
velocity (-26 km s-') and the speed at which the 
bow shock propagates in a perpendicular direction 
(-10 km s-I). The recombining solar wind plasma 
and suprathermal H0 may also be seen in the wake 
region. The most likely source of detection of the 
solar wake would be in Lya absorption, because the 
H I Lya line becomes optically thick at N (H I) - loi3 
cm-' for local cloud properties. A H0 population 
heated in the solar system may contribute H I Lya 
absorption with an anomalous veloclty dispersion 
toward background stars such as Sirius (located 
close to the antiapex of solar motion, offset about 4" 
downwind). 

20. For instance, doubling the H0 denslty from 0.1 to 0.2 
~ m - ~  yields t, = 3500 to 5200 years ago for the 
cloud vector (V = -19.0 km s-l ,  t = 334.5", b = 

- 1 .P). 
21. W. B. Landsman, R. C. Henry, H. W. Moos, J. L. 

Linsky, Astrophys. J. 285, 801 (1 984). 
22. A. C. Cummings, and E. C. Stone, Contributions to 

the 20th International Cosmic Ray Conference, Mos- 
cow, U Supl. Ser. R (1 987); Contributions to the 21 st 
International Cosmic Ray Conference, Adelaide, 
South Australia (1 990). Because the 0 and C errors 
are correlated, they are reduced by 10% (A. C. Cum- 
mings, personal commun~cation). 

23. P. C. Frisch, D. E. Welty, D. G. York, J. R. Fowler, 
Astrophys. J .  357,514 (1 990); J. M. Shull and M. van 
Steenberg, Astrophys. J. Suppi. Ser. 48, 95 (1982). 
The recombination rate of Cf and an electron IS 

given by a,(C+) = 4.70 x 10-l3 T4-0.624 cm3 s-', 
where T4 is the temperature in units of 1 O4 K. 

24. J. R. Jokipii, in COSPAR Coiioquia Series No. 7, 
Physics of the Outer Heliosphere, S. Grzedzielski 

and E. Page, Eds. (Pergamon, New York, 1990), p. 
169. 

25. D. C. Morton, Astrophys. J. Suppl. Ser. 77, 119 
(1 991). 

26. J. M. Ajello et ai., Astrophys. J. 317, 964 (1987); J. 
Murthy, et ai., ibid. 315, 675 (1987); P. C. Frisch, 
COSPAR Colloquia Series No. 7 ,  Physics of the Out- 
er Heiiosphere, S. Grzedzielski and E. Page, Eds. 
(Pergamon, New York, 1990), pp. 19-21; R. Lalle- 
ment, ibid., pp. 49-60. 

27. J. H. Black and A. Dalgarno, Astrophys. J. Suppi. 
Ser. 34, 405 (1977). 

28. This temperature range is based on Ulysses space- 
craft observations of the arrival angle of hellum [T = 

6700 ? 1500 K (75)] and GHRS data for interstellar 
gas within 1 to 12 pc (see Table 1). 

29. The total recombination rate for Mg+ - MgO in- 
cludes radiative and dielectronic contributions. For 
this comparison, the magnesium-based n, is derived . from the dielectronic recombination rate for Mgf -- 
MgO for the temperature range 1500 < T, < 60,000 
K (including spin-orbit coupling, which mixes auto- 
ionizing and nonautoionizing states at low tempera- 
tures [H. Nussbaumer, and P. J. Storey, Astron. As- 
trophys. Suppi. Ser. 64,545 (1 986)l. At T, - 6000 K 
the radiative (23) and dielectronic recombination 
rates for Mgf -+ MgO are approximately equal, and 
so the uncertainty introduced by the Mgf -- MgO 
recombination rate may be small. However, for 6500 
K < T < 10,000 K, this uncertainty can be significant. 
In the calculations of this electron density, Lallement 
eta/. (75) used a parameterization of a dielectronic 
recombination by V. L. Jacobs, J. Davis, J. E. Rog- 
erson, M. Blaha [Astrophys. J. 230, 627 (1979)l. 

However, the lower limit of the effective range of the 
calculation of Jacobs etal. is 10,000 K, so it is inap- 
plicable at surrounding cloud temperatures. In warm 
ionized nebulae, charge exchange between MgO and 
Hf  contributes to the formation of Maf. This rate is 
calculated at a..iT.) = 1.74 X 1 0-9 &~i -2.210/~. )  

LS\ +, , , * 
cm3 s- ' ,  where T4 = Tell 04, in the range 0.8 < T4 < 
2.0 [R. J. Allan, R. E. S. Clegg, A. S. Dickinson, D. R. 
Flower, Mon. Not  R. Astron. Soc. 235, 1245 (1 98811. 

30. D. Pequignot and S. M. V. Aldrovandi, Astron. ~ s t r o -  
phys. 161, 169 (1986); F. C. Bruhweiler and Y. 
Kondo, Astrophys. J.  260 L91 (1 982). 

