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A Novel, Highly Stable Fold of the Immunoglobulin
Binding Domain of Streptococcal Protein G

ANGELA M. GRONENBORN,* DavID R. FiLruLA, NINA Z. ESSIG,
ANTRUDDHA ACHARI, MARC WHITLOW, PAUL T. WINGFIELD,

G. Mar1us CLORE*

The high-resolution three-dimensional structure of a single immunoglobulin binding
domain (B1, which comprises 56 residues including the NH,-terminal Met) of protein
G from group G Streptococcus has been determined in solution by nuclear magnetic
resonance spectroscopy on the basis of 1058 experimental restraints. The average
atomic root-mean-square distribution about the mean coordinate positions is 0.27
angstrom (A) for the backbone atoms, 0.65 A for all atoms, and 0.39 A for atoms
excluding disordered surface side chains. The structure has no disulfide bridges and is
composed of a four-stranded B sheet, on top of which lies a long helix. The central two
strands (B1 and B4), comprising the NH,- and COOH-termini, are parallel, and the
outer two strands (B2 and B3) are connected by the helix in a +3x crossover. This
novel topology (-1, +3x, —1), coupled with an extensive hydrogen-bonding network
and a tightly packed and buried hydrophobic core, is probably responsible for the
extreme thermal stability of this small domain (reversible melting at 87°C).

ROTEIN G IS A LARGE MULTIDOMAIN

cell surface protein of group G Strep-

tococcus, which is thought to help the
organism evade the host defenses through
its protein binding properties (1). A repeat-
ing 55-residue domain binds to the F, re-
gion of immunoglobulin G (IgG) and to
a2-macroglobulin, a major protease inhibi-
tor of human plasma (1). There are two such
repeats in protein G from strain GX7809
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and three for the protein from strain
GX7805, and the sequence identity between
the various repeats is greater than 90% (1).
Microcalorimetry of one of these domains,
known as B1 (2), reveals extreme thermal
stability with a melting temperature (T,,) of
87°C and completely reversible thermal de-
naturation (3). Further, the unfolding tran-
sition on urea gradient gel electrophoresis
(4) cannot be observed in full as the protein
remains native up to ~8 M urea. These
features are highly unusual considering the
small size of the domain and the absence of
any disulfide bridges or tightly bound pros-
thetic group. For comparison, the average
T, in a recent compilation of the thermo-
dynamic parameters of unfolding for a large
number of proteins is ~63°C, and only three
proteins in this collection are more stable
than the Bl domain, namely, the Ca®*

bound form of parvalbumin (90°C), neuro-
toxin II (96°C), and bovine pancreatic tryp-
sin inhibitor (BPTI) (100°C) (5). The po-
tential importance of the Bl domain of
protein G as an analytical tool in immunol-
ogy, together with its extreme physico-
chemical properties, prompted us to under-
take the determination of its three-
dimensional (3D) structure in solution by
NMR (6) spectroscopy.

The "H-NMR spectrum of the B1 domain
was assigned by using conventional 2D
NMR methodology (7) on a Bruker AM600
spectrometer. Spin systems were delineated
by using PE.COSY (&) and HOHAHA (9)
spectroscopy to demonstrate direct and re-
layed through-bond connectivitics, respec-
tively, while NOESY (10) spectroscopy was
used to identify through-space (<5 A) inter-
actions. The assignment was slightly more
complex than expected because of the dupli-
cation of the resonances for 22 residues
arising from the presence of two species in a
~3:7 mixture with and without post-trans-
lational processing of the NH,-terminal
Met, respectively. The pattern and relative
intensities of the NOEs for the two species,
however, were the same within experimental
error. Approximate interproton distance re-
straints were obtained from NOESY spectra
recorded at mixing times of 50, 100, and
150 ms, and grouped into three classes, 1.8
to 2.7 A, 1.8 t0 33 A (1.8 to 3.5 A for
distances involving NH protons), and 1.8 to
5.0 A, which correspond to strong, medi-
um, and weak NOEjs, respectively (11, 12).
To help resolve ambiguities in NOE assign-
ments, spectra were recorded at 25° and
41°C. The %y, and %], coupling con-
stants were measured from PE.COSY spec-
tra. Stereospecific assignments and ¢, §, and
x1 torsion angle restraints were obtained
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with the conformational grid search pro-
gram STEREOSEARCH on the basis of the
coupling constants and the intraresidue and
sequential interresidue NOEs involving the
NH, CaH, and CBH protons (13, 14).
Structures were calculated with the use of
the hybrid distance geometry-simulated an-

