
mlution in an illtraionic bath for 10 and 5 min. 
respccti\,elv, and thcn rinsed in diit~lled water In an 
ultrasonic h a t h  for 5 min. From thls material, 
approximately 250 n hole-rock grains were picked 
for irradiation. Sample5 for irradiat~on were cncap- 
5ulatcd in alum~nuln cups and arranged in a known 
geomct? along with mineral standardc. The sam- 
ple package \vas placed in a cadmlum lined, 2.5- 
cm-d~amcter alum~num tuhc Then the sample 5ct 
was ~r rad~atcd  1 0  rnin at 8 h1W In the hydraulic 
rabhit of the Los Alamoc h'atiirnal Laboraton 
Omega \Yev reactor b~ fart neutrons to  produce 
the rcactlon "'K(n.p) " ~ r .  After ~r radia t~on,  the 
sample5 rrere transferred to  a copper camplc holder 
and loadcd Into the Ar-cutract~on system. I:u5ion 
was ~nduccd 1,) a 6-M' continuous Ar-ion lawr 
t~carn focused to  a 2- to  3-mm cpot, appllcd filr 30 
to 6 0  5 The gascs rcleaccd from the grains were 
then scruhhcd for reacti\,c ~ ~ 3 c c i c ~  ((;02, <:0, and 
K,) by cyposurc to  a 150°C Zr-Fe-I' alloy getter 
i?lr 3 to  5 mln. The remaining Inert gascs. prlnci- 
pall! Ar. rrcrc thcn admltted to  the ma5\ ypcctrom- 
eter, and the argon-isotop~c ratl<,r rrcrc dctcr- 
mlncd The mass spectrilmctcr was operated In 
static mode with the ilrc C J ~  automated data-collcc- 

t ~ o n  >roccdurcs. The age IS then calculated from 
the 'hhr,'3'Ar ratlo after all ~nterfcrlng Ar-isotopes 
from atmospJirric contamination and undes~rable 
neutron reactions a - ~ t h  Ca and K arc corrected [N 
R. Brcrcton, Eartli Plutlrr. S C I .  Lrrr. 8, 427 11971); 
G. B. Dalnmplc and hl. A. L.anplicre, ibid. 12. 300 
(197111. 

15. J. K. Taylor, .4tl lntrodrrctiorr uf Error Atlulysis, rhr 
Stlidy o f  Vncefli~ir~lra it1 Ii/rysical 12.iei1crrrrmenrc (Ox- 
fc~rd Cni \ .  I'ress, New York, 1982). Weighted 
means, In the tables, are calculated by multrpl!~ing 
the ~ n d ~ v ~ d u a l  ,malvscc hv 1 o\cr the varimcc. The 
uncertainn of the rclghtcd average is obtained by 
pooling the Larlaice5. The preferred age glrcn for 
any set of dat.1 IS the aelghted average becaux the 
Inore precise analyses arc given more wc~glit in the 
detcrmlnatlon of the a\crage age. 

16. The 404r 304r ratlo of atrnmphcric .It I \  295. 
17. 1' L hlcFaddcn m d  D.  I.. Jones, GeopJ~ys. .J. R .  

Asrron. Suc. 67. 53  ( 1981 1. 
18. 'The geomagnctlc ficld i\ not constanr in direction or 

Inten\ln at m v  gnen Iilcatlon through tlme, hur 
instead under&e\ a secular variation at a rate of 
about 4" per ccnnln [D.  E Champion and E M 
Shoe~n~lkcr, .Y24S,4 'Tclr. 12.iErn. 78,436 11977). p. 

7. D E. (:hampion, L;.\. (;rid. Slrr~,. Oprn-Filr 
Rrp.  80.824 (1980) l .  

19. Thi, \.slue (0.029 millron \car.\ ago) 1.5 thc minr- 
mum difercncc In age bcnrccn the t u c ~  flilrrs that 
is detectable at the 95% confidence Icvcl. Scc p. 
120 of G X. 1)alnmplc and ,M. A. 1,anpIicrc. 
[I'otassirrrri-A~rot~ L)atrr~,y f F.rcc~nan, Sail Francl~co, 
1969)l .  

