
(Fig. B and C). No intermediate is observed, even when contact het-
erogeneity is added.
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