a few minor modifications (17). An iterative
strategy was used (17). At the end of this
procedure, all 30 slowly exchanging NH
protons could be accounted for by hydrogen
bonds, and stercospecific assignments were
obtained for 24 of the 30 B-methylenc
groups, for the o-methylene groups of all

nealing method of Nilges et al. (15, 16) with  four Gly residues, and for the methyl groups

Table 1. Structural statistics. The notation of the structures is as follows: (SA) are the 60 simulated
annealing structures; SA is the mean structure obtained by averaging the coordinates of the
individual SA structures best fitted to each other; and (SA)r is the restrained minimized mean
structure obtained from SA. The number of terms for the various restraints is given in parentheses.

Structural statistics (SA) (SA)r
Rms distance deviations (A)"T
All (914) 0.026 = 0.007 0.028
Interproton distances
Interresidue short range (li — jl < 5) (254) 0.020 = 0.001 0.021
Interresidue long range (Ii — 41 > 5) (291) 0.035 = 0.001 0.040
Intraresidue (309) 0.021 = 0.001 0.020
Hydrogen bonds (60)% 0.019 = 0.001 0.021
Rms dihedral deviations (degrees) (144)*§ 0.108 = 0.026 0.082
Frog (kcal mol™)|| 187 +08 219
F,,. (kcal mol™1)|| 0.121 + 0.048 0.064
Freper (keal mol ™)) 114 =06 15.9
Ey (kcal mol™") -210 +7 -186
Deviations from idealized covalent geometry
Bonds (A) (861) 0.003 = 0.0002 0.004
Angles (degrees) (1549) 1.930 = 0.001 2.013
Impropers (degrees) (347)# 0.561 + 0.007 0.585

*Root-mean-square deviations from experimental restraints. tNone of the structures exhibit distance violations
greater than 0.3 A or dihedral angle violations greater than 1°. $Each hydrogen bond is characterized by two
distance restraints: rgy_o < 2.3 A and ry_o = 2.5 to 3.3 A All hydrogen-bonding restraints involve slowly
exchanging backbone amide protons. §The torsion angle restraints comprise 54 ¢, 51 W, and 39 x,
angles. |The values of the square-well NOE (Fyog) and torsion angle (F,,,,) potentials [compare with equations 2
and 3 in (11)] are calculated with force constants of 50 kcal mol = A~2 and 200 keal mol~! rad~2, respectively. The value
of the quartic van der Waals repulsion term F,,, [compare with equation § in (15)] is calculated with a force constant of
4 keal mol=! A=* with the hard-sphere van der Waals radii set to 0.8 times their standard values. YEyj is the
Lennard-Jones van der Waals energy calculated with the CHARMM (28) empirical energy function and is not included
in the target function for simulated annealing or restrained minimization. #The improper torsion restraints scrve to
maintain planarity and chirality.

Fig. 1. Stereoview showing best-fit superposition of the backbone (N, Ca, and C) atoms of the 60 SA
structures of the B1 domain.
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of three of the four Val residues and two of
the three Leu residues. Although the chem-
ical shifts of the methyl groups of Val*! and
Leu” are degenerate, many of the NOEs
involving these methyl protons could be
assigned to one or other group on the basis
of the initial structures (17). The same was
also true of the aromatic ring protons on
cither side of the ring, which are degenerate
owing to rapid ring flipping (17). The x,
side chain torsion angles for the six residues
whose B-methylene protons were not ste-
reoassigned are disordered on the basis of
%] up coupling constant values of 6 to 7 Hz.
The final structure calculations were based
on a total of 1058 experimental restraints
made up of 854 interproton distance re-
straints, 144 torsion angle restraints (for 54
¢, 51 ¥, and 39 x, angles), and 60 distance
restraints for 30 hydrogen bonds associated
with slowly exchanging backbone NH pro-
tons (18).

