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Introduction 
The explosion in available genomics data over the last decade has highlighted the great value 
of the ability to determine, directly from its primary sequence, the native structure to which a 
protein folds.  Also, the increase in diseases known to result from protein misfolding has 
made it imperative that a more detailed understanding of the mechanisms by which a protein 
folds to its native-state is developed and key steps identified. 
 
Im7 and Im9 present a powerful opportunity to study the mechanisms of protein folding.  
These proteins have the same four helical fold and 60% sequence homology.  Despite their 
similarity in structure and sequence, however, Im7 and Im9 fold with different kinetic 
mechanisms in vitro (at 10 °C, pH 7.0); Im7 folding with a three-state mechanism, in which 
an on-pathway intermediate is populated early during folding, whilst Im9 folds with a two-
state transition without populating an intermediate. 
 
Switching the folding mechanism of Im9 from a two-state to a three-state mechanism 
Since Im7 and Im9 have such similar structures and sequences, the question of why Im9 does 
not populate an intermediate during folding is a fascinating one.  Previous structural 
characterisation of the mechanism of Im7 folding using Φ-
value analysis has shown that the intermediate populated 
early during folding of this protein contains helices I, II and 
IV, but lacks helix III.  Importantly, this analysis also 
highlighted several residues which stabilise the 
intermediate in Im7 folding through the formation of non-
native contacts.  Interestingly, several of the residues at 
these key positions are substituted with less hydrophobic 
amino acids in Im9, raising the possibility that a three 
helical intermediate may be formed during Im9 folding, but 
may be too unstable to detect kinetically.  To test this 
hypothesis, several mutations were made in the Im9 
sequence, designed using available knowledge of the 
structure of the intermediate formed during Im7 folding.  In 
each case the residue at each chosen site in Im9 was 
substituted with the equivalent residue in Im7. 
 
Excitingly, combining three of these mutations in the triple mutant V37L/E41V/V71I resulted 
in an immunity protein with a native conformation destabilised only slightly relative to wild-
type Im9 (∆∆Gun = +4 kJ/mol), but which folded through a stable and highly populated 
intermediate (∆∆Gui > -11.5 kJ/mol) (at pH 7.0, 10 ºC).  A brief Φ-value analysis confirmed 
that the intermediate formed during Im9 folding is structurally similar to the three helical 
species formed during Im7 folding.  These data indicate, therefore, that misfolding on the 
pathway to the native-state is a common feature of immunity protein folding and, 
importantly, demonstrates that Im7 and Im9 fold with a similar structural mechanism, despite 
the differences in their kinetic mechanisms of folding. 
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Fig. 1.  Ribbon diagram of the 
structure of native Im9 showing 
the mutations made to switch the 
folding mechanism of this protein 
from two- to three-state. 
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Trapping the folding Intermediate of Im7 at equilibrium 
A complete understanding of folding requires that all species on the reaction coordinate are 
identified and their structure, stability and folding/unfolding kinetics determined.  A key step 
in our quest to understand the folding of the immunity proteins, therefore, is to define the 
structures of the unfolded, intermediate and native states of these proteins in as much detail as 
possible.  The most powerful approach towards this goal is to use mutagenesis to trap non-
native states at equilibrium, such that their structural properties can be determined directly 
using NMR.  Commencing with Im7, we have taken this approach and have redesigned the 
sequence of the protein such that the kinetic intermediate is significantly populated at 
equilibrium, the end product of the folding reaction.  This was achieved by making use of the 
fact that helix III plays little role in folding until after the rate-limiting transition state has 
been traversed.  Altering side-chains in helix III thus destabilises the native protein 
significantly, but has little effect on the stability of the intermediate.  As a consequence, the 
intermediate should become the ground state 
of the folding reaction (named here Ieqm).  
Several variants of Im7 were created by 
residue-specific mutation of helix III, or 
deletion of the 6 residues that comprise helix 
III in native Im7 and replacing these residues 
with either three or six glycines (in the 
variants H3G3 and H3G6, respectively) (Fig. 
2).  All four variants created trapped a species 
at equilibrium that resembles the kinetic 
intermediate.  Perhaps most excitingly, these 
proteins give rise to well resolved NMR 
spectra, opening the door to analysis of their 
structural properties in detail using NMR 
methods. 
 
Future Work 
The next year will be an exciting period with the culmination of a large amount of work 
currently underway.  Studies on the role of helical propensity in the folding mechanism of 
Im9 have recently been completed and the role of Helix III in Im7 folding is now being 
studied by rational redesign of the helical sequence TDLIYY.  The helical propensity of Im7 
and Im9 are also being studied using peptide synthesis, as a prelude to analysis of the folding 
of these proteins using diffusion-collision models.  Further work is also being conducted on 
the mechanisms of the early steps in folding using temperature jump and ultra-rapid mixing 
experiments, combined with an analysis of the role of the intermediate in tailoring the 
landscape for folding using the variants described above. 
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Fig. 2. Equilibrium urea denaturation of Im7* 
(black) and the variants L53AI54A (green); I54A 
(red); H3G3 (blue) and H3G6 (pink). Each dataset 
is fitted to a two-state transition (solid lines). 
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