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ABSTRACT In  solution, the B domain of 
protein A from Staphylococcus aureus (B do- 
main) possesses a three-helix bundle structure. 
This simple motif has been previously repro- 
duced by Kolinski and Skolnick (Proteins 1 8  
353-366, 1994) using a reduced representation 
lattice model of proteins with a statistical inter- 
action scheme. In this paper, an improved ver- 
sion of the potential has  been used, and the ro- 
bustness of this result has been tested by 
folding from the random state a set of three- 
helix bundle proteins that are highly homolo- 
gous to the B domain of protein A. Further- 
more, an attempt to redesign the B domain 
native structure to its topological mirror image 
fold has been made by multiple mutations of the 
hydrophobic core and the turn region between 
helices I and 11. A sieve method for scanning a 
large set of mutations to search for this desired 
property has been proposed. It has been shown 
that mutations of native B domain hydrophobic 
core do not introduce significant changes in the 
protein motif. Mutations in the turn region were 
also very conservative; nevertheless, a few mu- 
tants acquired the desired topological mirror 
image motif. A set of all atom models of the most 
probable mutant was reconstructed from the 
reduced models and refined using a molecular 
dynamics algorithm in the presence of water. 
The packing of all atom structures obtained 
corroborates the lattice model results. We con- 
clude that the change in the handedness of the 
turn induced by the mutations, augmented by 
the repacking of hydrophobic core and the ad- 
ditional burial of the second helix N-cap side 
chain, are responsible for the predicted prefer- 
ential adoption of the mirror image structure. 
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tive structure during the protein folding process. 
Since Anfinsen' demonstrated that the folding of 
proteins is reversible under appropriate conditions, 
it is generally believed that the native structure of 
proteins in solution corresponds to the thermody- 
namically stable conformation. Moreover, it is as- 
sumed that the primary structure of a protein (i.e., 
its amino acid sequence) contains all of the informa- 
tion necessary to determine its native structure.' 
However, in general, the prediction of the native 
conformation of a protein from its primary structure 
remains an unsolved problem, despite intensive re- 
search. Although the mechanism of protein folding 
is not yet thoroughly understood, many researchers 
have attempted to  design de novo artificial proteins 
that will adopt a chosen structure in 
This endeavor is an immensely complicated task. 
However, de novo design, if successful and followed 
by experimental verification, would provide insights 
into the relationship between protein sequence and 
structure and may especially help to single out those 
energy terms that are responsible for stabilizing the 
native state relative to folding  intermediate^',^ and 
alternative topologies. This paper proceeds along 
this line and focuses on the more modest goal of 
redesigning a native sequence to  modify the topol- 
ogy that the mutated protein will adopt. We in- 
tended to analyze the B domain of protein A, a sim- 
ple protein with known structure that has already 
served as a successful test case for the lattice model 
of protein folding, which has been developed by Ko- 
linski and Sk~ ln ick .~  The potential we are currently 
using is slightly rederived to  improve reproducibil- 
ity of the location of the helical termini. However, 
before we attempt to  modify the native sequence of 
the B domain of protein A, we first scrutinize the 
intrinsic robustness of the new lattice model by ex- 
amining a family of highly homologous domains of 
protein A that are also believed to fold to the same 
topology. We will then attempt to understand the 
relationship between sequence and both alternative 
forms of the three-helix bundle, i.e., the native to- 

INTRODUCTION 
In many cases, protein molecules in solution spon- 

taneously adopt their unique three-dimensional na- 
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Fig. 1. The native structure (dark gray) and the topological 
mirror image (light gray) structure of the B domain of protein A. In 
the topological mirror image the first helix is located on the other 
side of the plane indicated by the hairpin formed by the helices I1 
and 111. Only a C" carbon ribbon tube representation is shown. 

pology of the B domain and its topological mirror 
image (cf. Fig. 1) by studying what factors deter- 
mine the native fold. The topological mirror image 
of the global three-helix bundle fold is a structure in 
which one helix is moved to the other side of the 
helical hairpin. 

The extracellular part of protein A, a cell wall 
component of Staphylococcus aureus that  binds to an  
F, domain of several immunoglobulins, consists of 
five highly homologous domains designated E, D, A, 
B, and C (Table I). The X-ray crystallographic struc- 
ture of the B domain complexed with the F, portion 
of human polyclonal immunoglobulin G indicates 
the presence of two helices, from GlnlO to Leu18 
(helix I) and from Glu26 to Asp37 (helix 11), which 
are packed together in an antiparallel fashion.' The 
three-dimensional solution structure of the B do- 
main has also been determined by nuclear magnetic 
resonance (NMR).' The B domain in water forms a 
stable three-helix bundle motif with helix I (GlnlO- 
His191 tilted with respect to the antiparallel hairpin 
formed by packed helices I1 (Glu25-Asp37) and I11 
(Ser42-Ala55). The N-terminal residues up to Glu9 
and C-terminal from Gln56 to terminal lysine do not 
exhibit ordered structure. It has been proposed' that  
the absence of the third helix in the crystal structure 
of the B domain complex with immunoglobulin is 
induced by the crystal contacts and that the native 
three-helix bundle topology is preserved in the 
solvated complex. Therefore, we assume that the B 
domain of Staphylococcal protein A has a stable, 
well-defined, simple native structure, which may 
serve as a good candidate for the purpose of rede- 
sign. 

The structures of protein A domains other than 
the B domain have not been previously reported. 
However, since they are more than 80% homologous 
and also bind to immunoglobulin (which at least re- 
quires the proper packing of helices I and 11), it is 
relatively safe to assume that the overall structure 
is conserved within the family of domains of protein 

TABLE I. Sequences of Staphylococcal Protein A 
Domains and of Protein Z (Engineered B Domain 

of Protein A)* 

Domain 
E D A B C Z 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 

Gln 
Gln 
Asn 
Ala 
Phe 
TYr 
Gln 
Val 
Leu 
Asn 
Met 
Pro 
Asn 
Leu 
Asn 
Ala 
ASP 
Gln 
Arg 
Asn 
GlY 
Phe 
Ile 
Gln 
Ser 
Leu 
LYS 
ASP 
ASP 
Pro 
Ser 
Gln 
Ser 
Ala 
Asn 
Val 
Leu 
GlY 
Glu 
Ala 
Gln 
LYS 
Leu 
Asn 

