
then it is possible that the dynamin-like pro- 
teins have taken over the role of FtsZ in 
mitochondnal division in these organisms. 
However, MsFtsZ-mt seems to be able to 
affect mitochondrial morphology even in an 
organism such as yeast that normally relies 
on Dnrnl for organelle division. It seems 
likely that there will be major mechanistic 
differences in mitochondrial fission catalyzed 
by dynamins or FtsZs: one protein working 
from the outside of the organelle and the 
other from the inside. 

We conclude that MsFtsZ-mt is likely to 
have been acquired from an endosymbiotic 
a-proteobacterium that was the ancestor of 
the present-day mitochondnon. We suggest 
that in the course of evolution, the gene was 
transferred from mitochondrion to nucleus 
(16) and that the nuclear-encoded protein is 
now targeted back to the mitochondrion to 
play a role in the division of the organelle. 
This is the first identification of a eukaryotic 
fisZ whose protein seems to be specifically 
targeted to the mitochondrion, and which 
may thus be related to the earliest mitochon- 
drial division genes. The Mallomonas mito- 
chondrial FtsZ will be a useful key for iden- 
tifying other components critical to moulding 
the shape and facilitating the intergenera-
tional transmission of mitochondria. 

Note added in prooj  A possible mitochon- 
drial FtsZ from a red alga has recently been 
reported. The predicted protein of CmfisZl 
(Genl3ank accession number AB032071) is 
53% identical to MsFtsZ-mt and clusters with 
MsFtsZ-mt and the proteobacteria in a phylo- 
genetic analysis like that in Fig. 1. 
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Convergent Solutions to Binding 
at a Protein-Protein Interface 
Warren 1. Delano,' Mark H. ULtsch,* Abraham M. de Vos,' 

James A. ~ e l l s l *  

The hinge region on the Fc fragment of human immunoglobulin C interacts with 
at least four different natural protein scaffolds that bind at a common site between 
the C,, and C,, domains. This "consensus" site was also dominant for binding of 
random peptides selected in vitro for high affinity (dissociation constant, about 25 
nanomolar) by bacteriophage display. Thus, this site appears t o  be preferred owing 
t o  its intrinsic physiochemical properties, and not for biological function alone. A 
2.7 angstrom crystal structure of a selected 13-amino acid peptide in complex with 
Fc demonstrated that the peptide adopts a compact structure radically different 
from that of the other Fc binding proteins. Nevertheless, the specific Fc binding 
interactions of the peptide strongly mimic those of the other proteins. Juxtapo- 
sition of the available Fc-complex crystal structures showed that the convergent 
binding surface is highly accessible, adaptive, and hydrophobic and contains rel- 
atively few sites for polar interactions. These are all properties that may promote 
cross-reactive binding, which is common to  protein-protein interactions and es- 
pecially hormone-receptor complexes. 

Protein-protein interactions are central to the 
control of many biological functions, but we 
do not yet understand what general features 
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(if any) of a protein surface are most impor- 
tant for binding. Nature often provides con- 
vergent solutions to biological problems, and 
study of this "consensus" information can 
provide insight into the essential require-
ments for function. There are many examples 
of hormones that bind multiple receptors, or 
receptors that bind multiple hormones (I). 
Structural analysis of these complexes shows 
that the common protein will use virtually the 
same set of contact residues for binding many 
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partners (2). One of the most striking and 
well-characterized examples of this principle 
is a consensus binding site found on the 
constant fragment (Fc) of immunoglobulin G 
(IgG), which interacts with four different pro- 
teins, each having radically different folds 
(Fig. 1) (3). We wondered if this common site 
was selected because its location is optimal 
for biological function or because the intrin- 
sic physical properties of the site make it 
optimal for binding many different proteins. 

To address this question, we performed an 
in vitro selection (4) to isolate peptides that 
bound Fc without the constraint that the pep- 
tides function in vivo. A library of cyclic 
peptides was constructed that consisted of 
4 X lo9 different peptides of the form 
XiCXjCXk (where C is cysteine, X is a ran- 
dom amino acid, and i + j + k = 18) (5). 
Peptides from this library were expressed 
polyvalently on the surface of M13 bacterio- 
phage as NH,-terminal fusions to the gene 
W I  protein and selected for binding to im- 
mobilized Fc (6). 

