
gears). (Alternatively, the low-temperature 
phase might correspond to molecules that 
are stationary for much longer than the 
dephasing time of a normal mode of the 
cluster.) At Tc (244 + 3 K) these coher- 
ently vibrating molecules percolate, form- 
ing the first percolating cluster (referred to 
as the "infinite cluster" in uercolation 
literature), which grows in size with de- 
creasing temperature, eventually encom- 
passing the entire solid. We propose that 
the 1470 spectrum corresponds to vibra- 
tions of the percolating cluster whose con- 
stituent molecules vibrate coherently. Be- 
cause the vibrational time scale is much 
shorter than rotational time constants, it 
is the vibrational coherence that is of 
primary concern here. Nevertheless, the 
vibrational coupling may result from the 
ensured molecular alignment that coher- 
ent rotation imposes. 

According to this model, the dramatic 
increase in the Raman cross section on 
going from the high- to the low-tempera- 
ture forms of solid C,, arises from the 
cooperative Raman scattering by the con- 
stituent particles of the percolating cluster 
(14). In its simplest form, cooperative scat- 
tering would be characterized by a total 
Raman cross section that increases 
as the square of the number of molecules in 
the cluster. As the cluster grows large, 
however, the Raman intensity should in- 
crease less rapidly with cluster size (15). 
If the percolating cluster is large enough, 
one would expect saturation to have been 
reached at T-, bevond which the Raman 

L .  , 

intensity increases proportionally with clus- 
ter size. The average cross section per mol- 
ecule, however, will be larger than that of 
an equivalent number of independent scat- 
terers. On the basis of our observations. the 
average size of the percolating cluster at T, 
would be at least ten molecules. 

Because no great change in the heat 
capacity is observed below 249 K (1 0) , one 
must assume that the order-disorder transi- 
tion is geometric rather than the~mody- 
namic. It is also likely that the incorpo- 
ration of oxygen decreases the volume per 
ChO molecule in a manner similar to ther- 
mal contraction, thereby restricting molec- 
ular rotation. 

One can make these arguments more 
quantitative. Frisch et al. (16) reported the 
results of Monte Carlo calculations to de- 
termine the percolation probability, P(p) , 
as a function of the lattice occupation 
fraction, p. We define C(p) as the fraction 
of the lattice that belongs to the percolating 
cluster, that is, C(p) = pP(p). The inten- 
sity of the 1470-cm-' line should be pro- 
portional to C(p). Using the Monte Carlo 
data of Frisch et al. (16) for an fcc lattice, 
we determined that the value of p at the 
percolation threshold is p, = 0.1 13 and 

that C(p) is well described by the function 

with A = 1.03 and 0 = 0.7 for p > pc and 
C(p) = 0 for p < pc. Although the relation 
between p and temperature is unknown, we 
assume that coherently vibrating molecules 
correspond to the lower energy state of a 
two-state system. Hence p is assumed to take 
the form 

The temperature dependence of the inten- 
sity of the 1470-cm-' Raman line, expressed 
as Q(T), was fit to the above expressions for 
C(p) and p (T) , allowing three parameters to 
vary: AH, b, and a scaling constant. A good 
fit (solid curve in Fig. 2) was obtained over a 
range of temperatures from approximately 150 
K to Tc for the Raman data collected from the 
three samples studied, with AH = -4 + 1 
kcal m o l l  and a value of b consistent with T, 
= 244 K (when corrected for laser heating). 
Although C(T) is expected to be nonanalytic 
at T,, the experimental results show a slight 
curvature at T. that varies with sam~le thick- 
ness, suggesting a finite size effect (16). A 
good fit is not expected for temperatures well 
below Tc because neither the form of C(T) 
nor the dependence of the Raman intensity 
on cluster sue are known when the cluster is 
very large. Nevertheless, the sudden change 
in slope observed at approximately 100 K 
(Fig. 2) is reproducible and may signal yet 
another structural change. The value of AH 

obtained in the fit is reminiscent of the acti- 
vation energy of the reorientational correla- 
tion time for the "ratchet" phase as deter- 
mined by NMR (1 1 ) .  
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The Nonhelical Structure of 
Antifreeze Protein Type I II 

Frank D. Sonnichsen, Brian D. Sykes,* Heman Chao, 
Peter L. Davies 

Antifreeze proteins (AFPs) are present in the blood of some marine fishes and inhibit the 
growth of ice crystals at subzero temperatures by adsorption to the ice lattice. The solution 
structure of a Type Ill AFP was determined by two-dimensional nuclear magnetic reso- 
nance spectroscopy. These measurements indicate that this 66-residue protein has an 
unusual fold in which eight P strands form two sheets of three antiparallel strands and one 
sheet of two antiparallel strands, and the triple-stranded sheets are packed orthogonally 
into a p sandwich. This structure is completely different from the amphipathic, helical 
structure observed for Type I AFPs. 