Gln 
Gln 
Ser 
Ala 
Phe 
TYr 
Glu 
Ile 
Leu 
Asn 
Met 
Pro 
Asn 
Leu 
Asn 
Glu 
Ala 
Gln 
Arg 
Asn 
GlY 
Phe 
Ile 
Gln 
Ser 
Leu 
LYS 
ASP 
ASP 
Pro 
Ser 
Gln 
Ser 
Thr 
Asn 
Val 
Leu 
GlY 
Glu 
Ala 
LYS 
LYS 
Leu 
Asn 

Gln 
Gln 
Asn 
Ala 
Phe 
Tyr 
Glu 
Ile 
Leu 
Asn 
Met 
PI-0 
Asn 
Leu 
Asn 
Glu 
Glu 
Gln 
Arg 
Asn 
GlY 
Phe 
Ile 
Gln 
Ser 
Leu 
LYS 
ASP 
ASP 
Pro 
Ser 
Gln 
Ser 
Ala 
Asn 
Leu 
Leu 
Ser 
Glu 
Ala 
LYS 
LYS 
Leu 
Asn 

Gln 
Gln 
Asn 
Ala 
Phe 
TYr 
Glu 
Ile 
Leu 
His 
Leu 
Pro 
Asn 
Leu 
Asn 
Glu 
Glu 
Gln 
-4% 
Asn 
GlY 
Phe 
Ile 
Gln 
Ser 
Leu 
LYS 
ASP 
ASP 
Pro 
Ser 
Gln 
Ser 
Ala 
Asn 
Leu 
Leu 
Ala 
Glu 
Ala 
LYS 
LYS 
Leu 

Gln 
Gln 
Asn 
Ala 
Phe 
TYr 
Glu 
Ile 
Leu 
His 
Leu 
Pro 
Asn 
Leu 
Thr 
Glu 
Glu 
Gln 
Arg 
Asn 
GlY 
Phe 
Ile 
Gln 
Ser 
Leu 
LYS 
ASP 
ASP 
Pro 
Ser 
Val 
Ser 
LYS 
Glu 
Ile 
Leu 
Ala 
Glu 
Ala 
LYS 
LYS 
Leu 

Gln 
Gln 
Asn 
Ala 
Phe 
TYr 
Glu 
Ile 
Leu 
His 
Leu 
Pro 
Asn 
Leu 
Asn 
Glu 
Glu 
Gln 
Arg 
Asn 
Ala 
Phe 
Ile 
Gln 
Ser 
Leu 
LYS 
ASP 
ASP 
Pro 
Ser 
Gln 
Ser 
Ala 
Asn 
Leu 
Leu 
Ala 
Glu 
Ala 
LYS 
LYS 
Leu 

Asn Asn Asn 
*Only amino acids with well-defined secondary structures are 
shown. 

A. Moreover, to remove an  Asn-Gly pair from the 
native sequence (to facilitate its purification by gene 
fusion"), the so-called protein Z has been proposed 
and subsequently expressed as a single point muta- 
tion of the B domain Gly30 to Ala30 (G30A).1° For 
protein Z and two of its single point mutants, i.e., 
(N29A) and (F31A), the unfolding free energies were 
reported." In addition, a solution structure ob- 
tained from the NMR12 reveals a three-helix bundle 
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topology of protein Z. Therefore, since single point 
mutations of protein Z are even more homologous to 
the B domain than domains A, C, D, or E, and are 
also known to bind to immunoglobulin, we assume 
that the three-helix bundle topology of the native 
structure for both protein Z mutants is also con- 
served. 

Recent simulations of Kolinski and Skolnick7 re- 
produced reasonably well the experimental three- 
dimensional structure of the B domain of protein A 
with all well-defined secondary structure elements 
correctly represented. The average C" root mean 
square deviation (rrns) of low energy structures, 
With respect to  the experimental structure, varied 
from 2.55 A to 3.42 A for each of the different runs. 
Typically, exhaustive refinements a t  low tempera- 
tures produced structures as close as 2.25 A rms 
from the native structure. It was also shown that 
during the folding simulations, the B domain may 
be temporarily trapped in a broad potential energy 
basin that corresponds to the topological mirror im- 
age of the native fold (also referred as the inverted 
structure), i.e., the first helix (GlnlO-Hisl9) lies on 
the other side of the plane marked by the second and 
third helices (Fig. 1). The second and the third heli- 
ces do not change their positions. Rather, they 
swivel slightly, which exposes their hydrophobic 
faces to the other side and allows for the packing of 
the first helix on the other side of the C terminal 
hairpin. The resulting mirror image topology struc- 
ture (the inverted structure) was kinetically stable, 
but could be discriminated from the correct fold on 
the basis of the average energy differences of the 
order of 25 k,T. This finding suggests that, with 
suitable mutations, the mirror image topology 
might be favored. 

In a typical protein, non-polar side chains are 
tightly packed in the interior to form a solvent-in- 
accessible hydrophobic core.13 The distribution of 
non-polar residues (hydrophobic pattern) along the 
protein chain is one of the most conservative deter- 
minants of the native structure.14 However, among 
sequences with similar hydrophobic patterns, the 
possibility of folding is restricted to the subset of 
sequences for which core packing is sterically al- 
10wed.l~ The relative importance of turns as build- 
ing blocks of protein structure is somewhat contro- 
versial. Sometimes they are regarded as key 
elements that rule the packing of supersecondary 
structure elements in a native protein struc- 
ture.16-20 The other view of turns depicts them as 
passive hinges that adjust themselves to accommo- 
date overall structural hence the se- 
quence dependence of the turn is almost unimpor- 
tant.23-25 Below, in the context of a reduced protein 
model, we examine the relative importance of the 
turns versus hydrophobic packing in determining 
the unique topology of a protein. 

This paper tests the robustness of the lattice 

model interaction scheme parameterization by ex- 
amining its applicability to the structural assess- 
ment of proteins closely homologous to the B do- 
main. Furthermore, we propose a sieve algorithm 
for scanning an extensive set of possible mutations 
to screen for a desired property. We applied this al- 
gorithm to search for the mutated B domain of pro- 
tein A that would prefer the stable topological mir- 
ror image structure. Two possible scenarios are 
explored. In the first, mutations are introduced in 
the hydrophobic core of the B domain; in the second, 
the native sequence is modified in the vicinity of the 
turn region between the first and the second helix. 
Finally, we examined the causes of the relative sta- 
bility changes for the native three-helix bundle to- 
pology and its mirror image structure introduced by 
the turn mutation. 