In principle, peptides could have been 
selected to bind to potentially any region of 
the Fc because of the unbiased nature of the 
library. However, after several rounds of se- 
lection, the library became dominated by a 
single peptide, Fc-I (ETQRCTWHMGELV- 
WCEREHN) (7). Repetition of the selection 
experiment again gave Fc-I and also a related 
peptide, Fc-I1 (KEASCSYWLGELVWCVA- 
GVE). The Fc-I1 peptide shared the cysteine 
spacing and the internal GELVW sequence 
seen in Fc-I. Apparently; these two peptides 
bound Fc with an a f f i t y  high enough to be 
selected over any other Fc binding peptides 
present in the starting pool. Both peptides 
were synthesized and found to compete with 
Protein A (Z-domain) (8) for binding to Fc 
with inhibition constants (Ki's) of about 5 
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p,M (9, lo), implying that these peptides bind 
to an overlapping site on Fc coinciding with 
the Protein A binding site. 

The gene sequence for Fc-11 was transfenred 
to gene 111 of M13 bacteriophage (11) and 
improved by monovalent phage display. Five 
residue blocks were randomly mutated in six 
karate libraries to exhaustively cover the non- 
cysteine positions in the peptide sequence (12). 
Preferred residues from selection of these li- 
braries for binding to Fc were then recombined 
to give three more libraries spanning the pep- 
tide sequence (13). Selection patterns from 
these libraries suggested a 13-residue core Fc 
binding sequence (DCAWHLGELVWCT). 
The corresponding peptide (Fom) was synth6 
sized and found to inhibit binding of Protein A 
(Z-dornain) to Fc with a Ki of 25 nM (14). 
Thus, although FoIlI is seven residues shorter 
than Fc-11, it binds 200 times more tightly. 
Despite its smaller size, the binding a f i t y  of 
FoIlI to Fc was only about twofold weaker 
than that of the domains from Protein A and 
Protein G, which are each about four times 
larger and bind with K,'s of around 10 nM (15). 

To understand whether binding of Fc-I11 
occurs through interactions similar to those of 
the natural Fc-binding domains, we deter- 
mined the x-ray crystal structure of the Fc-111 
peptide in complex with Fc at 2.7 A resolu- 
tion (Table 1) (I 6). We found that the peptide 
adopts a P-hairpin conformation unrelated to 
any known Fc binding motif (Fig. 2). A 
P-bulge conformation at Leu-9 in Fc-I11 ac- 
commodates the noneven number of residues 
separating the two cysteines, and 8 of the 12 
amino acid side chains make extensive inter- 
actions with Fc. The remaining side chains 
(the disulfide bridged cysteines, a tryptophan, 
and a leucine) create a small hydrophobic 
core on the back side of the peptide that is 
facilitated by the P bulge and type I1 $ turn. 

Fig. 1. Ribbon dia- 
grams of an IgC-Fc 
subunit (blue) in com- 
plex with (A) domain 
B1 of ,  Protein A, (8) 
domain C2 of Protein 
C, (C) rheumatoid fac- 
tor, and (D) neonatal 
Fc-receptor (3). All 
four proteins bind to 
an overla~~ing region - 
at the c,,/C~, do- 
main interface. 

Although the resolution of the structure is not 
sufficient to conclusively identie hydrogen 
bonding interactions, it appears that eight 
hydrogen bonds are formed between the pep- 
tide and Fc, including those involved in in- 
termolecular salt bridges. 

The Fc-111 peptide targets the consens& 
binding site of the natural Fc binding proteins 
(Fig. 3). Although much smaller in size, the 
Fc-111 peptide covers almost as much area 
(650 A2) on the surface of Fc as do the 
fourfold larger IgG-Fc binding domains from 
Protein A and Protein G and the 15-fold 
larger rheumatoid factor (each cover about 
740 A2) (1 7). 