20. B. J.  Szabc~ er ill., 1 ' S. (,col. .Srrrv. Oyrtn-1:ilr. Kc[). 
81-1 19 (1981). 

21. The prlncrpal \ourcc uf error in L:-'I'h ~lating lies In 
the a\sumptii)n i l t '  a clo\cJ \v\rcn? [C; .  H. (:urt~s. 
V . S .  .%url. K q .  ( l o t t ~ n ~ .  KT .  .h(.KI:(;/<.'R-Z382 
( 1981 11. It h.1~ hcen shilwn rhat L:-Th iiatcs <)n coil 
carhonatcr trom \ O I I \  formed on K-Ar ddtcil basaltic 
Ia\a flows wcrc consistently younger than the K-Ar 
date5 by ul, to an ordcr of magliltudc [ J .  I hlatc, 
them. Cnlvcrs~n ilf Ari1iln.1 f 1985 r I 

22 \Fr. C .  Swadley cr a1 . L'.S. (;t.ol. Srrn~.  O,r)c~~-t'i/r 
Krp. 84-7x8 i 1984) 

23. The manujcrlpt was improved h\ cotnmcnrs by G. 
H .  Dalrymple, :M. A I.amphcrc, 1). Silhlc, I: H. 
~McKcc. and 1. (' 1)ohrcnrrcnd. 

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

The high-resolution three-dimensional structure of a single immunoglobulin binding 
domain (Bl ,  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 P sheet, on top of which lies a long helix. The central two 
strands ( p l  and P4), comprising the NH,- and COOH-termini, are parallel, and the 
outer two strands (P2 and P3) are connected by the helix in a +3x crossover. This 
novel topology (-1, +3x, - l ) ,  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 870C). 

P KUTEIN G IS h LARGE hIVLTIl>Ob~Alh'  

cell surface protein of group G Strrp- 
tococcrrs, which is thought to  help the 

organism evade the host defenses through 
its protein binding properties (1 ) . A repcat- 
ing 55-residue domain binds to  the F, re- 
gion of immunoglobulin G (IgG) and to 
a2-macroglobulin, a major proteasc inhibi- 
tor of human plasma (1). There are nvo such 
repeats in protein G from strain GX7809 

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 R 1  (Z), reveals extreme thermal 
stability with a melting temperature (T,,,) of 
87°C and completely reversible thermal dc- 
naturation (3). Further, the unfolding tran- 
sition on urea gradient gel electrophoresis 
(4)  cannot be obscwcd in hill as the protein 
remains native up to -8 M urea. These 

A.  hi .  Gronenhorn and C;. M. Clare, Laboraton of fcanlrcs arc "lusual the 
Chemical Physics, Building 2, Sational In\t~tutc of Di- small size of the domain and the absence of 
abctcs ,md i)ige5tl~c a n d  Kidney Dlscascs. Sarl(~nal 
Institutes of Health, Kcthcsda, ML) 20892. any disulfide bridges or tightly bound pros- 
D. R. Filpula, S. Z. Esslg, A. Achar~, M. MJhltIc)\v, thetic group. For comparison, the average 
Gcnev Corporation, 16020 Industrial l ) r ~ i c ,  Gaithcrs- T~, ,  in a recent compilation of thcrmo- 
bure. MI) 20877 
P. 'f.' !i'~ndeld. Protein Exorcssion 1,aboratory. Ku~ld- dvnamic parameters of unfolding for a large " - 
Ing 6, ~ K c c  of thc ~)lrcAor, Sarlilnai ~ n ~ t i t u r c s  I I ~  n;mbcr if is - 6 3 0 ~ ,  and 
Hcaldi, Bethexla. ML) 20892. 

proteins in this collection are more stable 
'To whom corrcspondcncc shc~uid he addressed. than the B1 domain, namely, the Ca2' 
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bound form of pawalbumin (9OoC), neuro- 
toxin I1 (9h0C), and bovine pancreatic t v p -  
sin inhibitor (RPI'I) ( 10O0(:) (5). The po- 
tential importance of the U 1  domain of 
protein G a5 an analvtical tool In ~mmunol- 
ogy, together wlth ~ t s  extreme phvs~co- 
chem~cal propcrtles, prompted us to under- 
take the determir~ition of i t  thrce- 
dimensional (3D) structure in solution by 
NMR (6) spectroscopy. 