METHODS 
Lattice Model 

The lattice model used for the protein backbone 
representation26 consists of 90 basis vectors, con- 
structed by making all possible permutations of the 
components of the generic vectors (3,1,1), (3,1,0), 
(3,0,0), (2,2,1), and (2,2,0). These vectors serve as 
virtual bonds connecting consecutive C"s along the 
protein backbone. Only consecutive pairs of vectors 
with bond angles within the range of 72.5'-154" de- 
grees were allowed. When the lattice unit vector 
length equals 1.22 A, the lattice represents the po- 
sitions of high-resolution library proteins C" car- 
bons, with an rms of less than 0.7 A.27 No other 
explicit backbone atoms are used. The amino acid 
side chains are approximated by a library of single 
ball rotamers located at  the side chain center of 
mass, which depends on the local backbone geome- 
try.26 The number of allowed rotamers varies from 1 
rotamer (e.g., for alanine) to a maximum of 58 for 
arginine, in certain backbone configurations. The 
accuracy of this side chain representation is approx- 
imately 1.0 A. To assess the total inherent accuracy 
of the lattice model with rotamers, we performed a 
series of simulations with a target side chain pair 
potential for the native structure of various pro- 
teins. Of course, for the folding experiments de- 
scribed in this paper, no such target side chain po- 
tential is used. For the 99 residue plastocyanin, the 
rms from the crystal structure is 2.0 A; similarly, for 
the 138 residue flavodoxin, the rms is 1.8 A, while 
myohemerythrin, a 118 residue protein, has an rms 
from the native structure of 1.8 A. Therefore, after 
incorporation of the side chain representation into 
the model, the overall intrinsic geometrical accu- 
racy of the model is about 2.0 A. 

The Monte Carlo dynamics of the protein on the 
lattice is simulated by performing moves accepted or 
rejected on the basis of the asymmetric Metropolis 
criterion.28 The same set of moves as in the previous 
studies has been used here. These moves include: 
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predefined local two- and three-virtual-bond moves 
as well as large distance moves designed to enhance 
the search of the conformational space.z6 The latter 
moves are generated by concerted sequences of over- 
lapping three-bond motions. In addition, random 
changes of rotamer positions are allowed to facili- 
tate the packing of side chains. 

The potential energy used in the lattice simula- 
tions consists of five terms, viz: 

E = Eprop + Ehb + + Epair + ENN (l) 

and was generated by analysis of the library of high- 
resolution Protein Data Bank (PDB) structures of 
globular proteins.z6 

In particular, the local, sequence-dependent term 

N - 3  

Eprop = E!?f, i + 3  (ii, i+l, i+29 ?i+l, i + 2 ,  i+3)  (2) 
i = l  

involves two consecutive C", to Cait3 and Cai+l  to 
Cait4 (the index i numbers consecutive C"s) chiral 
distances, i.e., Fi, + , + and F, + + z, + 3, respec- 
tively. The chiral distance is defined as follows: ?i,j,k 

= sign(b, X b, 0 bk).llbi + b, + bkll, where bi is a 
virtual bond that connects Cmi to C"i+l. The sub- 
scripts on EFP in Equation 2 signify the amino acid 
sequence dependence of the term. Since two overlap- 
ping C"-C" chiral distances are involved, Eprop prop- 
agates protein-like elements of secondary structure 
along the protein backbone, acting like a general- 
ized potential based on correlated, consecutive @, * 
maps. Particularly in the case of protein A, the local 
propagator tends to favor formation of a-helices and 
defines the boundaries between secondary structure 
elements. This contribution to the potential was de- 
veloped prior to the undertaking of the study, i.e., 
prior to  the folding of the seven proteins homologous 
to the B domain of protein A and prior to the under- 
taking of the redesign of the B domain structure. 
While this potential is not yet demonstrated to be 
fully capable of folding an arbitrary protein se- 
quence, we believe it is worthwhile to explore its 
predictive power on sequences that are foldable. 

In addition to this local term, an effective inter- 
action EH between Pi and Caj that simulates for- 
mation of a hydrogen bond between backbone atoms 
of the ith and j t h  residues was introduced: 

N N 
Ehb = c EH 6ij + c EHH 6ij 

i<j i<j 
j*1 (3) 

where ti,,, = 1, when amino acids i and j form a 
hydrogen bonded pair and 0, otherwise. EN and EHH 
are equal to -0.5 kT. Amino acids i and j form a 
hydrogen bonded pair when li - jl 2 3 ,  and when the 
following geometrical criteria are satisfied: 

(4b) 

where r,,, is a vector connecting C", to C"? Rmin = 
4.6 A, R,,, = 7.3 A, and amax = 13.4A'. This in- 
teraction component is sequence independent as 
well as non-directional, since the models do not spec- 
ify the location of backbone atoms other than C". 
Proton donors and acceptors are not differentiated. 
Every amino acid but proline can form up to two 
hydrogen bonds, while proline can participate in 
only one hydrogen bond. The hydrogen bonding 
scheme accounts for the cooperativity of hydrogen 
bond formation by introducing an effective interac- 
tion between adjacent pairs of hydrogen bonds. It 
favors neither helices nor P-strand states. 

A one body, centrosymmetric burial potential, 

Eone = fs Ei(ry/s) (5) 
i = l  

reflects the radial distribution of distances ry from 
amino acid side chain i to the center of mass of the 
protein (here, s is the expected radius of gyration, 
calculated for a closely packed proteinz6). Note that 
this component is small for compact states and dom- 
inates denatured states; thus, it serves as a driving 
force in the initial stages of the folding process.z6 

Detailed packing interactions are modeled by the 
combination of a pairwise soft core repulsion aug- 
mented by a square well potential, derived as a po- 
tential of mean force from the frequency of close con- 
tact occurrences between amino acids: 

(6) 

where i and j number interacting amino acids L and 
j and E, equals: 

Emp, for rLJ < Rf:P 

for R$P 5 r,J < RIJ,  and E , ~  2 0 
Eu = f E I J ,  for REP 5 rLJ < R , ~ ,  and E,J < o [ O ,  for r,J 2 RzJ.  