T h e  interaction of proteins with solvent 
water has received much attention, espe- 
ciallv the influence of solvent on the stabil- 
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ity and folding of proteins (1) .  Less is 
known about how proteins influence the 
structure of water. One aspect of this prob- 
lem is the nature of the interaction near the 
freezing point of water or at subzero tem- 
peratures. Fish AFPs depress the freezing 
point of water in a noncolligative manner 
by binding directly to ice crystal nuclei at 
the interface of ice and water, thereby 
inhibiting their growth (2). The inhibition 
occurs by preferential adsorption of the 
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AFP to specific prism planes of the hexag- 
onal ice crystal. These antifreeze macro- 
molecules are structurally diverse and have 
been classified into four different types on 
the basis of their biochemical properties (3, 
4). Similar structure-function relations 
have been proposed for antifreeze glycopro- 
teins (AFGP) and for Type I AFPs, both of 
which have simple repetitive sequences (5, 
6). An atomic structure of T v ~ e  I AFP has 

a L 

been determined by x-ray crystallography; 
the protein forms a long, amphipathic helix 
(7). In contrast, little has been deduced 
about the structure of the other two types of 
AFPs (I1 and 111). The only structural in- 
formation available is that these AFPs are 
devoid of simple repetitive sequences (3, 8) 
and of a-helical secondary structure as in- 
dicated by circular dichroism measurements 
(9, 10). Determining the structure of Type 
I1 and Type 111 AFPs will help establish a 
mechanism for antifreeze activity, deter- 
mine whether a common structural motif is 
involved, and improve the understanding 
of protein-water interactions. 

Type I11 AFPs are produced by fishes of 
the suborder Zoarcoidei. Numerous iso- 
forms have been sequenced, including eight 
from ocean pout alone (3). Type 111 AFPs 
have 62 to 66 amino acids and are hetero- 
geneous at their NH2- and COOH-termini 
with an overall sequence identity of 50%. 
The recombinant AFP isoform (rQAE 

0 . 0 ~ " " " ' ~  
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

AFP (mM) 

Fig. 1. The antifreeze activity of native (0) and 
recombinant AFP (0). A synthetic gene for rQAE 
m l  .l was assembled from oligonucleotides and 
expressed in Escherichia coli with the T7 poly- 
merase expression system of Tabor and Richard- 
son (26). rQAE m l  .l has the sequence MNQAS- 
VVANQLIPINTALTLVMMRSEVVTPVGIPAE- 
DIPRLVSMQVNRAVPLGTTLMPDMVKGYAA (1 1, 
12) and was purified from sonicated E. coliby gel 
permeation chromatography on Sephadex G-75 
followed by reversed-phase high-performance 
liquid chromatography (HPLC). Native QAE- 
Sephadex-binding isoform HPLC-12 was purified 
from ocean pout serum by a similar procedure but 
with the inclusion of cation-exchange chromatog- 
raphy on a CM-52 (Whatman) column to remove 
other AFP isoforms before reversed-phase HPLC. 

ml. 1) selected for structure determination 
differs from the ocean pout isoform HPLC- 
12 (1 1) by the inclusion of the NH2- 
terminal initiating methionine and by the 

- substitution of the COOH-terminal se- 
quence PPA with AA (1 2) , an ending used 
by other AFP Type 111 isoforms. The anti- 
freeze activity of rQAE ml.1 as measured 
by thermal hysteresis with a nanoliter 0s- 
mometer was indistinguishable from that of 
native HPLC-12 (Fig. 1). 