Despite the lack of structural similarity 
between the ueutide and the natural Fc bind- . . 
ing proteins, detailed inspection of the inter- 
actions formed by all of these molecules with 

Fig. 2 Crystal structure of Fc-Ill (DCAW- 
HLCELVWCT-NH,), in complex with IgC-Fc (A) 
Ribbon diagrams of two Fc-Ill peptides in complex 
with the Fc dimer; (B) close-up view of the pep 
tide interacting with the surface of IgC-Fc This 
structure has been deposited in the PDB under 
accession number 1 DN2. 
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Fc reveals a number of common features in 
the consensus binding region (Fig. 4). For 
example, the phenyl ring of Phe-14 (18) in 
Protein A (Fig. 4E, 3) occupies the same 

Fig. 3. Molecular surface representation of the 
consensus binding site on IgG-Fc [coordinates 
from Deisenhofer (3)].'(A) Fc with superimposed 
binding interfaces of Protein A, Protein C, and 
rheumatoid factor. (The 4.5 A crystal structure of 
the Fc-receptor1Fc complex was excluded be- 
cause of its low resolution.) Atoms are colored 
blue, yellow, or red depending on whether they 
are involved in one, two, or three of the interfac- 
es, respectively (77). (B) As in (A) with the inter- 
face of the Fc bindirig peptide (Fc-Ill) superim- 
posed in green. Fc-Ill interacts with many of the 
atoms that are found in the interfaces of the 
other three Fc binding proteins. 

on Fc (A) conserved I 

position as the indole ring of Trp-1 1 of Fc-I11 
(Fig. 4B, 3). The indole nitrogen of Trp-43 in 
Protein G (Fig. 4C, 2) makes the same hy- 
drogen bond with Asn-433 on Fc as does the 
main-chain amide from Thr-13 of Fc-III (Fig. 
4B, 2). Tyr-98B and Asp3 1H (Fig. 4D, 6 and 
9) from the rheumatoid factor heavy chain 
make identical hydrophobic and polar inter- 
actions, respectively, as do Val-10 and Glu-8 
on Fc-I11 (Fig. 4B, 6 and 9), and Lys-28 from 
Protein G (Fig. 4C, 8) makes the same salt- 
bridge that His-5 does from the Fc-111 (Fig. 
4B, 8). In a striking example of repeated 
convergent evolution at the atomic level, the 
backbone amide of Val-10 in Fc-III (Fig. 4B, 
5), Glu-27 in Protein G (Fig. 4C, 5), the 
backbone amide of Tyr-98H in rheumatoid 
factor (Fig. 4D, 5), and Gln-11 in Protein A 
(Fig. 4E, 5) all make the same buried hydro- 
gen bond with the backbone amide proton of 
Ile-253 on Fc. 

With its slightly smaller contact surface, 
the peptide mimics two to six polar interac- 
tions and many analogous nonpolar contacts 
formed by each of the other Fc binding do- 
mains. Charge-charge interactions are distrib- 
uted at the top and bottom of the binding site, 
hydrophobic contacts line both sides, and a 
strip of hydrogen bonding interactions runs 
directly through the center (Fig. 4). Interac- 
tions that are present in all of the binding 
interfaces are mediated by a shared set of 
contacts with atoms on six amino acid side 
chains-Met-252, Ile-253, Ser-254, Asn-434, 
His-435, and Tyr-436-as well as shared 
contacts with adjacent atoms on the peptide 
backbone. These atoms form a contiguous 

phobic consensus re- 
gion is shaded. Hydro- 
gen bonding sites are 
shown with diagonal 
lines and salt bridging 
locations are denoted 
by open circles. Nitro- 
gen and oxygen are 
colored blue or red, re- 
spectively, and carbon 
and sulfur atoms are 
colored green. Hydro- 
gens are not shown. (B 
to  E) Comparison of 
the Fc binding interac- 
tions of (B) the select- 
ed peptide, Fc-Ill 
(DCAWHLCELVWCT- 
NH,), (C) domain C2 
from Protein C, (D) 
rheumatoid factor, and (E) domain B1 of Protein A. Numbers indicate the 
following conserved interactions (1) salt-bridges with His-433, (2) hydrogen 
bonding to Asn-434, (3) hydrophobic packing onto His-435, (4) burial of the 
hydrophobic "knob formed by lle-253 and Ser-254, (5) hydrogen bonding 
to  main chain (N-H) of lle-253, (6) hydrophobic packing onto Met-252 and 
Tyr-436, (7) hydrogen bonding to  Ser-254, (8) salt-bridges with Clu-380, 

525 A2 patch of solvent-accessible surface 
area on Fc. 

To assess whether the consensus region 
on the surface of Fc has unusual properties, 
we generated a comparison set of several 
million random surface patches of similar 

Table 1. Data collection and refinement statistics. 