31. This magnetic field strength represents the total az- 
lmuthal field derived for the ordered magnetic field 
component in the vicinity of the sun. See R. J. Rand 
and S. R. Kulkarni [Astrophys. J. 343, 760 (1989)l 
and R. J. Rand and A. G. Lyne (in preparation). 

32. V. B. Baranov, M. G. Lebedev, M. S. Ruderman, 
Astrophys. Space Sci. 66, 441 (1 979); V. B. Bara- 
nov, M. G. Lebedev, Ju. G. Malama, Astrophys. J .  
375, 347 (1991); R. Lallement etai., ibid. 396, 696 
(1 992). 

33. J. D. Slavin, Astrophys. J. 346, 718 (1989); K.-P. 
Cheng and F. C. Bruhweiler, ibid. 364, 573 (1 990). 

34. R. Genova et a1 , ibid. 355, 150 (1 990). 
35. D. G. York, ibid. 204, 750 (1976). 
36. J. V. Vallerga eta/. , ibid. 41 1, 729 (1 993). 
37. 1 acknowledge the support of National Aeronautics 

and Space Administratlon Space Physics Division 
grant NAGW-2610 during the preparation of this pa- 
per. I especially thank R. Lallement and J. Linsky for 
sending me preprints in advance of publication. 

9 February 1994; accepted 14 July 1994 

Chemical Sequence Control of P-Sheet terials, with properties potentially quite differ- 
ent from those of the synthetic polymers cur- 

Assembly in Macromolecular Crystals rently available and m widespread use (2). 

of Periodic Polypeptides Since the concept of macromolecular 
structure was established in the earlv Dart of , 

Mark T. Krejchi, Edward D. T. Atkins,' Alan J. Waddon, this century by Staudinger ( 3 ) ,  enormous 

Maurille J. Fournier, Thomas L. Mason, David A. Tirrell* effort has been devoted to the development 
of polymerization processes that afford im- 

A family of uniform periodic polypeptides has been prepared by bacterial expression of 
the corresponding artificial genes, with the objective of exploring the potential for control 
of supramolecular organization in genetically engineered protein-based polymeric ma- 
terials. The repeating units of the polypeptides consist of oligomeric alanylglycine se- 
quences interspersed with glutamic acid residues inserted at intervals of 8 to 14 amino 
acids. Crystallization of such materials from formic acid produces p-sheet structures in 
the solid state, as shown by vibrational spectroscopy, nuclear magnetic resonance 
spectroscopy, and wide-angle x-ray diffraction. The diffraction results, together with 
observations from elec_tron microscopy, are consistent with the formation of needle- 
shaped lamellar crystals whose thickness is controlled by the periodicity of the primary 
sequence. These results can be used to control solid-state structure in macromolecular 
materials. 

T h e  design and synthesis of artificial pro- ported in the design of simple proteins that 
teins is an  emerging area of research with adopt predictable secondary structures, and 
important implications for structural bio- peliminary successes in higher order pro- 
logy, materials science, and biomedical en- tein folding have been achieved in several 
gineering. Significant progress has been re- laboratories (1 ). 

We are interested in controlling the solid- 
M. T. Krejchi, A. J. waddon, D. A. Tirrell, ~ e p z m e n t  of state structures-and in particular"the crystal 
Polymer Science and Engineering, University of Massa- 
chusetts, Amherst, MA 01 003, USA. structures-of artificial proteins. Unlike the 
E. D. T. Atkins, H. H. Wills Physics Laboratory, University products of conventional polymerization pro- 
of Bristol, Tyndall Avenue, Bristol, BS8 ITL, United King- cesses, artificial Droteins can be engineered 
dom. - 
M. J. Fournier and T. L. Mason, Department of Biochem- with of chain 
istry and Molecular Biology, University of Massachusetts, length, sequence, and stereochemical purity. 
Amherst, MA 01 003, USA. Appropriately designed artificial proteins thus 
'To whom correspondence should be addressed. represent a new class of macromolecular ma- 

Dr&ed control of chain architecture and to 
the elucidation of the relations between 
molecular structure and su~ramolecular or- 
ganization in solid polymers. Keller and 
others (4) in the 1950s established the gen- 
erality of polymer crystals as folded-chain 
lamellae, and it is now accepted that the 
folded-chain architecture is a kinetic trap 
for essentially any flexible polymer chain. 
Thus, it is prudent to focus any crystal 
engineering effort on lamellar structures, 
with the following key parameters the ob- 
jects of control: (i) chain conformation, (ii) 
unit cell structure. (iii) lamellar thickness, , .  . 
and (iv) lamellar surface structure. Toward 
these ends, we describe herein the. dgsien, 

u 

synthesis, and structural analysis of the fam- 
ily of artificial proteins represented by se- 
quence 1 (Fig. 1). 