The 'H-NMR spectrum of the B1 domain 
was asslgned bv using con~cntional 2 D  
NMR methodolop ( 7 )  on a Knikcr AM600 
spectrometer Spin svstems were delineated 
by using PE COSY ( 8 )  and HOHAHA (9) 
spcctroscopv to demonstrate d~rcct  and re- 
layed through-bond connectivities, re5pec- 
tivelv, while NOESY (10) spectroscypy was 
use i  to identifj through-space ( 1 5  A) inter- 
actions. The assignment was slightly more 
complex than expected because of the dupli- 
cation of  thc resonanccz for 22 residues 
arising from the presence of two species in a 
-3:7 mixture with and without post-trans- 
lational processing of the NH2-terminal 
Met, respectively. The pattern and relative 
intensities of the NOES for the t ~ v o  species, 
however, werc the same within espcrimcntal 
error. Approximate interproton distance rc- 
straints ;:ere obtained from NOESY spectra 
recordcd at mixing times of 50, 100, and 
150 ms, and grouped into thrcc cla\5es, 1.8 
to  2.7 '4, 1.8 to  3.3 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 NOES, respectively ( 1  1, 12). 
T o  help resolve ambiguities in NOE assign- 
ments, spcctra were recorded at 25" and 
41°C. The 3/ ,,,,, ancl y,,i, coupling con- 
stants wcrc measured from PE.<;C)SY spec- 
tra. Stereospecific assignments and +, JJ, and 
x1 torsion angle restraints werc obtained 



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, C a H ,  and CPH protons (13, 14) .  
Structures wcre calculatcd with the use of 
the hybrid distance ~~~~~~~~simulated an- 
nealing method of Nilges rt al. (15, 16) with 

a few minor modifications (1 7). An iterative 
strategy was used (1 7) .  At the end of this 
procedure, all 30 slowly exchanging N H  
protons could be accounted for by hydrogen 
bonds, and stcrcospccific assignments wcre 
obtained for 24  of the 30 p-methylene 
groups, for the a-mcthylene groups of all 
four Gly residues, and for the methyl groups 

Table 1. Structural stat&tics. The notation of the structures is as follows: (SA) are the 6 0  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 ~ n e a n  
structure obtained from SA. The number of terms for the various restraints is given in parentheses. 

Structural statistics (SA) ( m ) ~  
Rms d~stance deviat~ons 

All (914) 
Interproton distances 

Interres~due short range (11 -11 5 5)  (254) 
Interres~due long range (It - jl > 5)  (291) 
Intrares~due (309) 

Hvdrogen bonds ( 6 0 ) t  
Rms dihedral deviations (degrees) ( 1  44)  ' 5  
FNOF (kcal mol-')ll 
F,,,, (kcal mol- ' ) I 1  
F,,,,I (kcal mol '111 
EL,  (kcal mol-')T - 
Deviations from idealized covalcnt geometw 

Bonds ( a )  (861) 
Angles (degrees) (1549) 
Impropers (degrees) (347)# 

'Root-mean-square dev~ations from experimental resrralnts. $None of the structures exhibit distance violations 
greater thz i  0.3 A or dihedral angle v~olations greater than 1". :Each hvdrogen bond is charactcrlxd by nvo 
dlstance restralnrs: r,,,_,, 5 2.3  and 7,-, = 2.5  to 3 . 3  A. All hydrogen-bonding restraints involvc slowly 
exchanging backbone .unlde protons. SThe torslon angle restralnrs comprlse 54 +, 51 $, and 39 X ,  
angles. T h e  values of the square-well KOE (F,,,) and torsion dngle (F,,,,) potentials [compare with equations 2 
and 3 in (11 ) )  are calculated a l th  forcc constzits o f 5 0  kcal mol k2 a id  200 k d  mo1-I rad-2, respect~vely. The value 
of the quaruc van der Wads repulsion term F,,, [compare w ~ t h  equation 5 In ( I s ) ]  is calculated wlth a force constant of 
4 kcal mol-I A-4 with the hard-sphere vz i  der Wads radil set to  0.8 tunes t h e ~ r  standard vdues. IEL., is the 
Lemard-Jones van der Wads energy calcdated wlth the CHhILMM (28) empiricd energy function and 1s not Included 
in the target function for simulated anr~eallng or  restrained mlmrnvation. #The improper torsion restrants scwe to  
mantam plziarlty and chirally. 

Fig. 1. Stereoview showing best-fit superposition of the backbone (N, Ca,  and C) atoms of the 60 SA 
structures of the B1 domain. 

658 

of three of the four Val rcsidues and two of 
the three Leu residues. Although the chem- 
ical shifts of the methyl groups of va12' and 
Leu7 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 
either side of the ring, which are degc~leratc 
owing to rapid ring flipping (17). The X,  
side chain torsion angles for the six residues - 
whose P-methylcne protons wcre not ste- 
reoassigned arc disordered on the basis of 
yap 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 rc- 
straints, 144 torsion angle restraints (for 54  
4, 51  4, and 39 X ,  angles), and 60 distance 
restraints for 30 hydrogcn bonds associated 
with slowly exchanging backbonc NH pro- 
tons (18). 

