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ABSTRACT 

A genetically engineered periodic polypeptide consisting of 36 re- 
peats of the octapeptide sequence -( AlaGly),GluGly- has been crystal- 
lized from solution in aqueous lithium bromide. Analysis by solid-state 
nuclear magnetic resonance spectroscopy, vibrational spectroscopy, and 
wide-angle x-ray diffraction reveals a crystal structure analogous to that 
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obtained when silk solutions are allowed to dry under quiescent condi- 
tions, i.e., the silk I structure. Previous analyses of the same polymer 
have demonstrated an antiparallel &sheet architecture (silk I1 structure) 
in samples crystallized from formic acid. These results illustrate the po- 
tential for controlling the solid-state structures and properties of geneti- 
cally engineered materials through selection of appropriate processing 
and crystallizaticin conditions, 

I NT RO D U CTlO N 

Recent developments in the bacterial expression of artificial genes have given 
rise to a new class of polymeric materials characterized by essentially uniform 
macromolecular architectures [ 1-81. Our interest in such materials has been directed 
in part toward the engineering of controlled crystal structures, and we have recently 
reported the synthesis and solid-state structural analysis of the repetitive polypeptide 
comprising 36 copies of octapeptide 1 [8d]. 

-( AlaGly),GluGl y- 1 

The design of sequence 1 has been described in detail [8d]. A key element of the 
design was the known propensity of poly( L-alanylglycine) [poly(AG)] and Bombyx 
mori silk fibroin to adopt antiparallel (ap)P-sheet structures in the solid state. Glu- 
tamic acid was inserted into the sequence at intervals of eight amino acids in order 
to 1) define the folding periodicity of the chain, and 2) control the chemical func- 
tionality of the surfaces of the resulting lamellar crystals. The key elements of the 
expected structure have been verified in polymers of 1 crystallized from formic acid, 
with the anticipated alpp-architecture supported by the results of x-ray diffraction 
and spectroscopic analyses. 

But poly(AG) and B. mori fibroin are known to exhibit a second crystal 
structure as well. Designated silk I ,  this structure is observed when silk solutions are 
allowed to dry under quiescent conditions, or when poly(AG) is isolated by dialysis 
from solutions in aqueous lithium bromide. The silk I structure is unstable with 
respect to conversion to the 0 (silk 11) form, and it has been described by Lotz and 
Keith [9] as a “crankshaft” architecture with glycine and alanine residues adopting 
dihedral angles that alpproximate those of a-helical and extended conformations, 
respectively. Alternative structures have also been proposed for silk I [ 101. 

Our previous work on polymers of 1 was directed toward the growth of macro- 
molecular crystals conlsisting of stacked, folded @-sheets [8d]. We show herein that 
such polymers can be obtained in a silk I-like architecture as well, through selection 
of appropriate crystallization conditions. 

EXPERIMENTAL 

Polymer Synthesis 

The biological synthesis and molecular characterization of the polymer used in 
this work [designated poly(AG),EG] [ 111 have been described in detail [8d]. All of 
the analytical results are consistent with a structure comprising 36 repeats of se- 
quence 1 .  
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SILK-LIKE CRYSTAL STRUCTURE IN A POLYPEPTIDE 1391 

Crystallization from Aqueous Lithium Bromide 

Crystallization from aqueous lithium bromide was carried out by using a 
standard procedure developed for the preparation of the silk I-like form of poly- 
(AG) [ 121. Powder samples were prepared by dissolving the polymer in 60% aque- 
ous lithium bromide and dialyzing this solution against progressively diluted solu- 
tions of lithium bromide. A precipitate developed at a lithium bromide concentra- 
tion of 12'70, but the dilution process was continued until all the lithium bromide 
was removed. The precipitate was collected by centrifugation, washed with metha- 
nol, and dried overnight in vacuo at room temperature. Only 32% of the original 
sample weight was recovered in this process, the remaining being precipitated by the 
addition of methanol. The total recovery using this procedure was approximately 
87%. CP/MAS "C-NMR, and Raman spectroscopic analysis (not shown) indicated 
both precipitates were identical; however, only the fraction recovered by dialysis 
against progressively diluted solutions of lithium bromide was characterized in de- 
tail. This fraction is designated poly(AG),EG-I. 