The  design of this simple family of se- 
quences was based on concepts and obser- 
vations drawn in part from polymer chem- 
istry and physics and in part from structural 
biology. The repeating alanylgl~cine (Ala- 
Gly) dyads were selected to form extended 
p strands and to assemble into p-sheet crys- 
tal "stems" in the lamellar aggregate. Poly- 
(AlaGly) and a variety of AlaGly-rich 
polypeptides (including Bombyx mori silk 
fibroin) are known to adopt p-sheet struc- 
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tures in the solid state (5). The choice of 
three to six dvads reflects two consider- 
ations: (i) the known crystallization be- 
havior of synthetic aliphatic polyamides, 
which suggests that kinetic factors should 
restrict the length of the stem to that 
defined by six to eight lateral hydrogen 
bonds (6, 7) and (ii) the observation that 
the egg-stalk protein of Chrysopa fiwa 
folds with a periodicity corresponding to 
eight amino acid residues (8). We there- 
fore focused on the repeating octapeptide 
l a  and examined l b  through Id in cor- " 
ollary fashion. Finally, glutamic acid was 
inserted into the sequence for reasons of 
size, polarity, and reactivity. The large 
size of Glu relative to Ala and Gly should 
make inclusion of the acid in the lamellar 
interior sterically. unfavorable. The inter- 
sheet spacings in poly(AlaGly), for sxam- 
ple, are on the order of 4 to 5 A (5), 
whereas salts of poly(G1u) in the P form 
are characterized by intersheet distances 
of -13 A (9). During the crystal growth 
process, strong interactions with the sol- 
vent or with ions should segregate Glu 
residues to the surface of the growing 
aggregate, and the reactivity of the Glu 
side chain is attractive from the point of 
view of subsequent chemical modifica- 
tion, either of the isolated chain or of the 
lamellar assembly. Finally, we chose Glu 
because it is the weakest P-sheet former of 
all 20 amino acids in the Chou-Fasman 
scheme for prediction of protein second- 
ary structure (10). 

A simple representation of the targeted 
crystalline structure of protein la  is shown 
in Fig. 2: a fo1ded;chain lamellar aggregate 
roughly 30 to 35 A thick, with antiparallel 
P-sheet crystal stems arranged on an ortho- 
rhombic unit cell, and with the periodic 
Glu residues decorating the lamellar surfac- 
es. The following paragraphs describe the 
synthesis of l a  and the evaluation of this 
structural hypothesis. 

The double-stranded oligonucleotide 2 
(Fig. I) ,  which encodes two copies of the 
octapeptide repeating unit of la, was syn- 
thesized with the use of phosphoramidite 
chemistry (I I). The design of the coding 
sequence reflects the following consider- 
ations: (i) avoidance of codons rarely used 
by the host strain, (ii) minimization of strict 
sequence periodicity, and (iii) elimination 
of all Ban I restriction sites other than those 

~ ~ - ~ -  

flanking the target sequence. The coding 
sequence was multimerized and transferred 
to the expression vector pET3-b (12), and 
expression of target protein 3 (Fig. 1) was 
monitored by the incorporation of 3H-gly- 
cine after induction during logarithmic 
phase growth of a culture of Escherichia coli 
strain BLZl(DE3)pLysS transformed with 
the resulting recombinant plasmid. Reduc- 
tion in the growth rate upon induction was 

-[ (AlaGly)xGluGly lr la: x =  3; n = 36 

I b:x=4;n=28 
c:x=5;n=20 
d:x=6;n=14 

Eco RI Barn HI 
Gly Alr Gly Ala Gly Ala Gly Glu Gly Ala Gly Ala Gly Ala Gly Glu Gly Ah 

ATrCGTMOCTGCCGCCGCTCCTGCGGCCGMGGTGCAGGCGCTGCTGCGGGCGMOOTGCCG 
GCATT CCA CGC CCG CCA CCA CGC CCG CIT CCA CGT CCG CGA CCA CGC CCG CIT CCA COO CCTAG 

Ban l Ban l 

MASMTGGQQMGRDPMFKYSRDPMG-[GAGAGAGE]36- 
ARMHIRPGRYQLDPAANKARKEAELAAATAEQ 

3 

Fig. 1. Basic structure of the family of protein sequences synthesized in this experiment (1). Double- 
stranded oligonucleotide (2). Target protein (3). 

coincident with the accumulation of a 
new protein product in electrophoretic 
analyses of whole cell lysates (Fig. 3). 
This product was not present in untrans- 
formed cells, in cells transformed with 
pET3-b, or in uninduced cells trans- 
formed with the target gene. The product 
migrates as a single band on SDS-poly- 
acrylamide gels with an apparent molec- 
ular weight of about 60,000, and, al- 
though ;his is higher than expected 1 
(26,741), similar highly acidic proteins 
migrate anoma~ous~y under these condi- Fig. 2. Computer-generated space-filling molec- 

tions (13). The target protein was con- ular model of a hypothetical lamellar crystal con- 

fined to the soluble fraction of the whole 
structed from stacked, folded p sheets of la.  

cell lysate, and a simple procedure involv- 
ing sequential pH adjustments with gla- adopted a secondary structure other than 
cia1 acetic acid afforded a substantial en- that of the a~0-sheet. Normal mode calcu- 
richment in the supernatant (Fig. 4). The 
product was isolated by ethanol precipi- 
tation at - 10°C, and the periodic portion 
of 3 was liberated from the flanking se- 
quences by cleavage with cyanogen bro- 
mide (14-16). 

