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We present here a structural and mechanistic description of how a
protein changes its fold and function, mutation by mutation. Our
approach was to create 2 proteins that (i) are stably folded into 2
different folds, (ii) have 2 different functions, and (iii) are very similar
in sequence. In this simplified sequence space we explore the muta-
tional path from one fold to another. We show that an IgG-binding,
4��� fold can be transformed into an albumin-binding, 3-� fold via
a mutational pathway in which neither function nor native structure
is completely lost. The stabilities of all mutants along the pathway are
evaluated, key high-resolution structures are determined by NMR,
and an explanation of the switching mechanism is provided. We show
that the conformational switch from 4��� to 3-� structure can occur
via a single amino acid substitution. On one side of the switch point,
the 4��� fold is >90% populated (pH 7.2, 20 °C). A single mutation
switches the conformation to the 3-� fold, which is >90% populated
(pH 7.2, 20 °C). We further show that a bifunctional protein exists at
the switch point with affinity for both IgG and albumin.

evolution � NMR � protein design � protein folding

Protein molecules are capable of self-organizing into 3D topol-
ogies that create biologic functions. The fundamental principles

of how the sequence of amino acids in a protein determines its
structure remain poorly understood, however, despite its central
importance to biology. The primary approach to the ‘‘folding
problem’’ has been to determine a detailed structural and energetic
description of the equilibrium between the native state and the
random population of disordered, unfolded states. It is well known
that the equilibrium between folded and unfolded can be radically
shifted in either direction with a few mutations. There is accumu-
lating evidence, however, that a few mutations sometimes can
dramatically shift the equilibrium into new tertiary (and/or quater-
nary) structures (1, 2). Understanding the capacity of a protein to
acquire a completely different structure as a result of minor
mutagenic perturbation is central to understanding both protein
folding in general and more specifically how new protein structures
and functions evolve. Most natural proteins populate only the native
state significantly, with �Gunfolding �5 kcal/mol. It is also generally
assumed that many mutations are required to shift the equilibrium
such that �Gunfolding for some alternative state is �5 kcal/mol. This
assumption underpins most bioinformatics methods, in fact. Most
mutations in a protein that increase its propensity toward an
alternative fold destabilize the original fold. Thus, it seems intuitive
that a pathway of single amino acid substitutions would result in a
long series of mutants that would be unfolded before enough
folding information accumulates to significantly populate an alter-
native fold. Both natural and engineered examples demonstrate,
however, that the sequence space separating 2 proteins with dif-
ferent structures can be quite small (3–5). To understand this
seemingly paradoxical situation, one needs to methodically examine
the sequence space separating 2 stable folds. In concept this is
simple. One begins with 2 stable proteins of similar size but
different folds and mutates one to be more like the other until a
switch in structure occurs. In practice this approach is not trivial,
however. Any mutation in a protein will change the context of other
amino acids. This is the essence of the folding problem. Our
approach, therefore, was to create a simplified sequence space in

which the mutational path from one fold to another can be explored
and shifts in the equilibrium between the 2 folded states (and
unfolded states) can be measured as a function of mutation.

Previously we and others have studied the structure, folding, and
stability of 2 binding domains of Streptococcus protein G (6). Protein G
contains 2 types of domains that bind to serum proteins in blood: the
GA domain of 45 structured amino acids that bind to human serum
albumin (HSA) (7, 8), and the GB domain of 56 structured amino acids
that bind to the constant (Fc) region of IgG (9, 10). The natural versions
of GA and GB domains share no significant sequence homology and
have different folds, 3-� and 4���, respectively. From these studies we
have been able to create high-identity versions of GA and GB, which
have wild-type stabilities and binding function but which are 77%
identical. These proteins are denoted GA77 and GB77. GA77 binds to
HSA with a Kd � 100 nM and has a �Gunfolding of 5 kcal/mol (20 °C,
0.1 M KPO4, pH 7.2) (11). Amino acids 1–8 and 54–56 are disordered
in GA77. The remaining 45 aa are well ordered in a 3-� helix bundle
(12). GB77 binds to the constant (Fc) region of IgG with a Kd � 100 nM
and has a �Gunfolding of 5 kcal/mol (20 °C, 0.1 M KPO4, pH 7.2) (13, 14).
All 56 aa of GB77 are well ordered in a 4-stranded �-sheet with an
�-helix connecting strands 2 and 3 (12). The proteins were engineered
such that the IgG and HSA binding epitopes are encoded in both
proteins. The IgG-binding epitope is functional in the 4��� fold and
latent in the 3-� fold, whereas the albumin-binding epitope is functional
in the 3-� fold and latent in the 4��� fold. This results in an
experimental system in which unmasking the latent function is linked to
a switch in conformation (Fig. 1). This work is described in refs. 3, 4, 11,
12, and 15. The fact that GA77 and GB77 are so close in mutational
space greatly simplifies subsequent searches of the sequence space that
separates them. The context problem is not eliminated but is reduced
to a practicable level. This allowed a systematic exploration of the
sequence space separating these 2 functional folds.