We used standard two-dimensional 'H 
NMR methods to determine the structure 
of the rQAE ml. 1 protein. The portion of 
the aliphatic region of the 600-MHz 'H 
NMR spectrum (Fig. 2A) is typical of the 
high-resolution spectra obtained for this 
protein. Complete sequential assignments 
were obtained with the procedure of 
Wiithrich (1 3, 14). Secondary structure 
elements were identified by characteristic 
nuclear Overhauser effect (NOE) patterns 
(Fig. 2) in conjunction with information 

about the + angle (the dihedral angle 
around the C, nitrogen bond) obtained 
f r ~ r n ] , ~ - , ~  coupling constants (where J is 
the coupling constant). On this basis, eight 
short strands of p sheet, several turns, and 
a loop were identified (Fig. 3). Our data 
indicate that the loop has an irregular 
structure from residues 27 to 34 but exhibits 
NOE connectivities characteristic of a se- 
ries of turns from residues 35 to 41. The 
arrangement of the p strands into sheets 
was established with the use of interstrand 
NOE connectivities-in particular, cross 
peaks between a protons of amino acids in 
adjacent strands (Fig. 2A). Three antipar- 
allel P pleated sheets are formed; two triple- 
stranded sheets and one two-stranded 
sheet, which are separated by several turns 
of various lengths (Fig. 3). 

The three-dimensional structure of 
rQAE ml.1 was obtained from the derived 
distance and angle information as input 
into distance geometry (DG) calculations 

total correlation spectroscopy (TOCSY) spec- 
tra with 50-. 60-, and 80-ms mixing times, from double quantum-filtered correlated spectroscopy 
(COSY) data, and from NOESY spectra recorded with 50-, loo-, 150-, and 200-ms mixing times with 
the use of standard procedures (13). 

the use of standard procedures'(l3). 
- 
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Fig. 2. (A) Region of two-dimensional 'H NOE 
spectroscopy (NOESY) NMR spectrum (600 62.- 
MHz) of rQAE m l  . l  at 10°C and pH 4.80. 
Long-range d- connectivities (where dam is the 5 5 -  

distance between two a proteins) and sequen- 
tial connectivities involving Pro a carbon pro- 

& 48.- 

tons or S carbon protons are labeled with resi- 41.- 
due numbers. F1 and F2, first and second c 

frequency axis, respectively. (B) Diagonal plot 8 34-- 

of ~nterresidue NOE connect~vities. Squares 27-- 
above the diagonal represent an NOE between K 

any two protons. Below the diagonal, only 20.- 

backbone-to-backbone NOE cross peaks are 13 
represented by diamonds. NMR measurements 
were performed on a Varian Unity 600 spec- 
trometer with 1 mM solutions of rQAE m l  .l in a 
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Fig. 3. Schematic of the folding pattern of Type 
Ill AFP rQAE m l  .l. The eight p strands are 
arranged in three sheets. Arrows and rectangle 
represent p strands and a series of turns, 
respectively. Neither the size of the rectangle 
nor the length of the lines that represent con- 
necting loops are to scale. Numbers in the 
arrows indicate the residues present in each p 
strand. 

with the program DGII (15). Twenty-five 
DG structures were calculated: 20 of them 
converged onto an identical folding pattern 
(Fig. 4A). These 20 structures were aver- 
aged to show the folding motif (Fig. 4B). 
The protein folded into a single domain. 
The two triple-stranded sheets were placed 
face-to-face, which resulted in a two-layer 
p sandwich. The alignment of the sheets 
differed by 90 degrees; they were packed 
orthogonally (1 6). The two layers were 
connected by four-residue turns, the short 
two-stranded sheet, and the loop men- 
tioned above. Although this layered struc- 
ture is common among proteins (1 7), our 
results indicate that the folding Dattern of ., . 
rQAE ml.1 is exceptional in respect to its 
chain topology. This may reflect the fact 
that Type 111 AFP sequences are unique- 
that is, they do not have sequences similar 
to those of other proteins. 

The current mechanism for antifreeze 
action involves an adsomtion-inhibition 
model that correlates the amphipathic, he- 
lical polypeptide properties of AFPs with 
antifreeze activity (2, 18). In Type 1 AFPs, 
hydrophilic residues, primarily Thr, Asn, 
and Asp, are aligned on one face of a long 
(44 to 64 A) helix and have been proposed 
to form hvdroeen bonds with the ice sur- 
face, wheieas ;he hydrophobic side of the 
helix is exposed to the solvent, which 
prevents water from joining the lattice. The 
adsorption to specific facets of ice has been 
explained by the spacing of hydrophilic 
residues, which matches the spacing of the 
water molecules on the ice crystal surface 
(19-21). In particular, a 16.5 A spacing 
between polar residues has been implied to 
be of importance for Type I AFP adsorp- 
tion. 