The predominance of the antiparallel 
(ap) p-sheet structure in the crystalline 
polypeptide is revealed in the key features 
of the infrared (IR), Raman, and cross- 
polarization magic angle spinning nuclear 
magnetic resonance (CPIMAS NMR) spec- 
tra of samples crystallized from 70% formic 
acid. The IR spectrum of l a  exhibits amide 
I, 11, and I11 vibrational modes at 1623, 
1521, and 1229 cm-', respectively (Fig. 
5A), characteristic of the p-sheet confor- 
mation (17, 18), and the weak amide I 
component at 1698 cm-' indicates the reg- 
ular alternation of chain direction that de- 
fines the app-sheet architecture (19). Close 
examination of the amide I region (Fig. 5B) 
reveals the presence of four vibrational 
modes unrelated to an app-sheet architec- 
ture. The weak vibrations centered at 1710 
and 1744 cm-' can be attributed to car- 
bony1 stretching of the side chain car- 
boxyl groups of Glu; however, the amide I 
component observed at 1652 cm-' and the 
weaker shoulder at 1665 cm-' indicate that 
some fraction of the polypeptide chain has 

L .  

lations (20) suggest that these amide I com- 
ponents (as well as the prominent shoulder 
at 1550 cm-' in the amide I1 region) may 
arise from reverse turns of either the p or 
Y type. 

The Raman spectrum of la  (Fig. 5C) ex- 
hibits the amide I band at 1664 cm-' and the 
splitting of the amide 111 band into two com- 
ponents at 1260 and 1228 cm- ' characteristic 
of the app-sheet conformation (18, 21). The 
broad. weak amide I1 band observed at 1535 
cm-' is expected for the app-sheet structure 
(22), and, as in the IR spectrum, it is plausible 
to associate the bands in the 1300 to 1330 
cm-' region with turn structures (20). 

The CP/MAS 13C NMR spectrum of la  
was obtained at 50.6 MHz; the observed 
chemical shifts are compared with those of 
poly(L-AlaGly) in Table 1. All of these as- 
sirmments are consistent with an ~DB-sheet - . . 
architecture (23); however, close examina- 
tion of the line shape of the P-carbon signal of 
Ala reveals the presence of a shoulder at 16.8 
ppm. The chemical shift of this shoulder is 
close to that observed for the p-carbon in Ala 
in the silk-I crystal structure (24), but the 
absence of the corresponding carbonyl peak at 
176 ppm suggests that this signal is not asso- 
ciated with the silk-I structure. The intensitv 
of this signal was not reduced by washing thi  
sample with formic acid, a good solvent for 
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Fig. 3. Electrophoretic analysis of protein expres- 1 2 3 ,  4 
sion bv in vivo labelinq of proteins derived from: (1) OTO 0 7 0  O?O 15 30 60 . . 
BL21(b~3) pLysS, (i BL21(DE3) pET3-b pLysS, 
and (3) BL21 (DE3) pLysS pET3bMK36 (no induc- 
tion), and (4) BL21(DE3) pLysS pET3bMK36 at 
various time points (in minutes) after addition of 
IPTG. The expression of 3 was monitored by the 
incorporation of 3H-glycine into the target protein. 
Frozen primary stock, or single colonies from M 
plates containing BL21 (DE3) pLysS pET3bMK36, 
BE1 (DE3) pLysS pKF526 (positive control), 
BL21 fDE3) wLvsS wET3-b (no insert control). and 
BL2l i ~ ~ 3 j  &SS ino plasiid control) werer;sed 
to inoculate 5 ml of fresh M9AA (39) without gly- 
cine. Incubation with appropriate antibiotic selec- 36n000 I 
tion was carried out at 37"C'for 12 hours. Portions 
of these cultures (90 to 100 ~ 1 ,  1.455 optical den- - 
sity units per milliliter) were used to inodu~ate fresh 
M9AA medium (10 ml) with selection. These cultures were incubated with vigorous agitation at 37°C until 
the [absorbance at 600 nm (A,,d] reached 0.4 to 0.5. Then 3H-glycine (50 pCi, 1 mCi/ml) was added, and 
the cells were incubated at 37°C for 15 min. IPTG (1 5 P I ,  0.2 M) and an additional volume of 3H-glycine 
(1 00 PI, 1 mCi/ml) were added. At several time points during cell growth, aliquots (1 ml) were removed and 
the cells were harvested by centrifugation at 13,500g for 45 s. The cells were washed with fresh media, 
resuspended in 50 p1 of 10 mM tris (pH 7.5) and 10% glycerol and lysed by the addition of 50 ml of 100 
mM tris (pH 7.5), 4% SDS, 4 mM EDTA, 2% p-mercaptoethanol, and 20% glycerol. The lysates (20 to 30 
ml, 1.007 optical density units per milliliter) were heated at 95°C for 5 to 10 min and electrophoresed at 
10 mA for 14 hours in a 10% polyacrylamide gel. Gels were stained with Coomassie brilliant blue R, 
destained, soaked in autoradiography enhancer (Enlighten), and dried on Whatman 3MM filter paper. 
Photographic film was exposed to the dried gel at -80°C for 2.5 days. 