Results
The positions of nonidentity between the GA77 and GB77 proteins
are shown in Fig. 1. Our approach was to explore binary sequence
space (choice of either the GA or GB amino acid at positions of
nonidentity). Obviously making 13 sequential substitutions in any
order for the corresponding amino acid at a position of nonidentity
will result in a conformational switch. Finding the path with the
fewest unstructured intermediates required a systematic approach,
however. We first analyzed all 13 single-site mutants in GA77 and
GB77. We were able to produce and purify folded proteins for
approximately half of these mutants. Proteins were purified using
an affinity-cleavage tag system that we developed (16), essentially
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as described in ref. 3. The system enabled the rapid, standardized
purification of mutant proteins, even of low stability. Mutants were
characterized by circular dichroism (CD) to assess secondary
structure (Fig. S1), thermal denaturation by CD to assess stability
(Fig. S2), the ability to bind HSA and IgG to assess function, and
by 2D heteronuclear single quantum correlation (HSQC) spectra
using NMR to assess tertiary structure. Monomeric state was
established using size exclusion chromatography and multiple-angle
laser-light scattering. High-resolution structures were determined
by standard 3D NMR methods for key proteins. Midpoints of
thermal denaturation (TM) (0.1 M KPO4, pH 7.2, 20 °C) are
reported for all folded mutants in Table 1. We found that every
position in one fold or the other could be mutated without uncoding
the native structure. Key mutants in the pathway to a conforma-
tional switch are shown in Fig. 2. A heteromorphic pair of 88%
identity (GA88 and GB88b) was found in which stability and
function remain similar to some naturally occurring IgG and HSA
binding domains. Assembling heteromorphic pairs of greater than
88% identity was also possible, although additional mutation causes
stability to fall below the threshold observed for most natural
proteins. The pair GA91 and GB91 have a �Gunfolding of �3 kcal/mol
at 20 °C. Both proteins show undiminished binding affinity to their
respective ligands and are monomeric.

The binary mutational space separating GA91 and GB91 com-
prises only 32 sequences. We constructed, expressed, and purified
17 of these variants to effectively sample the sequence space (Tables
1 and S1). The main observations are as follows. The mutation Y33I
has little effect on the stability of the 4��� fold (�0.1 kcal/mol),
and the mutation L50K has the least effect on the stability of the
3-� fold (�1.0 kcal/mol). Mutation at position 20, 33, or 45 is not
tolerated in the 3-� fold in any of the 32 contexts (Table S1).
Mutation at position 30, 45, or 50 is not tolerated in the 4��� fold
in any of the contexts. The only position that cannot be changed in
either fold (without unfolding it) was position 45. Eight of the 17
proteins were predominantly folded into one of the native struc-
tures: four were 3-� and 4 were 4���. Of the 9 ‘‘unfolded’’ proteins,
all were purified and can be seen by CD to have significant
secondary structure content. The exact nature of this residual

structure can probably be determined in the future using 3D NMR
techniques.

The variants denoted GA95 and GB95 differ only at positions 20,
30, and 45, yet are fully folded, with �Gunfolding of �3 kcal/mol at
20 °C (Fig. S2). Both proteins show binding affinity to their
respective ligands (KD �1 �M) and are monomeric. High-
resolution structures of these proteins were determined to better
understand how so few amino acids control the conformational
switch. This is discussed in detail below. Statistics for the GB95 and
GA95 ensembles of 20 structures are shown in Table S2. Protein
Data Bank accession codes for GA95 and GB95 are 2KDL and
2KDM, respectively.