The globular structure of AFP Type 111 
brings into question some aspects of this 
mechanism, such as the existence of a 
universal ice-binding motif. On the basis of 
our data, Type 111 AFP (maximum diameter 
of 35 A) is much smaller in length than 
Type I AFP; it has a P-pleated sheet fold 
and lacks helical character. However, the 

Fig. 4. (A) Superposition of DG structures of rQAE m l  .l AFP. 
The structures were generated with Insight II and calculated 
with DGll and D~scover (Biosym, San D~ego, California). For 
NMR structure determination, cross peaks In two-dimension- 
al, 600-MHz 'H NOESY spectra (m~xing times of 50, 100, and 
150 ms) at 10°C and pH 4.80 were integrated. We obtained 
interproton distances by calibrating the NOE intensities with 
the use of the TyP3 of proton+ proton cross peak and 
classified them as strong, medium, and weak, which corre- 
sponded to 2.7. 3.3. and 5 A upper distance boundaries, 
respectively. 6 angle restraints were used for residues with 
J,,.,,, >8 Hz as determined from double quantum-filtered- 
COSY spectra by fitting the traces of cross peaks to a 
Lorentzian line shape with the program Jfit (R. Boyko, University of Alberta). Hydrogen bond 
restraints were used for residues in p pleated sheet regions, where the amide proton was resistant 
to exchange in D,O for more than 6 hours at pH 5.8 and 25°C or for more than 5 days at 10°C. In 
total, 572 NOE (254 intraresidue. 202 sequential. 36 medium-range. and 80 long-range), 16 dihedral 
angle, and 18 hydrogen bond restraints were introduced in DG calculations with the program DGll 
(15). Of the 25 structures calculated. 20 had residual error funct~on values of 0.3 ? 0.2 kcalimol, 
with no remaining distance or dihedral angle violations greater than 0.3 A or 5 degrees, 
respectively. The others had errors greater than 0.5 kcalimol and were disregarded. The structures 
were subsequently minimized with the use of all restraints, and an average structure was calculated. 
We obtained the best-fit superposition shown by superimposing the backbone atoms of the p sheet 
regions and short loops (residues 3 to 26 and 40 to 64) of each DG structure to the average 
structure. The root-mean-square deviation for the position of backbone atoms is 1.4 2 0.4 A. For 
clarity, the presentation includes ten randomly chosen structures out of the 20 converged 
structures. (B) Schematic of the three-dimensional structure of rQAE ml.1 generated with the 
program MOLSCRIPT (27) with the use of the coordinates of the constrained min~mized structure of 
rQAE ml.1 after 20 converged DGll structures were averaged. The mobile NH,- and COOH- 
terminal four residues were not included in the display. 

composition of rQAEml. 1 is unusually hy- 
drophobic (22). On the basis of the Kyte- 
Doolittle parameters (23), its hydrophobic- 
ity was calculated to be 5.0. Similar values 
were obtained for Type I AFP, whereas the 
hydrophobicity of most proteins lies be- 
tween -6.0 and 0.0. The ratio of hydro- 
philicity to hydrophobicity for rQAE m l  . 1 
was 0.69. In contrast, the contribution of 
nonpolar groups to the accessible surface 
area (24) of Type 111 AFP (63%) falls 
within the range observed for most proteins 
(50 to 68%) (25) because the folding pat- 
tern buries an unusually high proportion of 
hydrophobic residues in the core. The bur- 
ied surface therefore consists of 74% non- 
polar groups as compared to 60 to 65% for 
most proteins (25). Thus, according to our 
measurements the protein does not present 
extended hydrophobic areas to the solvent 
despite its hydrophobic composition. Two 
hydrophilic surface areas can be identified: 
both triple sheets expose six to seven hy- 

drophilic residues to the solvent, which 
could form hydrogen bonds with the ice 
surface. The distance between neighboring 
hydrophilic side chains is approximately 4 or 
8 A, similar to the distance between side 
chains that are one or two full helical turns 
apart. This observation is consistent with 
the adsorption-inhibition mechanism for 
antifreeze activity (2, 18). However, it is 
worth noting that these hydrophilic sur- 
faces are on different sides of the protein 
and are similar to the hydrophilic areas of 
many other proteins. 