Fig. 4. Electrophoretic analysis of the purification of 3. 
Proteins were visualized by (a) Coomassie blue staining 
and (b) radiolabeling. Lanes M, 1, 2, 3, and 4 are protein 
molecular weights standards, crude lysate, pH 5.0 su- 
pernatant, pH 4.5 supernatant, and pH 4.0 supernatant, 
respectively. Radiolabeled cells from an induced cell cul- 
ture (see legend to Fig. 3) were pelleted by centrifugation 
at 13,000g for 2 min, washed with fresh media, resus- 
pended in 1 ml of TE (1 0 mM tris, 1 mM EDTA), placed on 
ice, and disrupted by sonication at 40 units of power 
(Branson Sonifier) for 30 s. The lysate was clarified by 
centrifugation at 13,000g for 10 min. The clarified super- 
natant was acidified to pH 5.0, pH 4.5, and pH 4.0 se- 
quentially, by the addition of aqueous acetic acid (1%); 
after each pH adjustment, the solution was placed on ice 
for at least 4 hours and then centrifuged at 13,000g for 10 
min. At each pH an aliquot (50 pI) of the supernatant was 

sents the average intersheet stacking peri- 
odicity. Because the amino acid side chains 
within the app sheets decorate the sheet 
surfaces, the precise value for this spacing is 
a function of the amino acid composition 
(29). Values for this spacing have been 
reported as low as 0.34 nm for poly(G1y) 
(30) and as high as 0.79 nm for Nephila 
senegaknis silk fibroin (25), a silk that con- 

similar texture by stroking viscous solutions of 
poly(L-AlaGly), and the same orientation oc- 
curs in the thin fibrous egg stalks drawn by 
the green lace-wing fly Chryosopa (8). In the 
texture observed in la. the directionallv co- 
incident a and a* axes lie along the meridian 
line and the 200 and 400 diffraction sienals 

the silk-I modification, reinforcing the con- 
clusion that t+ shoulder is not associated 
with a silk-I fraction. It would be consistent 
with the IR and Raman analysis to propose 
that this signal arises from turn structures. 

Wide-angle x-ray diffraction patterns of 
crystal mats of l a  were obtained with the 
x-ray beam parallel to the plane of the mat. 
The diffraction patterns exhibit discrete 
Bragg diffraction signals consistent with 
crystalline polymer; a representative exam- 
ple is shown in Fig. 6. The wide-angle dif- 
fraction signals index on an orthorhombic 
unit cell with dimensions a = 0.948 nm, b 
= 1.060 nm, and c (chain axis) = 0.695 
nm. The measured and calculated interpla- 
nar spacings are listed in Table 2, and the 
most prominent diffraction signals are in- 

tains a high percentage of amino acid resi- 
dues with bulky side chains. The values 
reported for poly(L-AlaGly) (17) and the 
p-form of poly(A1a) (26) are 0.44 nm and 
0.54 nm, respectively; thus, the spacing ob- 
served for l a  is in line with expectation. 

In the x-ray diffraction pattern in Fig. 6A 
the orientation direction is along a, that is, 
the hydrogen-bond direction. This result sug- 
gests that the orienting forces are acting on 
crystalline aggregates, not on individual poly- 
mer chains. The geometry of these crystalline 
aggregates must be such that they have a 
substantially greater dimension in the a direc- 
tion as compared with the other two mutually 
ortho~onal directions b and c. Transmission 

c 2  

electron microscopy (Fig. 7) reveals the pres- 
ence of needle-shaped polymer crystals similar 
to those observed for conventional nylons 
and polypeptides. Fraser et al. (1 7) obtained a 

removed, and an equal volume of a solution containing 
100 mM tris (pH 7.5), 4% SDS, 4 mM EDTA, 2% p-mercaptoethanol, and 20% glycerol was added. 
Samples were then analyzed by electrophoresis as described in Fig. 3. 

dexed in the schematic pattern shown in 
Fig. 6C. 

