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ABSTRACT: We describe here the solution NMR structures of two IgG binding domains with highly
homologous sequences but different three-dimensional structures. The proteins, G311 and A219, are derived
from the IgG binding domains of their wild-type counterparts, protein G and protein A, respectively.
Through a series of site-directed mutations and phage display selections, the sequences of G311 and
A219 were designed to converge to a point of high-level sequence identity while keeping their respective
wild-type tertiary folds. Structures of both artificially evolved sequences were determined by NMR
spectroscopy. The main chain fold of G311 can be superimposed on the wild-typeR/â protein G structure
with a backbone rmsd of 1.4 Å, and the A219 structure can be overlaid on the wild-type three-R-helix
protein A fold also with a backbone rmsd of 1.4 Å. The structure of G311, in particular, accommodates
a large number of mutational changes without undergoing a change in the overall fold of the main chain.
The structural differences are maintained despite a high level (59%) of sequence identity. These proteins
serve as starting points for further experiments that will probe basic concepts of protein folding and
conformational switching.

Understanding the relationship between protein sequence
and three-dimensional structure remains one of the funda-
mental unsolved problems in structural biology. The iden-
tification of key amino acids that stabilize a particular fold
in preference to alternative folds would therefore pro-
vide insights useful for both protein design and fold-
prediction algorithms. Several previous studies have ap-
proached the folding problem by reducing the sequence
differences between proteins with different structures
(1-3). While each of these studies was informative, the most
successful at deriving two different, stable structures with a
high degree of sequence identity came from the Regan
laboratory. They initially reported a stable mutant that was
50% identical to the IgG binding domain of protein G but
maintained the fold of a RNA binding protein ROP-like
dimer (4, 5). In a subsequent study, they showed that even
higher levels of sequence identity were possible, although
these tended to be either less stable or more prone to
aggregation (6).

A combination of computational modeling and intuition
was used in the above cases to guide the selection of mutants
in the protein design process. In contrast, we present in the
accompanying paper a novel strategy using primarily genetic
selection methods for designing two mutant proteins with a
high level of sequence identity but with different stable folds
(P. Alexander et al., accompanying paper). These proteins,

termed G311 and A219, are mutants of the IgG binding
domains of protein G and protein A, respectively. The protein
G IgG binding domains (herein termed protein G or GB) are
small 56-amino acid polypeptides from streptococcal species
of Lancefield group G that have anR/â fold consisting of a
four-strandedâ-sheet packed against anR-helix (7-11). The
IgG binding domains of protein A (herein termed protein A
or AB) are fromStaphylococcus aureus, contain 58 residues,
and have a three-helix bundle (3-R) fold (12-14). The wild-
type sequences of GB2 (one of two to three GB domains
depending on the strain) and AB have only nine identical
residues. A total of 21 mutations were introduced in
converting GB2 to G311, while nine mutations were intro-
duced in going from AB to A219. As a result of selection
for these mutations, G311 and A219 have a total of 33
identical residues out of 56.

In this paper, we describe the detailed three-dimensional
solution NMR structures of G311 and A219. We evaluate
the structural consequences of these mutations and demon-
strate that, despite the high degree of sequence identity
(59%), G311 and A219 are stable and monomeric and
maintain their respective wild-type folds. These proteins
serve as useful starting points for further studies on theR/â
versus 3-R folding preferences of G311 mutants from the
23 nonidentical amino acids.

MATERIALS AND METHODS

NMR Spectroscopy.Details of the cloning, expression, and
purification of G311 and A219 are provided in the ac-
companying manuscript by P. Alexander et al.15N-labeled
and 13C/15N-labeled NMR samples of both proteins were
prepared at a concentration of 0.2-0.4 mM in 100 mM
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potassium phosphate buffer at pH 7 with 10% D2O added.
Spectra were acquired on a Bruker DRX-600 instrument
equipped with az-axis gradient triple-resonance cryoprobe.
15N HSQC spectra of G311 were recorded over a temperature
range of 2-25 °C, and data for structure determination were
acquired at 2°C. All experiments on A219 were conducted
at 25°C. Data were processed on a Linux workstation using
nmrPipe (15) and analyzed using Sparky (T. D. Goddard
and D. G. Kneller, University of California, San Francisco).
NMR assignments were made using standard triple-reso-
nance experiments (16-21). Backbone resonances were
obtained from HNCACB, CBCA(CO)NH, and HNCO spec-
tra. Side chain assignments were made from HBHA-
(CO)NH, (H)C(CO)NH-TOCSY, H(CCO)NH-TOCSY, 3D
15N-TOCSY, and NOESY spectra. Interproton NOEs were
obtained from 3D15N NOESY (22) and aliphatic and
aromatic 3D13C NOESY (23) spectra with mixing times of
100 and 150 ms.