The radius of repulsion RI;J, depth E,,,, and limits 
R, ,  of the square well are publicly available by 
anonymous ftp." Attractive interactions are modi- 
fied by a factor f 

(7) E , ~ ,  

f = 1 - ( C O S ~  (L(u,, u,)) - C O S ~  (8) 
which is dependent on the angle between the vector 
u, = r,+2 - and the corresponding vector uJ to 
induce proper supersecondary structure packing. 
The angle L(u,,u,) represents the relative orienta- 
tion of the secondary structure in the vicinity of the 
ith residue with respect to the supersecondary struc- 
ture element surrounding the j th  residue, and the 
20" angle reflects the average packing angle of he- 
lices in helical bundles and strands in P-barrels. 
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Finally, there is a supplemental term EN, that 
was designed to  reproduce the occurrence of protein- 
like side chain contact maps of globular proteins. An 
artificial neural network with error back-propaga- 
tion has been trained to recognize frequently occur- 
ring 7 x 7 fragments of side chain contact maps.30 
For each pair @, if the 7 x 7 fragment of the side 
chain contact map centered at  ij is recognized by the 
neural network as protein-like, then the pair inter- 
action well depth cG is modified in the following way 

(9) 
- 

E y J  = 0.9 E i j  + O . l & i j  

where 

(10) 

and the summation in Equation (10) is performed 
over the 7 x 7 fragment of an appropriate contact 
map. ckl equals 1 if side chains 12 and 1 are in contact 
and 0, otherwise. Therefore, EN, simulates the av- 
erage effective many-body component of the poten- 
tial energy responsible for the mutual packing of 
super secondary structure elements. 

Previously, the same lattice model with a similar 
interaction scheme was successfully applied by Ko- 
linski, Skolnick, and coworkers to the simulation of 
the folding process of small helical proteins: coiled 
coils,31 and ~ ra rnb in .~  The term Eprop used here is a 
generalization of the term Eca-trace of Ref. 26 that 
has all the same features as the term EcaPtrace, but 
the secondary structure interfaces are now better 
defined. The rotamer energyz6 has not been used 
and the many-body component Etem of ref. 26 has 
been replaced by EN,, the neural network packing 
regularizing term.30 This extension of the original 
template term has been designed to include those 
residues that are not involved in the original tem- 
plate forming patterns (about 60% of all pairs). The 
changes in the potential described here do not qual- 
itatively alter the results of those simulations. For 
the folding of protein A and for ROP, correct topol- 
ogies and similar rms deviations were observed 
(Skolnick and Kolinski, unpublished results). Re- 
cently, the same version of the potential has also 
been used to study structural stability of the retro- 
sequence of the B domain of protein A3'; however, 
this potential version has not yet been tested on non- 
helical proteins. 

Sieve Procedure for Mutation Screening 
The following sieve procedure is proposed to 

screen for sequences that adopt the mirror image 
topology motif of the B domain of protein A (Fig. 2). 
First, the set of points in the sequence to be mutated 
must be chosen. Next, the mutation rules (i.e., what 
amino acids may be substituted at the chosen points) 

1) Pick mutation sites 
2) Define mutation domain 
3) Create a list of all mutants 

stability basins (native and 
inverted fold) 

1 sequence I 

Sort the list of5equences 
according to AEinv.nat 
Discard the worst mutants i 

Test the stability of the most 
recently discarded mutants 

Fig. 2. The sieve method flowchart. 

must be specified. Subsequently, for all possible mu- 
tations, two relatively short simulations were per- 
formed (ranging from 1,000 to 2,000 Monte Carlo 
cycles) that started from the native and the topolog- 
ical mirror image basins. The majority (around 80- 
90%) of the worst mutants (i.e., mutants for which 
the average energy difference indicates a preference 
for the native topology) are then rejected from fur- 
ther consideration. Next, we repeat the simulations 
for an order of magnitude longer time, and again, 
the worst mutants are rejected. Finally, long simu- 
lations (2 million Monte Carlo cycles) are performed. 
For all stages of the simulations, all mutants that 
cause protein unfolding are rejected. Certainly, such 
an algorithm may not lead to the most optimal so- 
lution, since the best mutant may be rejected even 
after the first set of simulations, since the sampling 
of the conformational space is sparse. On the other 
hand, the procedure for the exhaustive search of all 
possible mutations is computationally impractical. 
The prescreening runs are about a thousand times 
shorter than those of the final stage. Therefore, for 
the whole set of mutations, full screening would re- 
quire about lo3 longer cpu time. Moreover, in prac- 
tice, we find that results obtained throughout the 
procedure present a consistent trend, since all ac- 
cepted mutants must exhibit the desired property at 
all stages of the screening to be accepted. 
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RESULTS AND DISCUSSION 
Stability and Folding of Protein A Domains 

To establish the robustness of the structural pre- 
diction, we performed two pairs of consecutive long 
isothermal Monte Carlo simulations for the other 
four domains of protein A that are highly homolo- 
gous to the B domain. In each pair of simulations, 
the starting point was either the native three-helix 
bundle structure or the topological mirror image 
structure previously identified7 as a possible alter- 
native folding topology for the native sequence of 
the B domain. The simulations were conducted for 2 
million Monte Carlo cycles at relatively low temper- 
ature (T = 1) to explore both potential energy basins 
related to the native and inverted three-helix bun- 
dle topologies. Throughout the simulations, we did 
not notice rearrangement of the protein fold; all 
structures accepted according to the Metropolis cri- 
terion were within 3.5 A C" rms of the initial struc- 
ture. The average energies Enat and Einv for those 
simulations are shown in Table 11, where Enat mi,,) indicates the average energy in the native 
(the inverted) topology basin. For all naturally oc- 
curring domains of protein A, the native fold is pre- 
ferred over its mirror image. In the cases of domains 
A, D, and E, the difference of the average energy 
between basins exceeds 10 kT, which may suggest a 
stable trend. The same tendency can also be ob- 
served for EF;? and EC:, the lowest energies for 
each sequence found during the course of the simu- 
lations for the native or mirror image basin, respec- 
tively (Table 11). For the C domain, the average en- 
ergy difference ainv-nat is small; however, the 
difference between minimal energies visited 
throughout the simulations, AEr:-nat, also favors 
the native topology. Therefore, we assume that the 
tendency to preserve the native fold, although 
weaker, is still present. This difference probably oc- 
curs because the C domain is visibly different from 
its partners. It contains mutations in the turn re- 
gions between helices I and I1 (Asn24 to Thr24) and 
helices I1 and I11 (Gln41 to Va141), whereas, these 
regions are conserved in other domains. Also, the 
beginning of the third helix in C domain differs sub- 
stantially from the other protein A domains (Table 
I). 