Mutation of I30F in GA95 (GA98) and A20L in GB95 (GB98)
leads to a heteromorphic pair differing at only 1 amino acid. GA98
is folded into the 3-� conformation (�90% populated, pH 7.2,
20 °C), and GB98 is folded into the 4��� conformation (�90%
populated, pH 7.2, 20 °C). The CD spectra of GA98 and GB98 are
essentially identical to the spectra of their parent GA and GB
proteins (Fig. S1). The assigned HSQC spectra of GA98 and GB98
are compared in Fig. 3. GA98 exhibits diminished affinity for HSA
(KD �1 �M) but has acquired affinity for IgG (KD �1 �M). GB98
binds tightly to IgG but not HSA. The ability of GA98 to bind IgG
as well as HSA may reveal a hidden propensity to switch into the
4��� conformation and unmask the IgG-binding epitope. The
population of the 4��� conformation is too low to detect in the
unliganded state of GA98, but IgG binding may shift the equilibrium
away from 3-� and toward 4���. It is also possible that GA98 binds
IgG via a new mechanism. This will be sorted out using NMR to
map the binding epitope (17). In either case, exploration of binary
sequence space shows that one functional protein can switch into a
completely different conformation with a different function via a
mutational pathway in which neither function nor native structure
is completely lost. The GA98 and GB98 proteins are only marginally
stable, but restoration of close to wild-type stability and function in
either direction can be attained with only 3 additional mutations
(e.g., to GA88 and GB88b).

Overall Change in Topology. High-resolution structures were deter-
mined for GA95 and GB95 and provide insight into the structural

 

Fig. 1. GA77 in complex with HSA (from 1TFO.pdb) (36) and GB77 in complex in IgG (from 1fcc.pdb) (37). The side chains of amino acids at the 13 positions of
nonidentity are depicted as yellow sticks.
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determinants of the conformational switch. Amino acid substitu-
tions at 20, 30, and 45 shift the equilibrium from �99% 4��� to
�99% 3-�. Amino acids 1–8 are disordered in GA95 and form the
central �1 strand in GB95 (Fig. 4). Amino acids 9–23 form helix 1
in GA95 and in GB95 form the turn between �1 and �2, the �2
strand, and the turn between �2 and the central helix. Amino acids
27–33 are helical in GA95. In GB95 the helix is slightly longer: 24–37.
Amino acids 39–51 form helix 3 in GA95 and in GB95 form the turn
between the central helix and �3, the �3 strand, the turn between
�3 and �4, and the first part of the �4 strand. Amino acids 52–56
are disordered in GA95 and form the end of the �4 strand in GB95.
Except for common helical residues 27–33, every amino acid has
undergone a change in secondary structure in the switch from 3-�
to 4���.

Hydrophobic Interactions. The hydrophobic core of GA95 comprises
A12, A16, and L20 from �1; I30, I33, and A36 from �2; and V42,
K46, and I49 from �3 (Fig. 5). The aliphatic side chain of K46
contributes to packing of the hydrophobic core with the ammonium
group protuding into solvent. A16, L20, I30, I33, and I49 form a
tight network of mutually dependent hydrophobic contacts. L45 is
35% buried and actually not highly conserved among natural GA
domains. Its principal contacts are with boundary residues Y29,
L32, and the core residue I33. The hydrophobic core of GB95
comprises Y3, L5, and L7 from �1; A16 and A20 from �2; A26,
F30, and A34 from the �-helix; W43 and Y45 from �3; and F52 and
V54 from �4. The Y3, L5, F30, and F52 cluster accounts for �50%
of the hydrophobic core. F30 interacts primarily with Y3 and L5 in
�1 and F52 in �4. Y45 is packed against F52 and also forms a very
strong H-bond with D47, which raises the pKa of Y45 to �12.0 (18).
The Y45, D47, and F52 interactions within the �3-�4 hairpin help
give it the independent stability observed in previous studies of
protein G mutants (19). Seven critical hydrophobic residues in the
3-� core (A12, A16, I33, A36, V42, K46, and I49) are preserved in
the 4��� fold of GB95. Nine critical residues in the 4��� fold (Y3,
L5, L7, A16, A26, A34, W43, F52, and V54) are preserved in the
3-� fold of GA95. Buried residues in one fold are frequently more
solvent exposed in the other fold (Fig. S3).