Structure Calculations and Analysis.Structures were
calculated initially from an extended polypeptide chain using
CNS 1.1 (24) and standard simulated annealing and torsion
angle dynamics protocols. Initial NOE restraints were
generated automatically using NOEID, an in-house NOE
assignment program (http://orban.umbi.umd.edu/NOEID).
After this initial assignment step using NOEID, further
assignments were done manually in a semi-automated fashion
using NOEID and intermediate structures to iteratively
narrow down ambiguous assignments. Distance restraints
based on peak intensities were categorized as strong (1.8-
3.0 Å), medium (1.8-4.0 Å), weak (1.8-5.5 Å), and very
weak (2.8-6.0 Å). Backbone dihedral angle restraints were
obtained on the basis of chemical shift values using TALOS
(25). Two restraints were used to define each hydrogen bond,
1.5-2.5 Å for rHN-O and 2.3-3.2 Å for rN-O, and these
restraints were used only in the later stages of refinement.
Nonbonded contacts were represented by a quartic van der
Waals repulsion term. Final values for force constants were
1000 kcal mol-1 Å-2 for bond lengths, 500 kcal mol-1 rad-2

for angles and improper torsions, 40 kcal mol-1 Å-2 for
experimental distance restraints, 200 kcal mol-1 rad-2 for
dihedral angle restraints, and 4.0 kcal mol-1 Å-4 for the van
der Waals repulsion term. The 20 best structures for each
protein were chosen on the basis of a low total energy, no
NOE distance violations greater than 0.30 Å, no dihedral
restraint violations greater than 5°, and standard indicators
of structure quality as shown in Table 2. Structures were
analyzed using PROCHECK-NMR (26), MolProbity (27),
and QUANTA (Molecular Simulations Inc.) and displayed
using MOLMOL (28).

RESULTS

Protein Design.The G311 and A219 sequences were
converged using a combination of site-directed mutagenesis
and phage selection methods. The latter approach permitted
an extensive search of sequence space at the designated
positions in the sequence. A comprehensive description of
the experiments used to generate the G311 and A219 proteins
is provided in the accompanying paper by P. Alexander et
al., and a summary of the design steps is presented here
(Table 1 and Figure 1). A total of 21 mutations were
introduced in going from wild-type GB2 to G311. First, part
of the AB IgG binding cassette was introduced into GB2. The
resulting three-residue K13F/G14Y/T17L mutant is stable
and has the additional useful property of abolishing any
detectable binding to the Fab (29) while maintaining binding
to IgG Fc. Second, the surface residues on theâ-sheet were
optimized using a phage selection method. Residues in strand
â1 were randomized among 12 possible amino acid types,
whereas surface residues in strandsâ2-â4 were selected
from either AB or GB amino acids. Third, internal sites in
the protein were randomized using phage selection. Again,

Table 1: Summary of Protein Design Steps for G311 and A219

design step
positions changed

or randomized
GB to AB (G311)

net mutations
AB to GB (A219)

net mutations

(1) first part of AB IgG binding cassette 13, 14, 17 K13F, G14Y, T17L
(2) phage selection forâ-sheet surface 2, 4, 6, 8, 19, 42, 44, 46, 51, 53, 55 T2Y, K4L, N8K, T55Q
(3) phage selection for interior residues 5, 7, 9-12, 33, 34, 38, 41, 54, 56 L5V, I7N, K10Q, T11N, L12A,

Y33S, A34L, E56A
(4) rest of AB IgG binding cassette 27, 28, 31, 35, 37, 40 E27R, K28N, K31I, N35K,