A total of 60 simulated annealing (SA)
structures were calculated (Table 1) (18).
The structure is exceptionally well defined
with an atomic root-mean-square (rms) dis-
tribution about the mean coordinate posi-
tions of 0.27 A for the backbone atoms and
0.39 A for all atoms excluding disordered
surface side chains, and an average angular ¢
and ¥ rms deviation between the structures
of 8.9° £ 6.4°, respectively (Table 2). This
accuracy reflects the large number of exper-
imental NMR restraints (19) with an aver-
age of ~30 restraints affecting the confor-
mation of each residue. The stereochemistry
of the structures is good as judged by several
criteria: (i) all of the ¢, ¥ angles lie within
the allowed regions of a Ramachandran
plot; (ii) the nonbonded contacts are char-
acterized by a large negative Lennard-Jones
van der Waals energy; (iii) and the devia-
tions from idealized covalent geometry are
small. A best fit superposition of the back-
bone atoms is shown in Fig. 1, and a
schematic representation of the structure,
together with the hydrogen-bonding pat-
tern, is shown in Fig. 2.

The structure of the B1 domain comprises
a four-stranded B sheet made up of two
antiparallel B hairpins connected by an «
helix (Figs. 1 and 2A). The two central
strands of the sheet, B1 (residues 1 to 8) and
B4 (residues 50 to 56), are parallel. The two
outer strands, B2 (residues 13 to 20) and B3
(residues 42 to 47), are antiparallel to g1
and B4, respectively. Strands B1 and B2 are
connected by a type I turn (residues 9 to
12), whereas strands 83 and 4 are connect-
ed by an unusual six residue turn from
residues 46 to 51 in which Lys®° has a
positive ¢ angle of ~50° in the left-handed
helical region of the Ramachandran plot.
Interestingly, residues 46 to 51 superimpose
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Table 2. Atomic rms differences.

Atomic rms Backbone

All atoms excluding

differences (A) atoms All atoms disordered side chains*
(SA) versus SA_ 0.27 = 0.03 0.65 = 0.05 0.39 = 0.03
(SA) versus (SA)r 0.29 = 0.03 0.74 + 0.06 0.45 = 0.041
(SA)r versus SA 0.12 0.36 0.22

*The disordered surface side chains that were excluded are: Met! from the CB L)osition onward, Lys* from C8, Lys'?
fi

from Cv, Lys!? from C3, Glu'® from Cy, Glu!? from C, Lys?® from Cy, Gln®

C8, and Glu®® from C3.

within <0.4 A on residues 235/235A-239
of Streptomyces griseus proteinase A, residues
27 to 32 of crambin, and residues 95 to 100
of trypsin (20). The latter has a Leu with a &
angle of ~60° at the position equivalent to
Lys®°, whereas the other two proteins have
the more usual Gly in this position. The two
outer strands, B2 and B3, of the sheet are
connected through a long helix (residues 22
to 37) and a short extended structure (resi-
dues 38 to 41). The long axis of the helix lies at
~140° to the axes of 2 and 3. In addition to
the characteristic CO(i)-NH(i+4) hydrogen
bonds found in « helices, the helix also displays
a number of bifurcating CO(i)-NH(i+3) hy-
drogen bonds. Further, the last five residues are
tightened into a 3, helix characterized exclu-
sively by two CO(i)-NH(i+3) hydrogen
bonds.

The overall structure of the Bl domain
exhibits two highly unusual features. The
first is the four-stranded sheet with a parallel
pair of strands in the middle; the second is
the +3x crossover in which the outer two B
strands are connected by the helix. Thus, in
the notation of Richardson (21), the sheet
displays a —1, +3x, —1 topology. A search
of the Brookhaven Protein Data Bank re-
veals that this topology is novel and has not
been observed before. In contrast, +2x
crossover connections in a triple-stranded
sheet are common (21, 22).