The Critical Role of N- and C-Termini in Switching. One can consider
the protein in 2 parts: amino acids 9–51, which are fully structured
in both folds, and the 2 ends (1–8 and 52–56), which are unstruc-
tured in 3-� but form � strands in GB95 (Fig. 6). In the switch from
3-� to 4���, hydrophobic interactions in the core of the helix
bundle are released and replaced with mutually exclusive hydro-
phobic interactions between the central helix (A26, F30, and A34)
and the central �-strands: �1 (Y3, L5, and L7) and �4 (F52 and
V54). Thus there is a competition between formation of the helix
bundle and recruitment of the N- and C-terminal residues to form

Table 1. Purified mutants

TM 9 12 18 20 24 25 30 33 45 49 50 51 52

Mutants with GA 3-� fold
77.5° L A K L G I I I L I L K A GA77
65.8° L A K L A* I I I L I L K A
67.3° L A K L G T* I I Y I L K A
62.5° L A K L G I F* I L I L K A
60.2° L A K L G I I I Y* I L K A
65.5° L A K L G I I I L I K* K A
71.6° L A K L G I I I L I L T* A
75.3° L A K L G I I I L I L K F*
69.4° L A K L G I I I L I L T* F* GA88
61.5° L A K L G T* I I L I L T* F* GA91
50.0° L A K L G T* I I L I K* T* F* GA95
37.0° L A K L G T* F* I L I K* T* F* GA98

Mutants with GB 4��� fold
62.4° G L T A A T F Y Y T K T F GB77
63.8° L* A* T A A T F Y Y T K T F
55.8° G L K* A A T F Y Y T K T F
49.9° G L T L* A T F Y Y T K T F
58.3° G L T A G* T F Y Y T K T F
58.0° G L T A A I* F Y Y T K T F
61.9° G L T A A T F I* Y T K T F
60.2° G L T A A T F Y Y I* K T F
57.5° L* A* T A G* T F Y Y I* K T F GB88b
49.3° L* A* K* A G* T F Y Y I* K T F GB91
48.7° L* A* K* A G* T F I* Y I* K T F GB95
37.0° L* A* K* L* G* T F Y Y I* K T F
35.0° L* A* K* L* G* T F I* Y I* K T F GB98

*Amino acid substitution.

 
.        .         .         .         .         .  

GA77 TTYKLILNLKQAKEEAIKELVDAGIAEKYIKLIANAKTVEGVWTLKDEILKATVTE 
GA88 TTYKLILNLKQAKEEAIKELVDAGIAEKYIKLIANAKTVEGVWTLKDEILTFTVTE 
GA91 TTYKLILNLKQAKEEAIKELVDAGTAEKYIKLIANAKTVEGVWTLKDEILTFTVTE 
GA95 TTYKLILNLKQAKEEAIKELVDAGTAEKYIKLIANAKTVEGVWTLKDEIKTFTVTE 
GA98 TTYKLILNLKQAKEEAIKELVDAGTAEKYFKLIANAKTVEGVWTLKDEIKTFTVTE 

GB98 TTYKLILNLKQAKEEAIKELVDAGTAEKYFKLIANAKTVEGVWTYKDEIKTFTVTE 
GB95 TTYKLILNLKQAKEEAIKEAVDAGTAEKYFKLIANAKTVEGVWTYKDEIKTFTVTE 
GB91 TTYKLILNLKQAKEEAIKEAVDAGTAEKYFKLIANAKTVEGVWTYKDEIKTFTVTE 
GB88b TTYKLILNLKQAKEEAITEAVDAGTAEKYFKLYANAKTVEGVWTYKDEIKTFTVTE 
GB77 TTYKLILNGKQLKEEAITEAVDAATAEKYFKLYANAKTVEGVWTYKDETKTFTVTE 

.  . .  . . .1                    10                     20                     30                     40                     50 

Fig. 2. Sequence alignment for 3-� GA proteins (Top) and 4��� GB proteins
(Bottom) described in the text. Secondary structure regions for GA95 and GB95
are shown at the top and bottom of the alignment, respectively. The 13
nonidentities between GA77 and GB77 are shown in cyan, the 7 nonidentities
between GA88 and GB88 in green, the 4 nonidentities between GA91 and GB91
in blue, the 3 nonidentities between GA95 and GB95 yellow, and the single
amino acid difference between GA98 and GB98 at residue 45 in red.
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a �-sheet with an alternative hydrophobic core. When 20 � L, 30 �
I, and 45 � L, their preferred binding partners are in the hydro-
phobic core of the 3-� fold (e.g., A16, I33, and I49). When 20 � A,
30 � F, and 45 � Y, their preferred binding partners are 3, 5, and
7 in the �1 strand and 52 and 54 in the �4 strand. The binary
sequence space between GA95 and GB95 is only 8 combinations. In
this sequence space, L vs. Y at 45 is critical to which way the balance
tips. When 45 � L, variants are unfolded if 20 � A. If 45 � L and
20 � L the protein will remain predominantly 3-�, even when I30
becomes F. Likewise, when 45 � Y, variants are unfolded if 30 �
I. If 45 � Y and 30 � F, the protein will remain predominantly
4���, even when A20 becomes L. Thus the switch can be distilled
down to 1 amino acid.