Source 

Space group 
Unit cell (An0) 

Data collection 
SSRL, Beam 7.1, 
X = 0.908 

f'2, 
a = 67.54, 
b = 60.83, 
c = 68.17, 
p = 103.87 

Data processing 
Resolution (A) 25 to 2.7 

Unique reflections 14,847 
Redundancy 4.1 
Average /la, 11.3 

Model refinement 
Resolution (A) 20 to 2.7 
Unique reflections 14,266 

(F > 0.1~) 
Bulk solvent correction 0.26, 10.0 

(e, A') 
rmsd in bonds (A) 0.007 
rmsd in angles (O) 1.64 
Average B factor (A2) 26.6 
rmsd in B factor for bonded 2.1 

atoms (A2) 
R (%I 19.4 
R , ~ ,  (%I 25.2 
Number of atoms 4,863 
Number of water molecules 55. 

and (9) salt-bridges with Arg-255. For clarity, only interfacial atoms are 
shown, and only nitrogen and oxygen atoms involved in conserved polar 
interactions are colored blue or red, respectively. The remaining contact 
atoms are colored yellow and green. The dynamic adaptability of this site 
can viewed in a movie on Science Online at wwwsciencema&orglfeature/ 
data/1044724shl 
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size on five Fc crystal stmctures (3, 19). 
These hypothetical binding sites were then 
evaluated according to multiple criteria and 
compared with the consensus site (Fig. 5, A 
and B). The consensus binding region was 
distinguished by a high degree of solvent 
accessibility and a predominantly nonpolar 
character, suggesting that burial of exposed 
hydrophobic surface area is an important 
driving force behind binding at this site. This 
result is consistent with statistical surveys of 
distinct protein interactions, which suggest an 
important energetic role for hydrophobic 
burial in protein association (20). In addition, 
the low hydrogen bonding ability of the sur- 
face in this region (19% of the surface is 
capable of hydrogen bonding compared with 
37% on average) indicates that this site places 
proportionately fewer specific geometric con- 
straints on binding partners, because fewer 
complementary polar interactions are re- 
quired for binding (Fig. 5B). 

However, the consensus bindug site is not 
the only exposed, lesspolar region on the sur- 
face of the Fc dimer. We used ~a tch  d v s i s  to 
search for regions with high solvent accessibil- 
ity and below-average polarity (21) and found 
that the consensus binding site is part of a larger 
exposed hydrophobic region that extends about 
halfway across the C, domain and includes 
residues near the 309-helix and the 280's loop 
(Fig. 5C). Residues on the tip of the C, do- 
main that would contact %, in an intact IgG 
molecule were also identified. Given that other 
equally accessible and nonpolar sites exist on 
Fc, other properties, such as shape or adaptabil- 
ity, must also contribute to making the consen- 

sus site the preferred locus for binding. 
The consensus region on Fc undergoes a 

series of conformational changes in order to 
complement the distinct surface of each binding 
domain. Much of this adaptability is manifested 
in positional adjustments of Met-252 and its 
iinmediate neighbor Met-423. These residues 
adapt to form a pocket for Val-10 on Fc-I11 
Fig. 4B) and for Lys-31 on Protein G (Fig. 
4C), or to present a much flatter surface for 
interaction with Tyr-98H in rheumatoid factor 
(Fig. 4D) and'phe-6 in Protein A (Fig. 4E). 
Similarly, Ile-253, His-433, and Asn-434 adopt 
different rotameric conformations depending 
on which protein is bound (Fig. 4, B to E). 

Additional adaptability arises fiom changes 
in the relative orientation of the C, and &, 
domains. The location of the consensus binding 
site on Fc at a domain hmge is reminiscent of 
many cytokine receptor binding sites, which 
also show substantial structural adaptability and 
bind multiple ligands. The intrinsic adaptability 
of hinge region binding sites and the flexibility 
of the loop structures that typically constitute 
these sites may be important factors in facilitat- 
ing promiscuity. Thus, the location of the con- 
sensus site at a domain hinge probably contrib- 
utes to making this particular exposed nonpolar 
region the preferred locus for binding. 