N37D, D40Q
(5) place optimized N-terminus of GB into AB 1-8 D2Y, N3Y, K4L, F5V,

N6V, K7N, E8K
(6) additional mutations 29, 54 G29A, A54V

Table 2: Statistics for the G311 and A219 Ensembles of 20
Structures

A219 G311

experimental restraints
no. of NOE restraints

all NOEs 1075 1082
intraresidue 571 585
sequential (|i - j| ) 1) 218 232
medium-range (1< |i - j| e 5) 166 116
long-range (|i - j| > 5) 120 149

no. of hydrogen bond restraints 46 64
no. of dihedral angle restraints 70 77
total no. of restraints 1191 1223

rmsds from the mean structure (Å)
over all residuesa

backbone atoms 0.31( 0.10 0.31( 0.10
heavy atoms 1.08( 0.15 1.28( 0.25

secondary structuresb

backbone atoms 0.25( 0.10 0.28( 0.09
heavy atoms 1.04( 0.17 1.33( 0.28

measures of structure quality
Ramachandran distribution

most favored regions (%) 82.0( 2.8 76.2( 1.0
additionally allowed regions (%) 9.5( 2.6 21.4( 1.1
generously allowed regions (%) 4.2( 2.0 0.6( 0.9
disallowed regions (%) 4.4( 1.3 2.0( 0.0

no. of bad contacts/100 residues 7.7( 1.6 3.7( 1.4
overall dihedralG factor 0.1( 0.0 -0.06( 0.02
Câ deviation (Å) 0.01-0.16 0.01-0.09

a For G311, residues 1-56. For A219, residues 8-56. b The second-
ary elements used were as follows: A219, residues 9-17, 25-36, and
41-54; G311, residues 1-8, 13-18, 22-37, 41-46, and 51-56.
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residues in strandâ1 were optimized from among 12 possible
amino acid types, and the remaining sites were allowed to
be either the AB or GB amino acids. In both rounds of phage
display, the nativeR/â fold was selected by detecting binders
to IgG since the GB-type IgG binding epitope is still intact.
Once the internal and surface residues were optimized, the
remainder of the AB-type IgG binding cassette was intro-
duced to provide the final G311 sequence. Thus, G311 cannot
bind to IgG in theR/â conformation but will bind to IgG if
the conformation is switched to the AB 3-R fold since a
cryptic AB IgG binding site is present in the G311 sequence.

The A219 sequence was derived from AB via nine
mutations (Table 1). Residues 2-8 were replaced with the
optimized strandâ1 sequence from G311. In addition, two
other mutations, G29A and A54V, were introduced at solvent
accessible sites to replace AB residues with GB amino acids.

NMR Assignment and Structure of G311.Both size
exclusion chromatography and concentration-dependent ther-
mal melting monitored by CD spectroscopy indicated that
G311 is monomeric (P. Alexander et al., accompanying
paper).15N HSQC spectra recorded over the temperature
range of 2-25 °C showed that several peaks, in particular,
those due to residues in strandsâ1 andâ2 (N7, K8, Y14,
T16, and L17), were broadened at 25°C, suggesting
conformational exchange at this temperature. Spectra for
structure determination were therefore acquired at 2°C where
all of the expected amide cross-peaks were readily detected
(Figure 2A). Further studies on dynamics in this system are
in progress and will be described elsewhere. NMR assign-
ments were made for nearly all backbone amides (except
Q10) and approximately 90% of the side chain protons. The
G311 structure consists of fourâ-strands,â1 (residues 3-8),
â2 (residues 12-18),â3 (residues 42-46), andâ4 (residues
51-56), and oneR-helix (residues 24-38). The arrangement

of the secondary structure elements isâ1-â2-R-â3-â4, and
the fourâ-strands form aâ-sheet with a strand order of 2143.
A superposition of main chains for the 20 lowest-energy
structures is shown in Figure 3A, and an overlay of core
residues is displayed in Figure 3B. The average backbone
rmsd for this ensemble is 0.31( 0.10 Å, and the rmsd per
residue for backbone atoms is provided in Figure 4A. The
complete list of structure statistics is given in Table 2.

NMR Assignment and Structure of A219.The oligomeric
state of A219 was determined to be monomeric on the basis
of size exclusion chromatography and concentration-depend-
ent thermal melting characteristics (P. Alexander et al.,
accompanying paper). NMR assignments were made at 25
°C for all backbone amides of A219 and more than 90% of
all side chain protons. NOE data analysis indicated that the
structure contains three amphipathicR-helices,R1 (residues
9-17), R2 (residues 25-36), and R3 (residues 41-54),
arranged in a compact bundle. The threeR-helices are well
ordered with the loop region betweenR2 andR3 being less
well-defined (Figure 4B). The first eight residues have few
inter-residue NOEs and form a disordered N-terminal tail,
while residues 55-58 at the C-terminus are also poorly
defined. Figure 5A shows a backbone overlay of the 20
lowest-energy structures with an average backbone rmsd for
residues 8-56 of 0.31( 0.10 Å. The side chains in the core
of the protein are also well ordered, reflecting numerous NOE
contacts (Figure 5B). Complete structure statistics are given
in Table 2.