These unit cell parameters are commen- 
surate with previously published x-ray dif- 
fraction results from various silk fibroins 
(25) and synthetic polypeptides (26) that 
exhibit similar crystalline structures. The 
value of the 0.948-nm spacing was assigned 
on the basis of its second diffraction order 
observed at 0.474 nm. This value is close to 
the characteristic hydrogen-bond distance 
observed in many nylons (27, 28) and is 
attributed to the distance between hydro- 
gen-bonded chains in the app-sheet struc- 
ture. Thus, it is possible to associate a with 
the hydrogen-bond direction. The value of 
1.060 nm for b, or more specifically its 
second diffraction order at 0.53 nm, repre- 

- 
appear as arcs on that meridian (Fig. 6, A and 
B). All the OkO and 00t diffraction signals 
appear on the equator, suggesting cylindrical 
symmetry about the a, a* axes. Previous anal- 
yses of the app-sheet structure suggest that, of 
the 004 diffraction signals, only the 002 and 
006 diffraction signals have significant inten- 
sity. In la, the 002 diffraction signal is ob- 
structed because it coincides with 030 (the 
interplanar spacings differ by only 1.4%); 
however, the 006 signal is observed at 0.1 16 
nm with a Debye-Scherrer x-ray diffraction 
camera. 

Differences in line broadening of the 
various diffraction signals which relate in a 
consistent way to their Miller indices are 
observed in crystal mats of la. The 200 and 
400 arcs are ~articularlv sham. This de- 
mands long-range correlation order along a, 
consistent with the observation that the 
crystallites are of substantial length in one 
dimension, most reasonably assigned as the 
a direction. Diffraction signals with indices 
of the type h k t  are considerably broader 
than those with indices hkO. In particular, 
we estimate that the 21 1 diffraction signal 
is approximately tenfold broader than its 
210 near neighbor. These signals are suffi- 
cientlv close to each other in reci~rocal 
space that we can make a realistic compar- 
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ison and are not compromised by other 
signals generated by the lattice. This com- 
parison gives an unmistakable indication 
that the coherent scattering length in the c 
direction is small (2 to 4 nm) compared 
with the other crystallographic directions. 
The relative broadness of the 010 and 020 
diffraction signals allows us to establish that 
the coherent scattering length in the b di- 
rection, or the intersheet direction, is inter- 
mediate between those in the a and c direc- 
tions, again consistent with the results of 
electron mitroscopy. Analysis of images 
such as that in Fig 7 suggests crystal dimen- 
sions of -2000 A (assigned as a )  by -150 

A (assigned as b) by about 40 to 100 A 
(from shadow lengths; assigned as c).  

A low-angle x-ray diffraction pattern tak- 
en with the beam parallel to the plane of the 
mat is shown in Fig. 6C. This pattern is 
composed of a prominent arced diffraction 
signal focused on the equator corresponding 
to a spacing of 3.6 2 0.1 nm, together with a 
weaker and diffuse order. This low-angle pat- 
tern resembles an intemarticle interference 
function and is similar to that observed in 
other chain-folded systems (7, 31 ). A spacing 
of this magnitude oriented along the mat 
normal is indicative of stacks of lamellae; this 
interpretation is bolstered by the observation 

Fig. 6. X-ray diffraction 
patterns from oriented 
samples of l a .  (A) Wide- 
angle x-ray pattern taken 
with a Statton camera 
with the beam parallel to 
the plane of the mat. (B) 
Schematic illustration of 
the prominent diffraction 
signals observed with in- 
dexing details. The sym- 
bol LX refers to the low- 
angle signal. (C) Low-an- 
gle diffraction pattern 
taken with a Statton 

Fig. 5. Vibrational spectra of 

camera with the beam 
parallel to the plane of a stack of mats. Crystal mats were 
obtained by allowing the protein suspension (see caption to 
Fig. 5) to sediment from methanol (1 00 ml) onto a Teflon filter 
(10 pm) followed by removal of the methanol by slow filtration. 

la .  (A) Fourier transform in- 
frared spectrum of la .  The 

This procedure resulted in a methanol-swollen crystal mat that 
was placed between two Teflon filters, then sandwiched between two Whatman filters, and dried 
overnight at room temperature under compression between two glass plates. X-ray diffraction patterns of 
sedimented crystal mats were obtained with a Statton-type evacuated x-ray camera. The nickel-filtered 
CuKa sealed beam source was collimated with a system of 200-~m pinholes and directed parallel to the 
mat surface. The diffraction patterns were recorded on x-ray film with specimen-to-film distances of 3 cm 
(wide angle) and 17 cm (low angle), respectively. 

A 
1623 

that this diffraction signal disappears after 
swelling of the mats in glycerol. In contrast, 
with the exception of a small change in the 
degree of orientation, the character and spac- 
ings observed for all other diffraction signals 
remain unchanged after swelling. These re- 
sults indicate that this long period is associ- 
ated with the dimensions of an intercrystal- 
line repeat, and, although the spacing is not a 
direct measure of lamellar thickness (32), a 
long period of 3.6 nm is commensurate with 
the calculated fold-to-fold distance of 2.8 nm 

IR spectra were obtained on 
an IBM IR32 Fourier trans- 
form IR spectrophotometer 
using KBr pellets prepared 
from powder samples of l a  
at a concentration of 0.2% 
(by weight). We prepared 
samples by stirring cyano- I I I I I I I 

gen bromide-cleaved pro- 3500 3000 2500 2000 1500 1000 500 

tein (30 mg/ml) in formic acid 
(70%) overnight at room 
temperature. The resulting 
gel was washed with formic 
acid (70%) and methanol, 
then resuspended in metha- 
no1 (40 ml), and incubated at 
-1 0°C for 2 days to extract 
residual formic acid. Powder 
samples were collected by 
centrifugation and dried in 1800 1700 1600 1500 1400 3000 2500 2000 1500 I 000 500 
vacuo overnight at room Frequency (cm-l) 
temperature. (6) Expansion 
of the amide I region of the IR spectrum of la .  (C) Raman spectrum of la.  