What features of the structure could be
responsible for the unusually high thermal sta-

Fig. 2. (A) Schemat-
ic ribbon drawing
representation of the
polypeptide fold of
the Bl domain; (B)
diagrammatic repre-
sentation of hydro-
gen bonding within
the B1 domain. The
criteria used for de-
fining a hydrogen
bond are that the dis-
tance between accep-
tor and donor heavy
atoms is <3.3 A and
that the angle be-
tween the acceptor
heavy atom, the hy-
drogen, and the do-
nor heavy atom is =120°. 1

A 56
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rom Cy, Lys*! from C3, Glu*? from

bility of this small protein domain? First, the
involvement of nearly all of the residues in
regular secondary structure ensures a large
number of stabilizing hydrogen bonds (Fig.
2B). The average secondary content of proteins
is typically ~75% (21) compared to ~95% in
the case of the B1 domain of protein G. There
are a total of 45 hydrogen bonds, of which 41
are backbone-backbone, 3 are side chain—back-
bone, and 1 is side chain-side chain. More than
60% of the backbone donor and acceptor
groups (38 backbone amides and 36 backbone
carbonyls) participate in hydrogen bonding.
The side chain—backbone hydrogen bonds be-
tween the carboxylate of Asp®? and the NH of
Thr?®, the side chain amide of Asn®” and the
carbonyl of Tyr*?, and the carboxylate of Asp*®
and the NH of Ala*® stabilize and cap the first
and last turn of the helix and the turn between
B3 and B4, respectively. In addition, there is
one side chain-side chain hydrogen bond in
which the OnH atom of Tyr® donates a hydro-
gen bond to the Oy atom of Tyr*® (Fig. 3B).

Second, the interior of the protein is
highly hydrophobic, while the exterior is
very hydrophilic. This is associated with a
large negative solvation-free energy (SFE)
of folding (23) of —55 = 2 kcal mol~!. This
value is comparable to that for another
small, stable protein, BPTI, and is ~15%
more negative than the predicted SFE for a
protein of this size (24). Nine hydrophobic
residues (Leu®, Leu”, Gly®, Ala®®, Phe,
Ala®*) Val®®| Phe®2) and Val®*) are com-

r—mn-‘m

pletely buried with surface accessibilities less
than 0.5 A2, and only five hydrophobic
residues (Ile®, Val?!, Ala?*, Val*°, and
Ala*®) are significantly exposed to solvent.
The helix itself constitutes a perfect example
of an amphiphilic helix. The packing of the
internal side chains is illustrated in Fig. 3.
The aromatic rings are packed approximate-
ly orthogonally to each other. Leu® interacts
with Phe®®, Trp*?, and Phe®?, Leu” with
Trp*?® and Tyr*3, and Leu'? with Val* and
Trp*?. The hydrophilic functional groups of
the polar aromatics (Tyr®, Trp*?, and Tyr*®)
and Thr residues (Thr'® and Thr'®) located
on the inside surfaces of the sheet and helix
are directed toward solvent, while their hy-
drophobic portion is directed toward the
interior and constitutes part of the hydro-
phobic core. Thus, the methyl groups of
Thr'® and Thr'® interact with Leu® and
Tyr?, respectively, while the aromatic rings
of Trp** and Tyr*® interact with the methyl
groups of Val®* and the aromatic ring of
Phe®?, respectively. In this regard, we note
that these residues are located either on the
outer strands (Thr'® and Thr'® in B2 and
Trp*?® and Tyr*® in B3) or at the beginning
of a strand (Tyr® in B1). The exposed sur-
faces of the sheet and helix are made up of
positively charged Lys residues, negatively
charged Glu and Asp residues, and polar
Asn, Gln, and Thr residues. Interestingly,
the solvent-exposed surface of the sheet has
a large preponderance of Thr residues.