Mutagenesis experiments confirm an en- 
ergetic role for the consensus patch in bind- 
ing. Alanine replacement of Ile-253 or His- 
435 on Fc significantly disrupts binding 
(AAG > 2.5 kcallmol, where G is the Gibbs 
energy) of Protein A (Z-domain) (22, 23), 
and replacement of Asn-434, His-435, or 
Tyr-436 disrupts binding (AAG > 1.5 kcaV 

a1a R# O a l  as7 0.43 w 0.m OdZ 

Solvent Accessible Surface Fraction 

a1 0.18 0 s  033 0.4l a 4  0.m a64 

Fraction of Sutface Capable of KBonding - W- 
Fig. 5. The consensus binding site compared with other Is-Fc surface patches. Atoms in the consensus 
region are more accessible (A) and less polar (B) than atoms in most hypothetical binding sites of similar 
size. Arrows indicate the surface properties of the consensus region averaged over four complexes 
(excluding Fc-receptor) and in uncomplexed IgG-Fc (19). The comparison set consisted of 2.5 million 
525 a2 surface patches of random globular shape distributed over the entire Fc dimer in five crystal 
structures. The solvent-accessible surface fraction in (A) is defined as the fraction of the maximum 
potential solvent-accessible surface area on protein atoms not buried by secondary or tertiary packing 
interactions. Because patches are of uniform size, those with high accessibility will have their accessible 
surface area concentrated onto fewer atoms than will patches with lower accessibility. In (B), atoms 
capable of acting as hydrogen bond donors or acceptors were classified as polar, and all other 
atoms were deemed nonpolar. (C) Fc dimer with symmetry related subunits shown in  blue and 
yellow. Atoms found in patches with the highest average accessibility and lowest average polarity are 
colored red (21). The open circle identifies the location of the consensus binding site on one of the 
subunits. The consensus site on the other subunit is obscured on the back side of the dimer. 

mol) of the selected peptide. On the comple- 
mentary side of these interfaces, alanine sub- 
stitutions of Gln-11, Phe-14, or Ile-32 on the 
Z-domain (23) and Val-10 or Trp-1 1 on the 
selected peptide (24) all result in AAG > 2.0 
kcaVmol reductions in affinity. 

The consensus binding site on Fc is thus an 
adaptive, exposed, nonpolar, and energetically 
impor@nt region on the surface of Fc that is 
primed for interaction with a variety of distinct 
molecules. In recent years, numerous peptides 
selected to bind other protein receptors have 
been found to target and block the binding sites 
of natural ligands (25), suggesting that most 
receptors contain preferred binding sites on 
their surfaces. These sites have evolved to bind 
n a M  ligands but are competent for bindug 
other ligands as well. Our results show that a 
peptide can target such a site by mimicking the 
specific interactions of the natural bindug do- 
mains while presenting the interacting groups 
fiom an entirely different structural scaffold. 
Further investigation of the properties that char- 
acterize attractive sites on protein surfaces 
should improve our understanding of binding 
and assist in the development of therapeutic 
ligands. 
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and then quantified by absorbance at 280 nm. 

7. Single-Letter abbreviations for the amino acid resi- 
dues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, 
Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; 
P, Pro; Q, Gln; R, Arg; 5, Ser; T, Thr; V, Val; W, Trp; and 
Y, Tyr. 

8. B. Nilsson et a/., Protein Eng. 1, 107 (1987). 
9. Peptides were synthesized on solid phase with stan- 

dard 9-fluorenylmethoxycarbonyl protocols and pu- 
rified by reversed-phase chromatography. Masses 
were confirmed by electrospray mass spectrometry, 
and peptides were quantified by ultraviolet absor- 
bance at 280 nm. 

10. Competition binding assays were performed in a 
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manner similar t o  the method described in (5).Brief-
ly, Z-domain was immobilized on microtiter wells at 
a concentration of 5 pglml, blocked, and washed as 
described. A matrix of mixtures of biotin-lgG-Fc (312 
to  0.3 nM) and peptide (215 p M  to  0.8 nM) were 
prepared. These mixtures were incubated with immo- 
bilized Z-domain for 1 hour. Plates were then washed 
and developed as described with avidin-horseradish 
peroxidase conjugate. lnhibition curves were then 
computed for each concentration of biotin-lgG-Fc. 
and the curve of half-maximal inhibition was extrap- 
olated to zero biotin-lgG-Fc concentration t o  obtain 
a K,. 