DISCUSSION

Structural Consequences of Mutations in G311.Of the 56
residues in protein G, 21 positions were mutated in going
from the wild-type GB2 sequence to G311. This represents a
significant change in sequence (37.5%), and so three-

FIGURE 1: (A) Ribbon diagram of the wild-type protein G (GB) structure highlighting in red residues that were mutated in the design of the
G311 protein. (B) Ribbon diagram of the wild-type protein A (AB) structure. Residues mutated to make A219 are colored red. (C) Sequence
alignment of GB2, G311, A219, and AB. Identities between G311 and A219 are colored blue. The secondary structure elements of GB2 and
AB are displayed above and below the sequences, respectively. IgG binding epitopes for GB2 and AB are indicated with asterisks.
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dimensional structure determination of G311 was essential
in confirming that the nativeR/â fold was maintained.
Although a large number of mutations were made, the overall
fold of G311 agrees well with the structures reported in the
literature for wild-type protein G. In particular, the backbone
rmsd between G311 and the 1.1 Å X-ray structure of GB

[PDB entry 1igd (11)] is 1.4 Å. A similar rmsd value of 1.5
Å is obtained when comparing G311 with the NMR structure
of GB1 [PDB entry 2gb1 (7)]. The hydrophobic core of G311
is well packed and shares similarities with the wild-type
structure. There are, however, a number of differences due
directly to mutation or a result of indirect effects on

conserved residues. The positions of residues in the core and
in the boundary region between the core and surface are
highlighted in Figure 6 and compared with their wild-type
conformations.

Three mutations, L5V, I7N, and A34L, were introduced
at positions that are completely buried in the hydrophobic
core of the wild-type protein G structure. The L5V mutation
is conservative and does not lead to significant conforma-
tional change in the core. The mutation from isoleucine to a
polar asparagine at position 7 is allowed because this residue
is no longer completely buried in G311 due to the L12A
mutation. Substitution with a smaller side chain at residue

FIGURE 2: (A) 15N HSQC spectrum of G311 at 2°C. (B) 15N HSQC spectrum of A219 at 25°C. Main chain amide assignments are shown
in both spectra.

14058 Biochemistry, Vol. 44, No. 43, 2005 He et al.



12 permits solvent access for N7. The asparagine side chain
amide group is oriented toward the surface, while the
methylene group points toward the hydrophobic core (Figures
3B and 6). At position 34, the phage-selected preference is
for leucine (the AB amino acid) over alanine (the GB amino
acid). The mutation to a significantly bulkier side chain is
accommodated with some rearrangement of neighboring
residues. Most notably, the W43 side chain is displaced from
its wild-type conformation. In the wild-type structure, the
A34 methyl group and the six-membered ring of the W43
indole group are in close contact. Placing the larger leucine
side chain at position 34 is therefore likely to contribute, at
least in part, to the reorientation of the W43 side chain in
G311. The displacement of W43 from its wild-type position
leads to further smaller changes in the positions of the
neighboring residues, V54, F52, and F30 (Figure 6).

Five mutations, L12A, G14Y, K31I, Y33S, and N37D,
were introduced at positions that are boundary residues in
contact with the core. The A12 and D37 side chains occupy
positions similar to those of their wild-type counterparts. The
mutation of glycine to tyrosine at position 14 represents the

largest change in size for any single amino acid residue in
G311 with eight added non-hydrogen atoms. Despite this
large size difference, the Y14 residue is readily accom-
modated and reasonably well ordered in the ensemble of the
20 best structures. The conformation of Y14 appears to partly
compensate for the Y33S mutation as these two tyrosine
residues have overlapping packing interactions (Figure 7A).
The G14Y mutation may therefore help to stabilize strand
â2 and the overall fold of G311. The K31I mutation may
contribute to the repositioning of W43, since the hydrophobic
part of K31 packs against the indole ring of W43 in the wild-
type protein G structure. In G311, the contacts between I31
and W43 are less extensive and I31 packs against the
opposite face of the W43 indole ring (Figure 7B). The
remaining 14 mutations in G311 (T2Y, K4L, N8K, K10Q,

FIGURE 3: (A) Backbone superposition of the 20 lowest-energy
structures for G311.â-Strand regions are highlighted in cyan, while
the helix is colored red. (B) Overlay of G311 core residues in the
20-structure low-energy ensemble.