Our measurements show that a long 
linear array of polar side chains as found in 
Type I AFP is not present in Type 111 AFP. 
This could be changed by the association of 
two or more AFPs when they are in contact 
with ice or by a partial unfolding of the 
protein, which would allow both sheets to 
interact simultaneously with an ice crystal 
nucleus as well as generate a more amphi- 
pathic molecule akin to AFGP and Type I 
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AFP. However, NMR studies at tempera- 
tures near or below the equilibrium freezing 
point of water do not indicate any intermo- 
lecular associations or significant structural 
changes (1  4). 
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ldentification of a Ten-Amino Acid Proline-Rich 
SH3 Binding Site 

Ruibao Ren,* Bruce J. Mayer,* Piera Cicchetti, David Baltimore? 
The Src homology 3 (SH3) region is a small protein domain present in a very large group 
of proteins, including cytoskeletal elements and signaling proteins. It is believed that SH3 
domains serve as modules that mediate protein-protein associations and, along with Src 
homology 2 (SH2) domains, regulate cytoplasmic signaling. The SH3 binding sites of two 
SH3 binding proteins were localized to a nine- or tenamino acid stretch very rich in proline 
residues. Similar SH3 binding motifs exist in the formins, proteins that function in pattern 
formation in embryonic limbs of the mouse, and one subtype of the muscarinic acetyl- 
choline receptor. ldentification of the SH3 binding site provides a basis for understanding 
the interaction between the SH3 domains and their targets. 

T h e  SH3 domain. which contains amrox- such moteins (2). Studies of vulva1 devel- 
& .  

imately 60 amino kids, is found in a wide opme'nt in the 'nematode, Caenorhabditis 
variety of proteins. It exists in association elegans showed that an SH3-containing pro- 
with catalytic domains, as in the nonrecep- tein, Sem5, is central to that process and 
tor protein-tyrosine kinases and phospholi- that the SH3 domains are crucial for the 
pase C-y, within structural proteins such as function of Sem5 (3). 
spectrin or myosin, and in small adapter Two proteins that bind specifically to 
~roteins such as Crk or sem-5 (1). SH3 . . 
domains are often accompanied by SH2 
domains of 100 amino acids that bind to 
tyrosine-phosphorylated regions of target 
proteins, frequently linking activated 
growth factor receptors to putative signal 
transduction proteins (I) .  The function of 
the SH3 domain is less well defined. Its 
presence in a variety of proteins associated 
with the cytoskeleton implies that it may 
participate in regulating the cytoskeleton. 
Deletion or mutation of the SH3 domain 
generally activates the transforming poten- 
tial of nonreceptor tyrosine kinases, sug- 
gesting that SH3 mediates negative regula- 
tion of an intrinsic transforming activity in 
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Fig. 1. Mapplng of the SH3 
blndlng s~te on 3BP1 Protelns 
from lysates of bacter~a that ex- 
pressed the GST-3BPI pept~de 
fus~on prote~ns were probed 
w~th b~ot~nylated GST-AbI SH3 
fus~on prote~n (0 2 ~glml) (A) 
b~otlnylated GST (0 2 pglml) 
(6) or ant~body to GST (0 5 
pglml) (C) Lane 1 GST (13) 
lane 2 GST-3BP1-64 lane 3 
GST-3BP1-28 lane 4 GST- 
3BP1-22 lane 5 GST-3BPI -1 0 
Numbers on left represent the 
molecular slze In k~lodaltons 
The ant~serum used for detect- 
Ing GST fus~on protelns con- 
ta~ns some ant~bod~es to bacte- 
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the SH3 domain of the product of the abl 
proto-oncogene were isolated by screening 
a hgtl l  cDNA expression library with a 
fusion protein containing glutathione-S- 
transferase (GST) fused to the SH3 do- 
main of Abl (4). One of the proteins, 
termed 3BP1, contains a region of similar- 
ity to GAP-Rho, the guanosine triphos- 
phatase-activating protein for the Ras- 
related protein Rho. The high-affinity 
binding site of 3BP1 for the Abl SH3 
domain was localized to a 28-amino acid 
region outside of the domain with similar- 
ity to GAP-Rho. We have now localized 
the SH3 binding sites of 3BP1 and the 
other Abl SH3 binding protein, termed 
3BP2, to a nine- or ten-amino acid 
stretch very rich in proline residues. The 
presence of SH3 binding motifs in other 
known proteins was suggested by a search 
of the protein sequence data bases and 
tested in the cases of the formins and a 
subtype of the muscarinic acetylcholine 
receptor. 

The binding sites for the Abl SH3 do- 

~~ ~- ~ ~ 
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