Crystallization from Formic Acid 

resulting sample is designated poly( AG),EG-II. 
Poly(AG),EG was crystallized from formic acid as described in Ref. 8d. The 

Measurements 

Infrared and Raman spectra were obtained on IBM IR32 Fourier Transform 
Infrared and Bruker FRA 106 Fourier Transform Raman spectrophotometers, re- 
spectively. Cross polarization/magic angle spinning I3C-NMR spectra were ob- 
tained at 50 MHz on powder samples using a Bruker 200AC spectrometer equipped 
with a DOTY solids probe and an IBM solids rack. Measurements were collected at 
a spinning speed of ca. 4000 Hz with a 5-ps 90°pulse and a cross-polarization time 
of 2 ms. A line broadening factor of 50 was used during data processing. X-ray 
diffraction patterns were obtained with a Statton-type evacuated x-ray camera. The 
nickel-filtered CuKa sealed beam source was collimated with a system of 200-pm 
pinholes. Poly(AG),EG-I was examined as a powder enclosed in a thin-wall glass 
capillary. 

RESULTS AND DISCUSSION 

CPlMAS Solid-state I3C-NMR Spectroscopy 

The similarity of the structure of poly(AG),EG-I to that of silk I [and poly- 
(AG)-II] is shown most clearly by solid-state 13C-NMR spectroscopy. Figure 1 
shows the CP/MAS ',C-NMR spectra of poly(AG),EG as crystallized from formic 
acid and aqueous LiBr, respectively. The observed chemical shifts and assignments 
for the alternative structures of silk, poly(AG) and poly(AG),EG are summarized 
in Table 1. 

The resonance frequencies observed for the glycine and alanine carbons of 
poly(AG),EG-I are essentially identical to those of silk I and poly(AG)-11, and quite 
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FIG. 1. CP/MAS I3C-NMR spectra of ( 1 )  poly(AG),EG-I and (2) poly(AG),EG-11. 

TABLE 1. 
I3C-NMR Spectra of Silk [13], Poly(AG) [13], and Poly(AG),EG 

Chemical Shifts and Assignments of Signals Observed in the CP/MAS 

Chemical shift, ppm 

Carbon Poly(AG),EG-I Silk I Poly(AG)-I1 Poly(AG),EG-I1 Silk I1 Poly(AG)-I 

Ala C, 51.0 50.3 50.5 49.9 48.8 48.5 

Ala C=O 176.2 177.5 177.1 171.4 171.5 171.8 

Gly C=O 171.1 171.1 171.9 171.4 169.8 168.4 

Ala C, 16.8 16.6 16.6 20.7 19.2 20.0 

GlY c, 43.5 43.9 43.7 43.6 43.1 43.3 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
4
8
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1
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distinct from those of the &forms of poly(AG),EG [8d], silk [ 131, and poly(AG) 
[ 131. Particularly diagnostic are the 0- and carbonyl carbons of alanine, which are 
shifted by 4-6 ppm in the two alternative crystal structures. The &carbon of alanine 
in poly(AG),EG-I lies at 16.8 ppm, nearly coincident with that of silk I, which 
appears at 16.6 ppm [13]. The absence of a shoulder at 20.7 ppm indicates that the 
sample contains little, if any, of the 0-form of poIy(AG),EG. The alanine carbonyl 
resonance at 176.2 ppm is also diagnostic for the silk I structure, as the correspond- 
ing signal in the 0-form lies at 171.4 ppm. 