Thermodynamic Linkage. To fully understand the energetics of the
switch it is critical to appreciate that (i) the 2 alternative folds are

thermodynamically linked, and (ii) this linkage develops only as the
context of the alternative fold develops. This is best illustrated by the
variations at 45 and 52. L45/Y45 residues have �35% solvent
accessibility in both folds. In GA95, L45 is located in the �3-helix
and has no direct interactions with F52. As noted above, Y45 is
located in the �3-strand of GB95 and is packed against F52. Neither
L45Y nor A52F mutations are catastrophic in the 3-� fold
(Table 1). In GA77, the L45Y mutation costs 1.5 kcal/mol and the
A52F mutation costs only 0.3 kcal/mol in �Gunfolding. Either the
Y45L or the F52A mutation strongly destabilizes the 4��� fold,
however. The ultimate tertiary structure is strongly influenced by
the stability of the �3-�4 hairpin structure. When Y45 and F52

Fig. 3. 1H, 15N HSQC spectra. Main chain
amide assignments are shown for GA98
(black) and GB98 (red). Of the 56 aa in these 2
proteins, 55 are identical but have different
chemical environments reflecting the 2 dif-
ferent folds. Amide proton signals for side
chains are connected by the horizontal lines.

Fig. 4. Cartoon depiction of backbone topology of GA95 and GB95. Residues
1–8 are blue, 9–23 are green, 24–37 are red, 38–52 are yellow, and 53–56 are
cyan.

Fig. 5. Ensemble of 20 NMR structures for (A) GA95 (residues 7–52) and (B)
GB95 (residues 1–56). Backbone RMSDs are �0.5 Å for both structures. Full
structure statistics are in Table S2. Ordered core residues are shown in cyan,
whereas the 3 amino acid differences between GA95 and GB95 are highlighted
in red. Note that L20 is ordered in the hydrophobic core of GA95, whereas I30
and L45 are more disordered and solvent accessible. Conversely, F30 and Y45
contribute significantly to stabilization of the core in GB95.

21152 � www.pnas.org�cgi�doi�10.1073�pnas.0906408106 Alexander et al.
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occur together, the �3-�4 hairpin is favored. In terms of logical
operators this is an AND gate. Other combinations at 45 and 52
favor 3-�. A switch can result from the additive effects of destabi-
lization of the 3-� fold by Y45 (�1.5 kcal/mol) and stabilization of
the 4��� fold when Y45 and F52 interact (�2 kcal/mol).

The default propensity of the isolated 9–51 sequence in GB98 is
3-�. The effects of short N- and C-terminal sequences can override
the independent propensity. It has been demonstrated previously
with short peptides that local propensities can be overcome by the
larger protein context (20, 21), but here the propensity of an
independently stable, 45-aa domain is overcome by 2 short se-
quences on its ends. The importance of the ends is not manifest until
the context of the 4��� fold develops, however. For example, the
N- (1–8) and C- (52–56) termini of GB were substituted early in the
engineering of GA. The changes are neutral to the stability of 3-�
until the switch point is approached in mutational space. However,
it should not be generally assumed that unstructured N- and
C-termini are neutral to stability. In earlier work, we found that
replacing 8 unstructured amino acids on the N terminus of another
3-� protein (staphylococcal protein A) with 8 aa from GB resulted
in a loss in stability of 3 kcal/mol (4).

The importance of context is also revealed in the Y vs. L choice
at position 45. In GA98, the L45Y mutation will switch conforma-
tion to 4���. In GA91 and GA95, where insufficient context is
present to support a full switch to 4���, L45Y causes unfolding.
The destabilization of 3-� may result from stabilization of a
‘‘nonnative’’ (�3-�4 hairpin) structure. This is consistent with a
general phenomenon in protein folding. The changes in stability
upon mutation result from interactions in both the native state and
the unfolded state (e.g., ref. 22). In this case the ‘‘unfolded’’ state
of 3-� probably includes the �3-�4 hairpin. In general, effects of
mutation on the unfolded state are difficult to predict because
specific structural elements in the unfolded state are unknown.