11. The DNA sequence of the peptide was moved to  a 
monovalent phage display format by cassette mu- 
tagenesis t o  give a construct with the STll signal 
sequence, the peptide KEASCSYWLGELVWCVAGVE. 
a GGGPGGG linker, and the M I 3  gene Ill protein 
starting at residue 253. 

12. A series of second-generation monovalent phage dis- 
play libraries were constructed based on the se-
quence KEASCSYWLGELVWCVAGVE. in which five 
sequential residues were randomized by using NNS 
codons in each library starting at positions 1, 4. 7.10. 
12, and 16, excluding the two cysteines. Each library 
had a diversity of -1 X 108.~hese libraries were 
independently screened for binding to IgG-Fc for six 
rounds and then sequenced. 

13. Three additional libraries were constructed by using 
the degeneracy of the genetic code to recombine the 
preferred amino acids at each position into one pep- 
tide. The DNA sequences for these libraries contained 
the following mixtures of bases (IUPAC codes): DRG 
GWA GMA RRC TGC KCT TRS CAC MTG GGC GAG 
CTG GTC TGG TGC RVC RVM BKC GAS KDW, DRS 
VWG SVG RRC TGC KCC TRS YRS MTG GGC GAG 
CTG GTC TGG TGC RNC W S  NBS GWS KDM, and 
DNS NNS NNS VNS TGC BVG TDS HRS MDS GGC 
GAG STC KKG WRG TGC RNM NNS NNS NNS NNM. 
These libraries were also sorted against IgG-Fc for six 
rounds and then sequenced. 

14. Inhibition assays were performed as described (10) at 
pH 7.2 and at pH 6.0. The peptide was found to inhibit 
fourfold more tightly at the lower pH. Kinetic and 
steady-state binding to immobilized IgG, was also mea- 
sured directly by BlAcore (Pharmacia), giving KO, = 
1.6 x 106 M-'  s-'. KO, = 2.5 X lo-' s-', and Kd = 
16 nM in 25 mM MES (pH 6.0). 0.05% Tween-20. 

15. S. R. Fahnestock et al., in Bacterial lmmunoglobulin- 
Binding Proteins (Academic Press, New York, 1990), 
vol. 1, chap. 11; R. Karlsson. L Jendeberg, B. Nikson. 
J. Nilsson, P. Nygren, I. Immunol. Methods 183, 43 
(1 995). 

16. Crystals were grown in 100 mM NaOAc (pH 6.0). 
20% polyethylene glycol 4000, and 20% isopropanol 
by vapor diffusion from 4-pl  drops containing 100 
p M  IgG-Fc. up to 150 p M  peptide. and a 50% 
dilution of reservoir solution. Data were collected to 
2.6 h a t  the Stanford Synchrotron Radiation Labora- 
tory (SSRL) and were reduced with DENZO [W. Minor 
and Z. Otwinowski. Methods Enzymol. 176, 307 
(1997)l. Phasing was accomplished by molecular re- 
placement with AmoRE [J. Navaza, Acta Crystallogr. 
ASO. 157 (1994)l. with an IgC-Fc subunit derived 
from Deisenhofer et al. (3) as a search model. The 
crystal contained one Fc dimer and two peptide 
molecules per asymmetric unit. The structure was 
refined with X-PLOR 3.1 [A. T. Brunger et al.. Science 
245, 458 (1987)], with noncrystallographic restraints 
on the Fc dimer over regions >10 h away from 
nonequivalent crystal contacts. The final dimeric Fc 
model consisted of IgG, residues 237 to 443 with 
eight sugars per monomer. 

17. Surface 	area and geometric measurements were 
made with the Crystallography and NMR System 
(CNS) [A. T. Brunger et al., Acta Crystallogr. D. 54, 
905 (1998)l. A solvent probe radius of 1.4 h was 
used, and surface area changes were computed by 
subtracting complexed from uncomplexed solvent- 
accessible surface areas. Contact regions were de- 
fined as the set of atoms that lie within 5.0 h of any 
nonhydrogen atom on the opposing molecule. 