(and with the additional volume required by 
the Glu side chains) in the lamellar structure 
(Fig. 2). 

X-ray diffraction and electron microscopic 
analyses of polymers Ib through Id have pro- 
vided important insights into the structure of 
la. A full description of these studies will be 
published separately (33); we discuss herein 
onlv those features relevant to the model 
probosed below. Wide-angle x-ray diffraction 
Datterns obtained from sedimented cmstal 
mats of Ib through Id index on orthorhom- 
bic unit cells, with dimensions listed in Table 

Table 1. Chemical shifts and assignments for 
selected peaks observed in the CP/MAS 13C 
NMR spectra of l a  and the P form of poly(L- 
alanylglycine) (PLAG) (23). 

Chemical shift (ppm) 
Assignment 

l a  PLAG 

49.9 48.5 Ala C, 
20.7 20.0 Ala CB 

171.4 171.8 Ala C=O 
43.6 43.3 G~Y C, 

171.4 168.4 Gly C=O 

Table 2. Comparison of observed diffraction sig- 
nal spacings (d,,) in l a  with those calculated (dJ 
for an orthorhombic unit cell with dimensions a = 
0.948 nm, b = 1.060 nm, c = 0.695 nm. 
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3. In all cases, the orientation is the same as 
that observed in la, and morphologies similar 
to that of Fig. 7 are observed by electron 
microscopy. 

A detailed examination of these x-ray pat- 
terns indicates that signals with indices of the 
type hkt sharpen as the length of the repeti- 
tive alanylglycine segment increases. Specifi- 
cally, the signal indexed 21 1 is approximately 
twice as sham in Ib as in la. and the sham- 
ness increases by another factor of 1.5 from l b  
to lc. Upon further increase in the stem 
length to Id, no further change in the 
character of the 211 signal is noted, an 
indication that the correlation length 
along the c axis increases as the length of 
the seement is increased. - 

In addition to changes in the width of 
signals indexed hke, changes in interplanar 
spacing and relative intensities of signals in- 
dexed OkO occur on progression through the 
series. A decrease in the relative intensity of 
the 010 signal is observed as the number of 
repeating alanylglycine dyads is increased. 
This decrease in intensity is accompanied by 
an overall reduction in the intersheet spacing 
of 10.2%, with the greatest change (9.4%) 

Fig. 7. Transmiss~ur I a1m;irur I I I 1lr;ruyrapr I of crys- 
talline lamellae of l a  shadowed with Pt-Pd. 

page. A "polar" arrange- 
ment of sheets is pro- I 

occurring between l a  and Ib. This result 
correlates with the decreasing proportion of 
Glu residues in the chemical sequence and is 
in agreement with previously published work 
relating the effect of amino acid composition 
on the intersheet spacing (29). These changes 
in the character and spacing of the 010 signal 
are accompanied by an increase in the rela- 
tive intensity and a corresponding decrease in 
the interplanar spacing of the 020 signal. 

All of the experimental evidence collected 
on the solid-state structure of l a  (and other 
members of series 1) strongly supports a crys- 
talline app-sheet architecture involving a 
chain-folded lamellar structure as the basic 
crystalline unit. This structure (Fig. 8) is con- 
structed by the lateral stacking of app-sheets. 
The planes of the sheets are parallel to the 
longer dimension of the crystalline lamellae 
and perpendicular to the lamellar surface. The 
hydrogen-bond direction in the sheet is par- 
allel to the long dimension of the crystalline 
lamella, and the chain axis is normal to the 
lamellar surface. 

The crystal dimensions observed for all of 
these polymers indicate that the lamellar 
thickness is always shorter than the molecular 
length of the chains. Therefore, the chains 
must fold back at the lamellar surfaces and 
reenter the crystalline lamellae, as generally 

Table 3. Unit cell dimensions of l a  through Id.  