Bypassing the Unfolded State. The fact that sequential mutations
can switch the conformational preference of a protein without
populating the unfolded state seems at first paradoxical. Once
dual propensities develop, however, a critical point is reached,
and mutations tend to populate the alternative state rather than
the unfolded state. This is an extreme case of another well-
established phenomenon in folding. Denaturation with heat or
a chaotropic agent such as urea or Gu-HCl generally produces

a highly disordered unfolded state characterized by exposed
hydrophobic groups and high conformational entropy (23).
When mutation is the denaturant (instead of heat or chaotropic
solvent), the ‘‘unfolded’’ state is often a limited ensemble of
conformations characterized by high secondary structure con-
tent, although usually not a well-defined tertiary structure. The
persistence of order in mutants of low stability is consistent with
basic principles: (i) proteins collapse in water into compact
structures; (ii) compactness drives acquisition of secondary
structure; and (iii) final structural propensities are a subtle mix
of many compensating weak forces. The important general point
is that many destabilizing mutations will create propensities for
new folds because certain nonnative states are strongly preferred
over others. New propensity for a specific tertiary structure
generally may not be discernible in a molten population, but even
weak propensity may lead to short mutational pathways to stable,
alternative topologies. Unfolded mutants such as L45Y in GA91
and GA95 populate neither the 3-� nor 4��� folds detectibly but
may contain certain structural elements of each. For example,
�3-�4 hairpin structure may be forming but not �1-�2. This type
of hybrid propensity may lead to short mutational paths to yet a
third type of fold, were we to expand choices of amino acids and
positions.

Discussion
We demonstrate that fold and function can be switched through a
mutational pathway in which function is never lost and in which the
unfolded state is never significantly populated. The switch from an
IgG-binding, predominantly 4��� fold into a bifunctional, pre-
dominantly 3-� fold can occur via a single amino acid substitution.
The switch was achieved despite constraints common to protein
engineering efforts: (i) defined end points for fold and function; and
(ii) examination of a restricted (i.e., binary) sequence space. Nature
does not have predetermined destinations in fold/function space or
operate in restricted mutational space. Even so, numerous engi-
neering efforts have demonstrated the potential of proteins to
switch folds. This topic was reviewed in 2006 (2). There are also
natural examples of fold switching. Classic examples of major
conformational changes include influenza virus hemagglutinin
upon interaction with the host cell (24), serpins upon proteolysis of
a loop (25), and prion proteins that change from a mainly �-helical
benign form (PrPC) to an infectious state (PrPSc) with increased
�-sheet content (26). Another recent example is the chemokine
lymphotactin, which has 2 populated conformational states under
physiologic conditions: the canonical chemokine fold (3-stranded
�-sheet and C-terminal �-helix) in equilibrium with an all �-sheet
dimer (27). Each conformation has a different binding function. In
addition, natural Cro transcription factors exist with 40% identity
but different structures for the 25 aa at their C-termini (28).

Most examples of natural and engineered fold switching
involve a contextual change in the protein monomer. The most
common contextual change is a change in quaternary structure.
For example, mutation of several core residues in protein G can
result in switching from a stable monomer to a stable tetramer
with many of the native secondary structural elements (29). In
the prion protein example, the driving force for the conforma-
tional switch from monomer to aggregate is extensive interaction
of the edges of outer �-strands in the aggregated state. Metal
binding has also been demonstrated to mediate major changes in
secondary, tertiary, and quaternary structure in computationally
designed proteins (30–32). Although our results show a switch
from one monomeric fold into another, the energetic situation
is similar in some ways to conformation switching driven by
ligand binding. In our case the ‘‘binding’’ of the N- and C-termini
to form the central strands of the �-sheet in the 4��� fold is the
primary energetic driving force for the switch.