Analogous stability simulations were performed 
for protein Z (an engineered version of the B domain 
of protein A) and two of its single point mutant se- 
quences. Both mutations, as well as the mutation 
that leads to protein Z from the B domain of protein 
A, are situated close to  the middle of the second he- 
lix, namely Am29 to Ala29 (first mutant) and Phe31 
to Ala31 (second mutant). The latter mutation has 
been reported as being the least stable in solution." 
The average energies from our simulations tend to 
confirm this effect, provided that the free energies of 
the unfolded states for all closely homologous se- 
quences are essentially the same (Table 111). The 

TABLE 11. Relative Stability of Staphylococcal 
Protein A Domains* 

Domain 
A B C D E 

Einv -166.1 -169.2 -166.1 -162.3 -166.9 
Enat -176.4 -194.5 -168.1 -174.4 -179.7 
s i n " - n a t  10.3 25.3 2.0 12.1 12.8 

E E i  -206.6 -210.8 -200.0 -202.9 -215.1 
EF;? -213.5 -224.2 -205.6 -210.3 -217.1 
AEg!-nat 5.9 13.4 5.6 7.4 2.0 

*En, and Ei,, are average energies calculated for native and 
mirror image structures, respectively. Pdt and Eg:" are the 
lowest energies encountered during the simulations. All ener- 
gies are given in kT units. 

tendency to conserve the native fold of the B domain 
is also evident from Table 111. The inversion of min- 
imal energy difference found for protein Z (Table 111) 
is probably due to the existence of a narrow local 
minimum that is virtually unpopulated, since the 
average energy difference favors the native topology 
structure. 

Subsequently, we tested the ability of the homol- 
ogous sequences to acquire the three-helix bundle 
topology from the random coil state. For each se- 
quence of the A, C, D, and E domains of protein A, 
and for protein Z, five folding experiments starting 
from conformations that are far from the three-helix 
bundle topology were performed. The starting con- 
formations were picked by a random choice of a PDB 
structure and by cutting a 44 residue fragment out 
of this structure. Then Monte Carlo annealing sim- 
ulations were performed for 2 million Monte Carlo 
cycles. For all the above-mentioned homologous pro- 
teins, the three-helix bundle topology structure (na- 
tive or inverted) was acquired for all folding runs. 
The rms of the final structures from the native or 
inverted structure of the B domain for all homolo- 
gous protein tested lies within 3.5 A. Therefore, the 
stability simulation results are confirmed by the 
demonstration that the model system may fold into 
the lower energy topology basin. 

Redesign of the Hydrophobic Core 
of the B Domain 

The sieve procedure has been applied to search for 
the topological mirror image preferences among mu- 
tations of the hydrophobic core of the B domain. Due 
to limitations in computer resources, only three 
groups of six residue locations were selected. Only at  
selected sites were mutations performed. To single 
out the repacking effect of the hydrophobic core, the 
search was restricted to aliphatic and aromatic 
amino acid side chains only, i.e., the possible muta- 
tion set consisted of five amino acids: Ala, Val, Ile, 
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TABLE 111. Relative Stability of Staphylococcal 
Protein A Mutants* 

Mutant 
Z Z(N29A) Z(F31A) 

Einv -179.6 - 175.7 -170.4 
Enat -190.7 - 184.6 - 174.6 
Uinv-nat  11.1 8.9 4.2 

Ez: -226.8 -205.3 -207.5 
E g ;  -218.0 -220.4 -213.9 
AEff",., -8.8 15.1 6.4 

* E,, and Ei,, are average energies calculated for native and 
mirror image structure, respectively. EEiF and EF:" are the 
lowest energies encountered during the simulations. All ener- 
gies are given in kT units. 

Leu, and Phe. Within each group of sites, all the 
mutation sites were allowed to be independently 
mutated by substituting for the native residue one 
from the above listed hydrophobic amino acids. 
Therefore, for a group of six sites and five possible 
substitutions with hydrophobic amino acids, the to- 
tal number of possible mutations is 56 = 15,625. The 
distribution of mutation sites within groups is as 
follows: In the first group of sites, two amino acid 
positions per each helix, corresponding to native 
Ala13, Phel4, Phe31, Ile32, Leu45 and Leu46, were 
mutated (Fig. 3). Within this group, all amino acids 
except Leu45 are conserved in all domains of protein 
A, while substitution of Leu45 by Val or Ile is seen 
in some protein A domains. Native amino acids sites 
comprised of Ile17, Leul8, Leu20, Phe31, Ala49, and 
Leu52 constitute the second group of mutation sites 
(Fig. 4) independently mutated; here, Ile17 and 
Leu20 are not totally conserved within the family of 
protein A domains. The third group of sites consists 
of residues originally involving Phe31, Ile32, Leu35, 
Leu45, Leu46, and Ala48 located on helices 11 and 
I11 (Fig. 5). Similar to the first group, the position 
involving Leu45 is the only position that is not con- 
served. Therefore, our choice reflects the (almost) 
invariant points in the native sequence of the pro- 
tein A domains. 

For each group of sites, in the first set of simula- 
tions, short runs (1,000 Monte Carlo cycleshun) 
were performed. In the second step, the Monte Carlo 
simulations were ten times longer. After completion 
of both initial steps, approximately 100 (from almost 
16,000 possible) mutants underwent stability tests. 
It turned out that the native fold was preferred over 
its mirror image counterpart for all three sets of 
mutation sites tested. Therefore, in the case of the B 
domain of protein A, our results are consistent with 
the idea that the intrinsic details of hydrophobic 
core packing do not constitute the driving force for 
folding process but probably stabilize an already ac- 
quired motif.33 

Redesign of the Turn Region of the B Domain 
To examine whether we could identify mutations 

in the turn region that favor the mirror image to- 
pology over the native one, a two-point mutation 
group in the turn connecting helix I and helix 11 was 
chosen. We have chosen this turn, since helices I1 
and I11 seem to be relatively well packed.' In addi- 
tion to possible changes in the handedness of the 
turn induced by the mutation, we expected that 
changes in the turn region would destabilize the sec- 
ond helix. This may also affect the relative stabili- 
ties of the native and mirror image topology struc- 
tures. All possible mutations (except for glycine, 
proline, and cysteine) of Asn22 and Asn24 were al- 
lowed. Glycine, proline, and cysteine were excluded, 
since their pair interaction and local propagator pa- 
rameterization may be influenced by the specific 
roles they play in the formation of the structure of 
proteins. Asn22 preceded by proline is conserved in 
all protein A domains. Asparagine in position 24 
constitutes the N-cap of the second helix and is rel- 
atively well conserved, since only in the C domain 
(which is itself slightly different from the other do- 
mains) is Am24 substituted by Thr. We have chosen 
the Am24 helix cap residue, since we want to desta- 
bilize the second helix to  aid its swiveling motion, 
which may facilitate the topology change. The 
Asn22 choice has been made by elimination, since 
we wanted a mutation site within the turn; a t  the 
same time, we did not want to mutate hydrophobic 
residues such as Leu20 and Leu23, which also occur 
in the turn. Also, Pro21 is very typical as the second 
residue in the turn. Our choice of the turn mutation 
sites reflects the interplay between turn and helix 
that may be responsible for the three-helix bundle 
topology stabilization.20 