The above features, while clearly impor-
tant, are probably not sufficient in their own
right to fully account for the stability of this
protein. It is quite possible that the novel
topology of the polypeptide fold itsclf may
play a key role in this regard. In particular, as
the NH,- and COOH-terminal strands, g1
and B4, constitute the two internal strands
of the four-stranded B sheet, unfolding can
presumably only be accomplished by disrup-
tion of the hydrogen bonds between these
strands. Further, the interaction and relative
orientations of strands $1 and B4 are not only
determined by backbone hydrogen bonding
but also by an extensive network of hydro-
phobic interactions with the overlaying helix
(Fig. 3). Thus, it seems likely that unfolding
cannot proceed in a sequential manner, but
rather occurs in a highly cooperative fashion
involving all parts of the structure simultane-
ously. Further, while most proteins may un-
fold in a cooperative manner, the topology of
the B1 domain prevents fraying of the NH,-
and COOH-termini that could potentially
initiate the unfolding process.

The association constants for the binding of
IgG to the B1 and B2 domains of protein G are
0.3 and 2.1 x 10® M~} respectively (25). In
an attempt to deduce which residues might be
important in IgG binding, we compared the
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Fig. 3. Stercoviews showing best-fit superpositions of all atoms (excluding protons) of the 60 SA
structures for two regions of the protein, illustrating the dense packing of hydrophobic residues within
the protein interior. Interactions of residues from strands B1, 32, and B3 and the helix are shown in (A),
and from strands B1, B3, and B4 and the helix in (B).

sequences of B1 and B2. There are six amino
acid substitutions between the two domains:
I6V, L71, E19K, A24E, V29A, and E42V
(26). Leu” is completely buried and cannot
therefore be involved in binding. The other five
residues, on the other hand, are solvent-acces-
sible and hence potential contact residues: in
particular, Glu'?, Ala**, and Val*” are clustered
around the end of strand 32 and the beginning
of the « helix, while Ile® and Glu*? lie on the
solvent-exposed surface of the B sheet. It
should, however, be borne in mind that the
difference in affinity for the B1 and B2 domains
is small and could also arise from subtle con-
formational changes rather than direct effects
associated with substitution of residues that
contact the IgG. We note that there is no
sequence or structural homology between the
Bl domain and the 58-residue IgG binding
domain of staphylococcal protein A (27). This
result, together with the observed differences in
specificity (27), suggests that the mode of IgG
binding for these two proteins is quite distinct.
Further characterization would require struc-
tural studies of the B1 domain-F_ complex.
The high-resolution solution structure of the
small B1 domain of protein G presented in this
report reveals a highly compact globular pro-
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tein with a novel topology of secondary struc-
tural elements. The unusual stability of this
small protein domain, which has no disulfide
bridges, suggests that it may serve as a model
for protein folding studies and as a template for
ab initio protein design and protein engineer-
ing of novel functional properties.
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Identification of FAP Locus Genes from

Chromosome 5q21

KeENNETH W. KINZLER, MEF C. NILBERT, Li1-Kuo Su,

BERT VOGELSTEIN,* TRACY M. BRyaN, DANIEL B. LEvy, KELLY J. SMITH,
ANTONETTE C. PREISINGER, PHILIP HEDGE, DouGLas MCKECHNIE,
RACHEL FINNIEAR, ALEX MARKHAM, JOHN GROFFEN, MARK S. BOGUSsKI,
STEPHEN F. ALTsCcHUL, AKIRA HORrII, HIROSHI ANDO, YASUO MIYOSHI,
YosH10 Mik1, [saMU NISHISHO, YUSUKE NAKAMURA

Recent studies suggest that one or more genes on chromosome 5q21 are important for
the development of colorectal cancers, particularly those associated with familial
adenomatous polyposis (FAP). To facilitate the identification of genes from this locus,
a portion of the region that is tightly linked to FAP was cloned. Six contiguous
stretches of sequence (contigs) containing approximately 5.5 Mb of DNA were
isolated. Subclones from these contigs were used to identify and position six genes, all
of which were expressed in normal colonic mucosa. Two of these genes (APC and
MCC) are likely to contribute to colorectal tumorigenesis. The MCC gene had
previously been identified by virtue of its mutation in human colorectal tumors. The
APC gene was identified in a contig initiated from the MCC gene and was found to
encode an unusually large protein. These two closely spaced genes encode proteins
predicted to contain coiled-coil regions. Both genes were also expressed in a wide
variety of tissues. Further studies of MCC and APC and their potential interaction
should prove useful for understanding colorectal neoplasia.