FIGURE 4: rmsd per residue for backbone atoms (N, CR, and CO)
in (A) G311 and (B) A219. Only rmsds of<1 Å are shown.

FIGURE 5: (A) Backbone superposition of the 20 lowest-energy
structures for A219. Helical regions are highlighted in red. (B)
Overlay of core residues in the 20-structure low-energy ensemble
of A219.

FIGURE 6: Comparison between core residue positions in G311
(red) and the X-ray structure of wild-type protein G (blue, PDB
entry 1igd).
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T11N, K13F, T17L, E27R, K28N, Y33S, N35K, D40Q,
T55Q, and E56A) are at solvent accessible positions that do
not significantly affect the packing of the core.

Structural Consequences of Mutations in A219.The overall
fold of A219 is very similar to that of wild-type protein A
[PDB entry 1q2n (14)] with an average backbone rmsd of
1.4 Å. The addition of the modified N-terminus (residues
1-8) does not affect the global fold since these residues do
not adopt a regular structure. Moreover, since only solvent
accessible residues were mutated (D2Y, N3Y, K4L, F5V,
N6V, K7N, E8K, G29A, and A54V), the general core
structure of A219 is similar to that of the native protein.

Structural Comparisons between G311 and A219.The
sequences and secondary structure elements of G311 and
A219 are summarized in Figure 1. These two proteins have
33 identical residues out of a 56-amino acid region of
polypeptide chain, but despite this high level of sequence
identity, G311 retains its wild-typeR/â fold while A219
keeps its wild-type 3-R fold. For residues 1-20, the level
of sequence identity is 75%. In G311, this region corresponds
to a â1-â2 hairpin, whereas in A219, it encompasses a
disordered N-terminus (residues 1-8) followed by anR-helix
(residues 9-17). Residues 24-38 are helices for both G311
and A219 with a level of sequence identity of 80% in this
central region. When these helices are superimposed, helix
R1 of A219 overlays approximately with strandâ4 of G311
while helix R3 of A219 aligns with strandâ2 of G311
(Figure 8A). A comparison of the central helix backbone
structures indicates that they are similar with an rmsd of 0.95
Å. However, the side chain conformations in the central helix
vary from G311 to A219 for core residues such as F30 and
L34, consistent with the different packing context of the
respectiveR/â and 3-R folds (Figure 8B). Finally, residues
40-56 cover aâ3-â4 hairpin in G311 but anR-helix in
A219. This region has the lowest level of sequence similarity
with a level of identity of 35%.

Relation to Other Studies.The fact that so many changes
can be made to the GB sequence without affecting the overall
R/â fold is perhaps somewhat surprising in light of the
demonstrated conformational plasticity of GB when certain
residues are mutated. In particular, the mutation of five core
residues in GB1, L5V, A26F, F30V, Y33F, and A34F, induces
a large-scale rearrangement to an intertwined tetrameric
structure with an altered hydrophobic core (30). Further
mutagenesis experiments indicated that F26, V30, F34, and
F52 are key for tetramer formation while F33 contributes to
tetramer stability. In the preparation of G311, 21 mutations
are introduced into GB2. Two of the three core mutations,

L5V and A34L, are at positions overlapping with the above
study. However, it is the introduction of aromatic residues
at positions 26, 33, and 34 that appears to play a role in
pushing GB1 toward the tetrameric structure, and such
substitutions were not made in our selection design.

This study differs from other reports on designing ho-
mologous heteromorphic proteins in three fundamental ways.
First, while other studies have employed computational
modeling and intuition to predict the effects of mutating
specific residues on structure and stability, the use of phage
selection here allows for a more comprehensive search of
sequence space. Second, we have been able to generate
stable, monomeric mutants utilizing the thermodynamic
linkage of folding to biological binding function, in sufficient
amounts for detailed structural studies. The other studies that
have been done used mostly circular dichroism (CD)
spectroscopy and thermal melting to assay whether the
protein was folded into a unique, well-defined structure.
However, this can be problematic as there are a number of
examples in the literature showing that mutants with good
CD signals and cooperative thermal transitions do not always
have well-dispersed one-dimensional1H NMR spectra
consistent with a folded protein (31). Finally, since both GB
and AB are monomeric, there is no complicating thermody-
namic linkage of either structure to a homodimer equilibrium
as in the case of ROP (6). The G311 and A219 proteins
described here and in the accompanying paper therefore
provide useful starting points for further quantitative genetic
and biophysical studies on principles of folding preferences
and conformational switching.
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