Applying the sieve procedure, this time we per- 
formed long Monte Carlo simulations (2 million 
Monte Carlo cycles) starting from both native and 
mirror image structures for all possible two-point 
mutations including asparagine (i.e., 17 x 17 = 289 
mutants) a t  positions 22 and 24. All mutations that 
caused unfolding (i.e., did not stay within the 3.5 A 
rms limit from the average native or mirror image 
structure) were rejected. As in the case of hydropho- 
bic core mutation experiments, mutations in the 
turn region appeared to be extremely conservative, 
which is in accordance with experimental results for 
turn mutations in a four-helix b ~ n d l e . ~ ~ - ~ ~  A histo- 
gram of Ai?inv-,,at, the average energy difference 
(Fig. 6) for the 164 mutants that exhibit stable 
structures, shows that most mutations preserve the 
native fold. The same tendency may be observed in 
the histogram of the differences of lowest energies 
found throughout the simulations for a given mu- 
tant and for a given topology (Fig. 7). However, 
there are some mutations for which the average en- 
ergy of the topological mirror image is lower than 
the respective native structure basin. Those mu- 
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Fig. 3. First group of hydrophobic core mutations. Only native amino acids that underwent 
mutation (i.e., Ala13, Phel4, Phe31, lle32, Leu45, and Leu46) are depicted in the two projections 
of the native three-helix bundle structure of the B domain. 

Fig. 4. Second group of hydrophobic core mutations. Only native amino acids that underwent 
mutation (i.e., llel7, Leul8, Leu20, Phe31, Ala49, and Leu52) are depicted in the two projections 
of the native three-helix bundle structure of the B domain. 

tants that constitute the far left portion of the 
A.&nv-nat histogram (Fig. 6) are presented in Table 
IV. The most promising mutants, however, do not 
have their counterparts in Table V (which presents 
the far left part of histogram) (Fig. 7). For 
the first mutant that exists in both tables, the EI 
(Asn22Glu and Asn24Ile) mutant, subsequent sta- 
bility tests proved that the system was not com- 
pletely equilibrated. Ultimately based on the results 
of eight consecutive runs, the average energy differ- 

ence suggests a preference for the native topology 
for this mutant. The next possible mutant, RM 
(Asn22Arg and Asn24Met1, was thoroughly tested, 
and, in this case, the average energy gap calculated 
for eight runs (2 million Monte Carlo cycles each) 
rose to 10.5 kT in favor of the mirror image struc- 
ture. On the other hand, the difference between low- 
est minima found for both topologies after eight runs 
equals 3.9. However, the lowest local minimum en- 
countered in the native topology basin was very 
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Fig. 5. Third group of hydrophobic core mutations. Only native amino acids that underwent 
mutation (i.e., Phe31, lle32, Leu35, Leu45, Leu46, and Ala48) are depicted in the two projections 
of the native three-helix bundle structure of the B domain. 

sparsely populated, which suggests that it is narrow. 
The probability of finding arginine in the second 
turn position is relatively high, compared with Lys, 
Glu, or Ala.34 Methionine in the N-cap region, on 
the other hand, is rarely seen.34 Nevertheless, the 
sequence LPRLM can be found in ATP ~ y n t h a s e , ~ ~  
DNA p ~ l y m e r a s e , ~ ~  nitrate reductase 1,37 and pro- 
tein sequences from SWISSPROT.38 Unfortunately, 
the structures those sequences adopt are unknown. 

Folding of the RM Mutant and Robustness of 
the Predicted Inversion 

To confirm that RM mutants do, in fact, fold to  the 
mirror image structure, we performed ten indepen- 
dent Monte Carlo simulations for this mutant with 
the starting structures chosen from randomly picked 
fragments of various proteins from the PDB li- 
b r a r ~ . ~ '  Similarly, as in the folding studies of ho- 
mologous domains, we randomly picked a protein 
structure and then trimmed it to  a 44 residue long 
fragment, which is equivalent to the random selec- 
tion of the starting structure. Then, the Monte Carlo 
annealing procedure was used, i.e., we gradually 
lowered the temperature, thereby allowing protein 
to  settle in the most probable potential energy basin. 
In six of ten simulations, the mirror image topology 
has been achieved as a stable structure with a mean 
rms of l .ZlA from the average mirror image topol- 
ogy structure with a standard deviation 0.55 A. The 
average mirror image topology structure is obtained 
as follows. For each simulation that yields the mir- 
ror image topology, once the topology is adopted the 
average positions of all C"s are calculated. The to- 
pology is considered adopted when the structures 
stays within 3.5 A from either one of the generic 
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Fig. 6. The distribution of AE = E,,, - En,, for 164 two- 
point mutations located in a turn region between helices I and II. 
Energies are in kT units. 

three-helix bundle structures, i.e., the mirror image 
or the native structure, respectively. The average 
structure is obtained by averaging the positions of 
the C"s of these structures. The mean rms is the rms 
deviation from this averaged structure computed for 
all structures obtained from the Monte Carlo trajec- 
tory. In four runs, the B domain native structure 
was obtained. We did not notice, however, any stable 
structures alternative to the three-helix bundle to- 
pology. 

The robustness of the RM mutation has been fur- 
ther tested by applying it to the A domain of protein 
A. In this case, we performed three consecutive iso- 
thermal simulation runs (2 million Monte Carlo cy- 
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30 0 ,I--- TABLE V. Minimal Energies of Inverted 
Structure Candidates for Mutations Located in a 
Turn Region, From First Set of Screening Runs* 
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Fig. 7. The distribution of = %$ - €$ for 164 
two-point mutations located in a turn region between helices I and 
II. Energies are in kT units. 

TABLE IV. Average Energies of Mirror Image 
(Inverted) Structure Candidates for Mutations 
Located in a Turn Region, From First Set of 

Screening Runs* 

Enerm 

Mutant Einv Enat a i n v - n a t  

KY -205.1 -189.8 -15.2 
EI -197.1 -184.6 -12.4 
AV -195.5 -184.6 -10.8 
RR -194.8 -187.7 -7.0 
RM -202.4 -196.0 -6.3 
A1 -189.0 -184.0 -4.9 
KA -194.8 -191.7 -3.1 
SE - 194.4 -192.8 -1.6 
YK -182.5 -181.2 -1.3 
TW - 189.1 -188.7 -0.3 
*En, and E,,, are average energies calculated for the native 
and mirror image structures, respectively. All energies are 
given in kT units. 

cles/run) for each topology. The difference in the en- 
ergy averaged over those runs AEinv-nat = 5.9 
suggests that  the tendency of the RM mutation to 
enforce the mirror image packing is preserved. This 
tendency is also confirmed by the substantial differ- 
ence in minimal energy found for both topologies, 
since hE=:& = -22.7. This may suggest that  the 
RM mutant for the A domain is also a good candi- 
date for topology inversion. 