Sample 
Unit cell dimensions (nm) 

Fig. 8. Computer-gen- 
erated representation of 
the solid-state structure 
of l a ,  as determined by 
vibrational and NMR 
spectroscopy and x-ray 
diffraction.. The model 
comprises folded p 
sheets stacked along the 
b axis (vertical) of the or- 

chain (c) axis lies hori- 
zontally, and the hydro- 

thorhombic unit cell. The I 
gen-bonding (a) direc- 
tion extends perpendic- 
ular to the plan of the 1 

posed, with alanyl methyl 
groups juxtaposed be- 
tween the top two sheets, 
and glycyl protons sand- 
wiched between the mid- 
dle sheets. At the bottom 
is a spacefilling represen- 
tation showing the volume requirements of a portion of a single folded sheet. 

accepted for flexible polymers (34). A direct 
conseauence of the chain reversal is the an- 
tiparallel arrangement of adjacent polypeptide 
chains within the lamellar crystal as demand- 
ed by the spectroscopic and x-ray analysis of 
these materials. The long period spacings ob- 
served in the low-angle, x-ray pattern, in 
combination with the selective line broaden- 
ing observed in the wide-angle pattern are 
consistent, in all cases, with chain folding 
predominantly in register with the chemical 
sequence periodicity as dictated by the neces- 
sitv to ~osition the Glu residue at the fold , - 
surface. However, no direct evidence of sur- 
face confinement of Glu has been obtained. 
The folding is considered to be of the regular 
adjacent reentry type, but probably with oc- 
casional irregular folding (35). Signal intensi- 
ty is believed to be directed to the 010 planes 
through the pairing of adjacent sheets, per- 
haps as a consequence of a "polar" arrange- 
ment of alanyl methyl groups, as proposed first 
for B. rnori silk fibroin (36) and subsequently 
for poly(AlaG1y) (17). In this arrangement, 
methyl groups protrude from only one face of 
the sheet, and it has been suggested that this 
leads to juxtaposition of faces bearing only 
glycine protons or only alanyl side chains, 
respectively (36). The resulting alternation in 
intersheet distances along the b axis of the 
unit cell enhances the 010 intensity. 
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Stress Triggering of the 1994 M = 6.7 Northridge, 
California, Earthquake by Its Predecessors 

Ross S. Stein, Geoffrey C. P. King, Jian Lin 

A model of stress transfer implies that earthquakes in 1933 and 1952 increased the 
Coulomb stress toward failure at the site of the 1971 San Fernando earthquake. The 1971 
earthquake in turn raised stress and produced aftershocks at the site of the 1987 Whittier 
Narrows and 1994 Northridge ruptures. The Northridge main shock raised stress in areas 
where its aftershocks and surface faulting occurred. Together, the earthquakes with 
moment magnitude M 2 6 near Los Angeles since 1933 have stressed parts of the Oak 
Ridge, Sierra Madre, Santa Monica Mountains, Elysian Park, and Newport-lnglewood 
faults by more than 1 bar. Although too small to cause earthquakes, these stress changes 
can trigger events if the crust is already near failure or advance future earthquake oc- 
currence if it is not. 

T h e  17 January 1994 Northridge earth- 
quake was the most costly shock in the 
history of the United States, underscoring 
the vulnerability of urban areas to  earth- 
quakes. T h e  event struck o n  a blind or 
buried thrust fault ( I )  inclined to the 
south. T h e  1971 M = 6.7 San  Fernando 
earthquake struck o n  adjacent thrust 
faults inclined to the north (2) .  Both 
earthquakes were responses to  crustal 
compression across the greater Los Ange- 
les area. Not  only did aftershocks of the 
San  Fernando (3) and Northridge (4) 
earthquakes spatially overlap (Fig. I ) ,  but 
the 23-year span between the events is 
small relative to their mobable thousand- 
year repeat times (5), suggesting that  the 
two shocks are related. Here we argue that 
the San  Fernando shock increased stress 
at  the future Northridge rupture zone by 
up to 2 bars, potentially advancing its 
occurrence by two decades. This hypoth- 
esis is supported by the observation that 
aftershocks of the 1971 and 1994 earth- 
auakes were concentrated where the 
stresses are calculated to have risen, and 

R. S. Stein, U.S. Geological Survey. Mail Stop 977, Menlo 
Park, CA 94025, USA. E-mall: steinQandreas.wr.usgs.gov. 
G. C. P. King, lnstitut de Physique du Globe, Strasbourg 
67084. France. E-mail: kingQk1akmuf.u-strasbg.fr. 
J. Lin. Woods Hole Oceanographic Institution, Woods 
Hole, MA 02543. USA. E-mail: j~anOgalileo.who~.edu. 

aftershocks were sparse where the stresses 
are calculated to  have dropped. 

W e  calculate the Coulomb stress 
change caused by one earthquake o n  the 
rupture surface of a subsequent shock or 

SAN ANDREAS 

Fig. 1. Overlapping aftershocks of the 1971 San 
Fernando (blue; first year, M 2 2) and 1994 
Northridge (red; first 24 days, M 2 3) earth- 
quakes. Sites of mapped secondary surface fault- 
ing or cracked ground (green) (19): N-CP, 
Northridge-Canoga Park; GH, Granada Hills; PC, 
Potrero Canyon; DR, Davidson Ranch. Faults: 
O.R., Oak Ridge; S.S., Santa Susana; S.F., San 
Fernando; M.C., Malibu Coast; S.M., Santa 
Monica; N.-I . ,  Newport-lnglewood. Cross-section 
orientations of Fig. 3 are also shown. 
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