18. Protein A domain numbering is from H. Gouda et al., 
Biochemistry 31, 9665 (1992). 

19. The computer program SITEFINDER (WLD) was used 

to  generate 2.5 million patches of contiguous surface 22. C. Medesan. D. Matesoi, C. Radu, V. Ghetie. E. S. 
atoms having solvent-accessible surface areas of 525 Ward, I. lmmunol. 158, 221 1 (1997). 
A'. 	 Patches were randomly distributed across all of 23. W. L. Delano, in preparation. 
the available structures (PDB codes: 1FC1, 1FC2, 24. Single alanine mutants of the peptide and Protein A 
lFCC, lADQ, and 1DN2) and were of a random Z-domain were displayed monovalently on gene Ill. 
globular shape. To ensure even sampling, probabili- assayed by enzyme-linked immunosorbent assay, and 
ties were weighted so that each solvent-exposed directly compared with unmutated control peptide as 
atom was included in an equal number of surface described [B. C. Cunningham. D. G. Lowe, B. Li, B. D. 
patches (-10,000 patches per atom) The properties Bennett. J. A. Wells, EMBO]. 13,2508 (1994)l. Assays 
of each site were computed and then compared with were performed under conditions where EC,,(wt)l 
those of the consensus binding patch on Fc. ECs,(mut) will approximate Kd(wt)lKd(mut) (EC,, 

20. L. Young, R. L Jernigan, D. G. Covell, Protein Sci. 3, median effective concentration). Additional mu-
717 (1994); 5. Jones and J. M. Thomton, Proc. Natl. tagenesis data are available in L Jendeberg et al., ]. 
Acad. Sci. U.S.A. 93. 13 (1996); C. Tsai, S. L Lin, H. J. Mol. Recog. 8, 270 (1995). 
Wolfson, R. Nussinov, Protein Sci. 6, 53 (1997); L. L. 25. B. K. Kay. A. V. Kurakin. R. Hyde-DeRuysher. Drug 
Conte. C. Chothia. J. Janin.I. Mol. Biol. 285. 2177 Discovery Today 8, 370 (1998). 
(1999). 26. We thank B. C. Cunningham, J. K. Tong, and M. Dennis 

21. Patches from (19) were ranked separately by polarity 	 for assistance in the initial selection experiments 

and solvent-accessible surface fraction. For each atom against Fc; A. Braisted for training in solid phase 

in the Fc dimer, the average rank of all patches involving peptide synthesis; C. Wiesmann for help with crys- 

the atom was then computed. The average atomic tallographic refinement; and the SSRL for use of their 

ranks for polarity and accessibility were then combined facility in data collection 

linearly ((accessibility) - (polarity)) to give a composite 
score incorporating both properties. 	 19 August 1999; accepted 27 December 2000 
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Point mutations are generally assumed to  involve changes of single nucleotides. 
Nevertheless, the nature and known mechanisms of mutation do not exclude 
the possibility that several adjacent nucleotides may change simultaneously in 
a single mutational event. Two independent approaches are used here to  
estimate the frequency of simultaneous double-nucleotide substitutions. The 
first examines switches between TCN and ACY (where N is any nucleotide and 
Y is a pyrimidine) codons encoding absolutely conserved serine residues in a 
number of proteins from diverse organisms. The second reveals double-nucle- 
otide substitutions in primate noncoding sequences. These two complementary 
approaches provide similar high estimates for the rate of doublet substitutions, 
on the order of 0.1 per site per billion years. 

Mutational events can be studied either by di- replication (I) or dlpyrirnidine lesions induced 
rect observation of mutations in the laboratory by ultraviolet light (2, 3). Some evolutionary 
or by comparing sequences that have been ac- comparisons have also suggested that simulta- 
cumulating mutations naturally, during evolu- neous double-nucleotide substitutions occur at 
tion. Studies of the first kind have suggested neighboring sites (4) , but the significance and 
that some mutations can involve multiple nu- generality of these observations have been 
cleotide changes (1, 2), and indeed, mecha- questioned (5). Thus, changes in neighboring 
nisms that affect neighboring nucleotides are nucleotides are usually attributed to coinci-
known. Examples include template-directed dence of independent mutations. 
mutations occurring during DNA repair and We used two independent and complemen- 

tary approaches based on sequence compari- 
sons to study double-nucleotide substitutions 
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NG7 2UH. UK. AGY, which cannot be interconverted by a 
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