Origins of the Topology Inversion 
Exploring the origins of topology inversion, we ex- 

amined the long-lived (those present over 75% of the 
simulation time in stability simulations, i.e., entire 
trajectory remains in the native or mirror image to- 
pology) contacts for the native B domain sequence 
(Fig. 8) and for the RM mutant (Fig. 9). The native 
topology contacts are presented below the main di- 

Mutant 

NL 
RD 
YF 
SF 
RM 
KH 
FA 
EI 

KA 
QL 

-232.9 
-224.2 
-215.5 
-219.0 
-228.2 
-218.1 
-225.7 
-220.6 
-214.6 
-220.5 

-219.7 
-220.0 
-211.8 
-215.4 
-225.0 
-215.4 
-223.2 
-218.2 
-212.5 
-220.0 

-13.2 
-4.2 
-3.7 
-3.6 
-3.2 
-2.7 
-2.5 
-2.4 
-2.1 
-0.5 

DI -220.6 -220.4 -0.2 
RR -219.4 -219.4 0.0 

EFjr and are the lowest energies encountered during the 
simulations for the native and mirror image structures, respec- 
tively. All energies are given in kT units. 

agonal and the mirror image topology contacts 
above the diagonal. In the case of B domain, it is 
possible to judge at first glance which topology is 
preferred. In the native topology basin, there are 15 
long-lived contacts. Thus, its side chain packing is 
well defined; it would be predicted to have native- 
like side chain packing. In contrast, in the mirror 
image topology there are only four long-lived con- 
tacts. In particular, there are no such contacts be- 
tween helices I and 111, which indicates a lack of 
well-defined packing interactions between those he- 
lices. Hence, the B domain, in its mirror image to- 
pology, resembles a molten globule rather than a 
well-defined structure. The main difference between 
the native topology of the B domain and the mirror 
image topology of the RM mutant also involves 
those contacts between helices I and 111. For the B 
domain, the native contact set consists of three such 
contacts, namely, Phe14-Leu45, Phe14-Leu46, and 
Ile18-Ala49. For the RM mutant, in the mirror im- 
age topology ke. ,  its putative native topology), the 
Phe14-Leu45 contact present in the native B do- 
main disappears. Additional contacts involve 
Leu18-Ala49 and Leu18-Leu52. Leu46 is the side 
chain that experiences the most substantial change 
in contacts. In the B domain in the native topology, 
it has contact with Phel4. In the RM mutant in the 
mirror image topology Leu46 has five contacts with 
Phel4, Ile17, Phe31, Ile32, and Leu35. Concomi- 
tantly, Leu45 in the RM mutant mirror image to- 
pology loses all of its contacts (i.e., Phel4, Phe31, 
Ser34, and Leu351 compared with the native B do- 
main structure. The repacking of hydrophobic core 
takes place because helix I11 swivels slightly to ad- 
just the packing of the side chains in the mirror 
image topology. To a lesser extent, this effect can be 
seen for Leul8, which, in the B domain, has three 
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Fig. 8. Contacts with lifetimes over 75% of the total simulation 
time for the native sequence of the B domain of protein A are 
shown for the native topology (below diagonal) and for the mirror 
image topology (above diagonal). 

contacts with helix 11. For the RM mutant, all those 
contacts are lost in favor of contacts with Ala49 and 
Leu52 in helix 111. Thus, we conjecture that the mir- 
ror image topology should have a well-defined pat- 
tern of side chain interactions, suggesting that it is 
native-like and not a molten globule-like state. 

Next, we examined each contribution to the total 
energy as a function of the location of each amino 
acid in the sequence. Those components of the total 
energy related to E,,, and Epair stabilize the mirror 
image structure. As expected, the RM mutation sub- 
stantially changes the local secondary structure pro- 
pensities in the turn region between helices I and 11, 
but the second turn region is also affected (Fig. 10). 
The average Eprop per amino acid is even lower for 
the RM mutant than for the native B domain, 
mainly because of the peak in the Eprop in the native 
topology located on the verge of the first turn for 
amino acids Leu23 and Arg24. It probably is a car- 
ryover effect of Leu20 and also Leu23, since the 
Eprop term spans a window of five residues and, in 
general, hydrophobic amino acids such as Leu are 
hardly seen in turn regions. For the RM mutant, on 
the other hand, the second helix is slightly longer 
and the turn sharper; therefore, the corresponding 
peak is narrower. 

The pair interaction energy decomposition for the 
RM mutant in the mirror topology reveals an in- 
creased attractive interaction for amino acid resi- 
dues not directly connected to the mutation region, 
namely Ile17, Phe31, Ala43, and Leu46 (Fig. 11) due 
to the repacking of the hydrophobic interactions 
that stabilize the mirror image structure. Addition- 

9 19 29 39 49 . . . 
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Fig. 9. Contacts with lifetimes over 75% of the total simulation 
time for the RM mutant sequence are shown for the native topol- 
ogy of the B domain (below diagonal) and for the mirror image 
topology (above diagonal). 
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Fig. 10. Decomposition of the average local secondary struc- 
ture propagator contribution EPrT for the native sequence and for 
the RM mutant. Energies are in kT units. H and T symbolize 
location of helices and turns, respectively, in the native structure 
of the B domain. 

ally, there is also a substantial energy decrease for 
Arg28, which incidentally has a long-lived contact 
with Lys50. On the other hand, for the LydO, there 
exists a large increase in the pair interaction com- 
ponent; therefore, the repulsive Arg28-Lys50 con- 
tact is stabilized by favorable pair interactions of 
Arg28 with Glu25 and Glu26. The pair interaction 
energy component related to the Asn22Arg muta- 
tion in the RM mutant does not vary significantly, 
and the single Asn22Arg mutation did not produce a 
stable inverted structure. On the other hand, the 
mutation of Asn24 to Met24 decreases the pair en- 
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Fig. 11. Decomposition of the average pair energy contribu- 
tion E,,,, for the native sequence and for the RM mutant. Energies 
are in kT units. H and T symbolize the location of helices and 
turns, respectively, in the native structure of the B domain. 

ergy term for both mutant topologies, and therefore 
it cannot cause topology inversion by itself. How- 
ever, in case of mirror image topology, the decrease 
is approximately 1.5 kT larger for Met24. The hy- 
drogen bond energy (Fig. 12) is not very specific, and 
the packing regularizing neural network term indi- 
cates a slight preference toward the native structure 
over its mirror image (Fig. 13). Thus, based on Fig- 
ure 10, we conclude that in the context of the lattice 
model, the RM mutation introduces the necessary 
preference for the change in the handedness of the 
turn, which induces a change in the fold topology 
that is stabilized further by appropriate packing. 
Therefore, our results are consistent with other 
work,20 which suggests that the turn-helix interac- 
tions are responsible for the stabilization of the four- 
helix bundle topology. On the other hand, the difi- 
culty in finding a proper mutation supports other 
r e s u l t ~ , 2 ~ - ~ ~  which demonstrate, how promiscuous 
the four-helix bundle topology is with respect to mu- 
tations in the turn region. 