A total of 60 simulated annealing (SA) 
structures were calculated (Table 1) (18). 
The structure is cxceptionallv 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 4 
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 11 9 )  with an aver- 
age of -30 restraints affecting the confbr- 
mation of each residue. The stereochemistry 
of the structures is good as judged by several 
criteria: (i) all of the 4, 4 angles lie within 
the allowed regions of a Kamachandran 
plot; (ii) the noibonded contacts are char- 
acterized by a large negative Lennard-Jones 
van der Wads 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 K1 domain com~rises  
a four-stranded P sheet made up of two 
antiparallel P hairpins connccted by an a 
helix (Figs. 1 and 2A). The two central 
strands of the sheet, Pl (residues 1 to 8) and 
(34 (residues 50 to 56), are parallcl. The two 
outer strands, P2 (residues 13 to 20) and P3 
(residues 42 to 47) ,  are antiparallcl t o  P l  
and P4, respectively. Strands Pl and P2 arc 
connected by a type I turn (residues 9 to 
12). whereasstrands 83 and 8 4  are connect- , . 
ed by an unusual six residue turn from 
residues 46  to 51 in which ~ys" '  has a 
positive 4 angle of -50" in the left-handed 
helical region of the Ramachandran plot. 
Interestingly, rcsidues 46  to 5 1 superimpose 
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Table 2. Atom~c rms differences 
- - - 

Atomic rms Backbone All atoms All atoms excluding 
d~fferences ( A )  atoms disordered side chains* 

- - 

(SA) versus 0.27 ? 0.03 0.65 2 0.05 0.39 2 0.03 
( S A )  versus ( S A ) 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 chams that were excluded are: Met1 from the CP os~tion onward, Lvs4 from C6, LvsIU P from Cy, L~~~~ from C6, Glul' from Cy, Glu19 from Cy, ~ ~ y s ~ ~  from Cy, ~ l n ~  from Cy, ~ y s ~ '  from C6, from 
C6, md Glu"' from C6. 

within 1 0 . 4  A on residues 235/235A-239 
of Streptornycesgrire~rs proteinase A, residues 
27  to 32 of crambin, and residues 95 to 100 
of trypsin (20). The latter has a I,eu with a 4 
angle of -60" at the position equivalent to  
Lys5', whereas the other nvo proteins have 
the more usual Gly in this position. The two 
outer strands, P2 and P3, 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 (32 and (33. In  addition to 
the characteristic CO(i)-NH(i+4) hydrogen 
bonds found in a 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,' helm characterized exclu- 
sively by two CO(i)-NH(i+3) hydrogen 
bonds. 

The overall structure of the R1 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 P 
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 strumre could be 
responsible for the unusually high thermal sta- 

Fig.  2. (A) Schemat- 
ic ribbon drawing - 
representation o f  the A 
polypeptide fold o f  
the B1 domain; (B) 
diagrammatic repre- 4 
sentation o f  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 53.3 A and 
that the angle be- 
tween the acceptor 
heavy atom, the hy- 
drogen, and the do- 
nor heavy atom is 2120". 1 

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 whlch 41 
are backbone-backbone, 3 are side chab-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 bondmg. 
The side chain-backbone hydrogen bonds be- 
tween the carboxylate of AspZZ and the N H  of 
T h f 5 ,  the side chain arnide of Asn37 and the 
carbonyl of T ~ I - ~ ~ ,  and the carboxylate of Aspa 
and the N H  of Ala4' stabilize and cap the first 
and last turn of the helix and the turn between 
P3 and P4, respectively. In addition, there is 
one side chain-side chain hydrogen bond in 
which the O q H  atom of Tyr3 donates a hydro- 
gen bond to the Oq atom of Tyr45 (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 (Leu5, Leu7, Gly9, Ala26, Phe3', 
Ala34, Phe5', and are com- 

pletely b u r i ~ d  with surface accessibilities less 
than 0.5 A2, and only five hydrophobic 
residues (Ile6, Va121, and 