AMILIAL ADENOMATOUS POLYPOSIS

(FAP) is one of the most common

autosomal dominant diseases leading
to cancer predisposition, affecting nearly
0.01% of the American, British, and Japa-
nese populations (7). Affected patients usu-
ally develop numerous benign colorectal tu-
mors (polyps) that can progress to
malignant forms. The first clue to the loca-
tion of the gene responsible for FAP was
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provided by Herrera and colleagues, who
demonstrated a constitutional deletion of
chromosomal band 5q21 in an FAP patient
(2). This cytogenetic observation stimulated
linkage analyses that demonstrated that
5921 chromosome markers were tightly
linked to the development of polyps in
numerous FAP kindreds (3-5). Other stud-
ies suggest that genes from the same region
may be involved in tumorigenesis in kin-
dreds with unusual forms of FAP (1, 6), as
well as in patients with “sporadic” colorectal
cancer (7-9). To facilitate the identification
of the 5q21 gene or genes responsible for
FAP and related disorders, we have cloned a
relatively large region from 5921 and iden-
tified several genes from within this region
that are expressed in colorectal epithelium.
The cosmid markers YN5.64 and YN5.48
have previously been shown to delimit an
8-cM region containing the locus for FAP
(5). Further linkage and pulse-field gel elec-
trophoresis (PFGE) analysis with additional

markers has shown that the FAP locus is
contained within a 4-cM region bordered by
cosmids EF5.44 and L5.99 (10). To isolate
clones representing a significant portion of
this locus, a yeast artificial chromosome
(YAC) library was screened with 5q21
markers. Twenty-one YAC clones, distribut-
ed within six contigs and including 5.5 Mb
from the region between YN5.64 and
YN5.48, were obtained (Fig. 1A).

Three contigs encompassing approxi-
mately 4 Mb were contained within the
central portion of this region (Fig. 1B). To
initiate construction of each contig, the se-
quence of a genomic marker cloned from
chromosome 5q21 was determined and
used to design primers for amplification by
the polymerase chain reaction (PCR) (11).
PCR was then carried out on pools of YAC
clones distributed in microtiter trays as de-
scribed (12). Individual YAC clones from
the positive pools were identified by further
PCR or hybridization-based assays, and the
YAC sizes were determined by PFGE. To
extend the areas covered by the original
YAC clones, “chromosomal walking” was
done. YAC termini were isolated by a PCR-
based method and sequenced (13). PCR
primers based on these sequences were then
used to rescreen the YAC library. Mul-
tipoint linkage analysis with the various
markers used to define the contigs, com-
bined with PFGE analysis, showed that con-
tigs 1 and 2 were centromeric to contig 3.

Contig 1 contained the FER genc, which
had previously been identified on the basis of
its sequence similarity to the oncogene ABL
(14). Linkage analysis and physical mapping
with the YAC clones indicated that FER was
tghtly linked to previously defined polymor-
phic markers for the FAP locus (15). However,
further analysis (16) did not indicate any FAP-
specific mutations in this gene.

A cross-hybridization approach was used
to identify TB1 in contig 2; in this proce-
dure, potential exon sequences arc identified
by cross-hybridization between human and
rodent DNAs (17-19). Subclones of all the
cosmids shown in Fig. 1 were used to screen
Southern blots containing rodent DNA
samples. A subclone of cosmid N5.66 was
shown to strongly hybridize to rodent
DNA, and this clone was used to screen
c¢DNA libraries derived from normal adult
colon and fetal liver. The ends of the initial
cDNA clones obtained in this screcn were
then used to extend the cDNA sequence.
Sequence analysis of 11 overlapping cDNA
clones revealed an open reading frame
(ORF) that extended for 1303 bp starting
from the most 5’ sequence data obtained
(GenBank accession number M74089). The
predicted product of this gene (TBI) con-
tained two significant local similaritics to a
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