All Atom Models of the RM Mutant 
While lattice models have been demonstrated to 

be capable of reproducing the geometry of protein 
structures with high accuracy (about 0.7 A rms for 
backbone), in principle it is possible that a given 
lattice structure cannot occur in reality. For exam- 
ple, this may be due to some unfavorable steric in- 
teractions that are absent in the reduced lattice 
model. This may be caused by the representation of 
the side chains in the reduced model as single balls 
and lack of backbone atoms other than C". This lack 
of full atomic detail may lead, upon all atom model 
construction of a given topology, to a structure that 
has a number of steric clashes that preclude the ex- 
istence of that particular structure. Therefore, to es- 
tablish if the lattice models are consistent with 
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Fig. 12. Decomposition of the average hydrogen bond energy 
contribution Ehb for the native sequence and for the RM mutant. 
Energies are in kT units. H and T symbolize the location of helices 
and turns, respectively, in the native structure of the B domain. 
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Fig. 13. Decomposition of the average side chain packing, 
neural network contribution ENN for the native sequence and for 
the RM mutant. Energies are in kT units. H and T symbolize the 
location of helices and turns, respectively, in the native structure 
of the B domain. 

atomic resolution models, for the RM mutant we 
constructed all atom models of the native and mirror 
image topology using SYBYL. Side chains built by 
SYBYL were in trans conformations and were ini- 
tially relaxed in vacuo using the Kollman all-atom 
p~tential.~' Both topologies were then relaxed in a 
water cube with periodic boundary conditions using 
the AMBER package4' in TIP3P water41 at  a con- 
stant temperature T = 300 K. We performed 50 ps 
molecular dynamics simulations intertwined with a 
short local minimization every 1 ps. The protein has 
been completely immersed in a sea of around 1,500 
water molecules. It appears (Fig. 14) that the adop- 
tion of the inverted structure may be stabilized by 
the burial of the hydrophobic Met24 side chain (as 
opposed to  the exposed Am24 in both native and 
mirror image structures of the B domain native se- 
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Fig. 14. Conformations of native Asn22 (red) and Asn24 (red) 
amino acids from the turn mutation site of the B domain of protein 
A (top row) are shown for the native structure from NMR (top left) 
and for the topological mirror image structure built from the lattice 
model (top right). Conformations of Arg22 (blue) and Met24 (yel- 
low) from the mutation site of the RM mutant (bottom row) are 
shown for all atom models built from the lattice model. The native 
state of the B domain (bottom left) and its topological mirror irn- 
age, the putative native state for the RM mutant (bottom right), are 
shown as a cyan ribbon tube representation depicted. The cyan 
ribbon tube represents the backbone trace of the all atom models. 

quence; Fig. 14). Moreover, Met24 burial probably 
aids the swiveling motion of the second helix, which 
is consistent with pair interaction energy decreases 
for Met24 in the lattice model simulations. The re- 
sults are in accordance with the lattice simulations, 
which report three contacts for Met24 in the RM 
mutant (namely, Ile17, Leu20, and Arg28), whereas 
Asn24 in the native sequence has no long-lived con- 
tacts. On the other hand, the native topology struc- 
ture of the RM mutant has the methionine exposed 
to the solvent (Fig. 14). Simultaneous rearrange- 
ment of the second helix a t  its N-cap leads to a 
longer and slightly bent helix I1 in the mutated do- 
main, an effect that is also present in the lattice 
simulations. Thus, the all-atom and lattice struc- 
tures of the RM mutant are in complete qualitative 
agreement. 

CONCLUSIONS 
A previously developed lattice model of proteins 

with an improved potential energy function has 
been employed to fold a set of proteins homologous to 
the B domain of protein A. We have found that the 

putative native fold of all three-helix bundle do- 
mains of protein A and protein Z and two of its mu- 
tants is predicted from the Monte Carlo folding sim- 
ulations. In all cases, the differences in the average 
energy for simulations near the native structure and 
in the mirror image basin always indicate that the 
native topology is preferred. Thus, the potential en- 
ergy used in these simulations responds in the ex- 
pected manner for homologous changes in protein 
sequence, thereby providing some confidence that 
the potential recovers some aspects of protein behav- 
ior. 

Application of the lattice model to the redesign of 
the three-helix bundle fold showed that changing 
the packing of the hydrophobic core is not enough to 
induce a global conformational change in the mod- 
eled structures. Additional analysis of the individ- 
ual contributions to the total energy also confirms 
that the hydrophobic core packing interactions are 
not specific enough to differentiate between various 
structural alternatives. Mutations of the turn re- 
gion were also found in the lattice model context to 
be very conservative, as experiments on four-helix 
bundles would s ~ g g e s t . ~ ~ - ~ ~  However, in this case, 
as a result of intensive screening, it was possible to 
identify a mutant that adopts the topological mirror 
image fold. The acquisition of the mirror image to- 
pology is a concerted effect due to the change in the 
mutated turn secondary structure preferences, the 
burial of the N-cap of the second helix, and repack- 
ing of the hydrophobic core. Subsequently built all- 
atom models reinforce the conclusions of the lattice 
model. The resulting, mutated sequence should 
yield a native state with well-defined side chain 
packing as opposed to a molten globule state. 
Whether the conclusion about the possible impor- 
tance of turns in defining the global topology holds 
in general or is just specific to the three-helix bun- 
dles analyzed here requires additional investiga- 
tion. Nevertheless, we have found that the RM mu- 
tant has a well-defined, long-lived native state-like 
pattern of side chain contacts in the B domain mir- 
ror image topology. This constitutes a fairly strong 
prediction of the present lattice model of proteins. 
Future experimental work will be required to test 
whether or not this prediction is valid. 
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