are significantly exposed to solvent. 
The helix itself constitutes a perfect example 
of an amphiphilic helix. The packlng 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", Trp43, and  he"^, I,eu7 with 
Trp4%nd TyrU,and Leu12 with ~ a l "  and 
Trp43. The hydrophilic functional groups of 
the polar aromatics (Tyr" Trp43, and Tyr4') 
and Thr residues (Thr16 and Thrlx)  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 Thrls interact with Leu\nd 
Tyr3, respectively, while the aromatic rings 
of Trp43 and Tyr45 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 (Thrl" and Thr18 in P2 and 
Trp43 and Tyr45 in P3) or at the beginning 
of a strand (Tyr3 in Dl).  The exposed sur- 
faces of the sheet and helix are madc up of 
positively charged Lys residues, ncgativelv 
charged Glu and Asp residues, and pol& 
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 itself may 
play a key role in this regard. In particular, as 
the NH2- and COOH-terminal strands, p l  
and P4, constitute the two internal strands 
of the four-stranded P sheet, unfolding can 
presumably only be accomplished by disrup- 
tion of the hydrogen bonds between these 
strands. ~ u r t h e r .  the interaction and relative 
orientations of strands D l  and P4 are not only 
determined by backbone hydrogen bonding 
but also bv an extensive network of hvdro- 
phobic interactions with thc 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 NH2- 
and COOH-termini that could potentiallv 
initiate the unfolding process. 

The association comtants for the binding of 
IgG to the B l  and B2 domains of protcin G are 
0.3 and 2.1 x 10' M-', respecrivcly 125). In 
an attempt to deduce which residues might be 
important in I& binding, we compared the 
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Fig. 3. Stcrcovic\vs ~ h o ~ v i n g  hest-fit supcrposltio~lr of all atoms (excluding protonr) of the 60 SA 
strucrurcs for nvo regions oi'the protcin, illustrating the dense paclung of hydrophobic residues ~vithin 
the protein interior. Intcractionr of residues from strands p l ,  P2, and P3 and the helix are shown in (A] ,  
and from strands p1, P3. and P4 and the hclix in (B). 

sequences of B1 and B2.  There are six 'unino 
ac~d subsunluon\ between the nvo dom'uns: 
I6V, Li?, E 1 9 K ,  ,%24k, Tr29A. and h 4 2 V  
(26.). Leu7 is conlpletely buried and cannot 
therefore be in\rol\,ed in binding. The other five 
residues, on the other hand, are solvent-acces- 
sible and hence potential contact residues: in 
particular, Glu'", ;UaZ4, and T'a12' are clustered 
around the end of strand P2 and the beginning 
of the a helix, while Ileh and C;IU"~ lie on the 
solvent-expsed surfice of the P sheet. It 
shodd, however, be borne in mind that the 
difference in finin. for the R 1  and R 2  domains 
is small and cadi also arise from subtle con- 
formational changcs rather than direct eEects 
associated with substitution of residues that 
contacy the I&. We note that there is no 
sequence or srmcnlral homologl, between the 
B1 domain and thc 58-residue IgG binding 
domain of staphylococcal protein A (27). This 
result, together with the obsen~ed differences in 
specdici< (27) ,  s~tggests that the mode of IgG 
binding for these two proteins is quite distinct. 
Further charac~erizxtion would require struc- 
tural studes of the R 1  domain-F, complex. 

The high-resolution solution structure of the 
small B 1 domain of protein G presented in this 
report reveds a highly compact globular pro- 

tein with a novel topolog of secondan: stnlc- 
mral elements. The ~tn~lsual stabilin of this 
small protein domain, u.hich has no dis~llfide 
bridges, suggests that it may senTe as a model 
for protein folding studies and as a template for 
ab initio protein design and protein engineer- 
ing of novel functional propcmes. 
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FAMILIAL 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 (1). 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 
5q21 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 5q21 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. IB). 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 gene, 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 
tightly 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 TBI in contig 2; in this proce­
dure, potential exon sequences are 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 
cDNA libraries derived from normal adult 
colon and fetal liver. The ends of the initial 
cDNA clones obtained in this screen 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 (TB1) con­
tained two significant local similarities to a 

Identification of FAP Locus Genes from 
Chromosome 5q21 
K E N N E T H W. K I N Z L E R , M E F C. N I L B E R T , L I - K U O S U , 

BERT V O G E L S T E I N / TRACY M. BRYAN, D A N I E L B. LEVY, KELLY J. S M I T H , 

A N T O N E T T E C. P R E I S I N G E R , P H I L I P H E D G E , D O U G L A S M C K E C H N I E , 

R A C H E L F I N N I E A R , ALEX M A R K H A M , J O H N G R O F F E N , M A R K S. B O G U S K I , 

S T E P H E N F. A L T S C H U L , A K I R A H O R I I , H I R O S H I A N D O , YASUO M I Y O S H I , 

Y O S H I O M I K I , ISAMU N I S H I S H O , Y U S U K E N A K A M U R A 

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. 
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