Our work also shows that latent binding function can be linked
to alternative folding propensity. In fact, our selection for high-

Fig. 6. Switching mechanism. Alternative conformations of the N-terminal
(orange) and C-terminal (blue) amino acids in the 3-� and 4��� folds. The critical
switch amino acid occurs at position 45 (red). Also depicted are the hydrophobic
packing of the N- and C-terminal amino acids in the core of the 4��� fold.
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identity alternative folds relied on migration from IgG-binding to
albumin-binding function (3). Latent functionality likely exists in
nature but is difficult to discern because an alternative function is
revealed only in an unknown alternative fold. We would suggest that
when latent function exists in an accessible alternative fold, func-
tional migration is likely. We have demonstrated in our artificial
system that there is no automatic penalty associated with evolving
alternative propensity or latent function. We suggest that nature
will explore sequence space when there is no penalty for doing
so—that is, nature will follow any functional path. Small changes in
amino acid sequence can cause a protein to veer toward propensity
for another fold and on occasion switch folds, resulting in functional
migration. The fact that fold and function can switch through short
mutational pathways suggests that functional annotation based on
sequence similarity should be regarded circumspectly. Even so,
similar sequence does generally imply similar structure. If a fold
switch occurs in nature, sequences rapidly diverge thereafter.
Lymphotactin and the Cro transcription factors seem to be 2 natural
proteins that have been ‘‘caught in the act,’’ however (27, 28).

Fold switching seems to be more probable between some folds than
others (33). Certain structural aspects of GA and GB make them
amenable to switching. Many core residues in each fold are largely
solvent exposed in the other fold, allowing significant folding informa-
tion for both folds to coexist in a single protein. The degree to which
hydrophobiccorepositionsoverlap inany2arbitrary foldsof similar size
will vary widely. This means that there may be some predictability as to
what folds can come close in sequence space. Given the limited number
of fold families, this observation may provide a coarse guide to how
proteins migrate through fold space in the process of evolution.

Materials and Methods
Mutagenesis. Site-directed mutants were made using QuikChange (Strat-
agene) mutagenesis kits according to the manufacturer’s instructions.

Protein Expression and Purification. GA and GB variants were cloned into the
vector pG58 (16), which encodes an engineered subtilisin prosequence as an

N-terminal fusion domain, and the resulting fusion proteins were purified using
an affinity-cleavage tag system that we developed (16), essentially as described in
ref. 3. A commercial version of the purification system is available through
Bio-Rad Laboratories (Profinity eXact Purification System). Minimal medium (14)
was used for 15N and 13C labeling. Soluble cell extract of prodomain (eXact tag)
fusion protein was injected on a 5-mL S189 column at 5 mL/min to allow binding
and then washed with 10 column volumes of 100 mM KPO4, pH 7.2 to remove
impurities (16). To cleave and elute the purified target protein, 6 mL of 10 mM
sodium azide, 100 mM KPO4, pH 7.2 was injected at 0.5 mL/min. The purified
protein was then concentrated to 0.2 to 0.3 mM, as required for NMR analysis. All
proteins are monomeric under these conditions. This was demonstrated by using
gel filtration with an in-line multiple angle laser light scattering detector (min-
iDAWN TREOS; Wyatt Technology).

Binding to IgG and HSA. IgG and HSA were immobilized on GE HT1 columns
containing NHS-activated agarose resin according to the manufacturer’s instruc-
tions. Binding of mutants was carried out in 0.1 M KPO4, pH 7.2 by injecting 1 mL
of a 1-mg/mL solution at 0.5 mL/min. Washing was with 15 mL of 0.1M KPO4, pH
7.2 at 1 mL/min. Elution was with 6 mL of 0.1 M phosphoric acid.

NMR Spectroscopy. 15N- and 13C/15N-labeled samples were prepared at 0.2–
0.3-mMconcentrations in100mMKPO4 buffer (pH7.2)containing10mMsodium
azide and 5–10% D2O. NMR spectra were collected on a Bruker AVANCE 600 MHz
spectrometer fitted with a z axis gradient 1H/13C/15N triple resonance cryoprobe.
Spectra were recorded at 15 °C for GA95 and 20 °C for GB95. NmrPipe (34) was
used for data processing, and analysis was done with Sparky (35). Standard triple
resonance experiments were used to obtain NMR assignments. Main chain as-
signments were made from HNCACB, CBCA(CO)NH, HBHA(CO)NH, and HNCO
spectra, whereas side chains were assigned with 3D (H)C(CO)NH-TOCSY, 3D
H(CCO)NH-TOCSY, 2D CBHD, and 2D CBHE experiments. Interproton distance
information was derived from 3D 15N NOESY and aliphatic and aromatic 3D 13C
NOESY spectra with mixing times of 100 and 150 ms. For additional information
see SI Text.
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