Vibrational Spectroscopy 

The infrared spectra obtained from poly(AG),EG-I and poly(AG),EG-I1 are 
shown in Fig. 2. There are substantial differences in the frequencies and intensities 
of the bands observed in polymers crystallized from formic acid and from aqueous 
lithium bromide. The amide A, amide I, and amide I1 vibrational modes are ob- 
served at 3289, 1652, and 1538 cm-' ,  respectively, in poly(AG),EG-I, and at 3286, 
1623, and 1521 cm - ' respectively, in poly(AG),EG-11. The absence of the character- 
istic amide I band at ca. 1625 cm - ' confirms that poly(AG),EG-I contains little of 
the 0-form. 

The Raman spectra obtained from poly(AG),EG-I and poly(AG),EG-I1 are 
shown in Fig 3.  As in the infrared analysis, comparison of these spectra reveals 
substantial differences in the frequencies and intensities of the bands observed in 

1 n"':., 
1 

3289 

2 

I 
3200 30b0 25b0 20i0 1500 lob0 5d0 

Frequency (cm-') 

Infrared spectra of ( 1 )  poly(AG),EG-I and (2)  poly(AG),EG-11. FIG. 2.  
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FIG. 3. Raman slpectra of ( 1 )  poly(AG),EG-I and ( 2 )  poly(AG),EG-11. 

poly(AG),EG-I and poly(AG),EG-11. The main amide I band at 1660 cm- '  in 
poly(AG),EG-I suggests a dominant structure different from the apb-sheet, which 
is characterized by a sharp amide I absorption at 1664 cm - '  [8d]. 

X-Ray Diffraction 

Wide-angle diffraction patterns of poly(AG)EG-I were obtained as powders; 
a representative examlple is shown in Fig. 4. A wide-angle diffraction pattern ob- 
tained from a powder sample of poly(AG),EG-I1 is included for comparison. Even 
a qualitative examination of Fig. 4 indicates that the structure of poly(AG),EG-I is 
different from that of' P(AG),EG-11, in accord with the spectroscopic results dis- 
cussed previously. The differences may be rationalized on the basis of a chain axis 
contraction in P(AG),EG-I, similar to that proposed by Lotz and coworkers for 
poly(AG)-I1 [9]. On ,the basis of this argument, the diffraction pattern of poly- 
(AG),EG-I was indexed on an orthorhombic unit cell with dimensions a = 0.948 
nm, b = 1.734 nm, and c (chain axis) = 0.940 nm (errors f 0.002 nm). The mea- 
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SILK-LIKE CRYSTAL STRUCTURE IN A POLYPEPTIDE 1395 

FIG. 4. Wide-angle x-ray diffraction patterns from powders of ( 1 )  poly(AG),EG-I 
and (2) poly(AG),EG-11. 

sured and calculated interplanar spacings are in good agreement, and indexing 
details are listed in Table 2. The value of the 0.948-nm spacing was assigned on the 
basis of its second diffraction order at 0.474 nm. This diffraction signal is also 
observed in poly(AG),EG-I1 and, in both cases, is attributed to the distance between 
hydrogen-bonded chains. The value of 1.734 nm for b, or more specifically its 
second diffraction order observed at 0.87 nm, represents the average intersheet 
stacking periodicity. This value is 21% greater than the value reported for po- 
ly(AG)-I1 (0.72 nm) [9]; the same percentage difference in spacing is observed for 
the diffraction signals indexed 020 in poly(AG),EG-11 and in poly(AG)-I [8d]. 

The direct determination of the 001 spacing was not possible, as this diffrac- 
tion signal and all of its higher orders are obstructed by other hkl signals observed 
in the powder patterns of poly(AG),EG-I. As a result, the c-axis dimension of 0.940 
nm was determined from the diffraction signal indexed 21 1. This diffraction signal, 
although shifted to a lower angle, is similar in character to the signal indexed 

TABLE 2. Comparison of the Observed Diffraction Signal 
Spacings (do) in Poly(AG),EG-I with Those Calculated (d , )  
for an Orthorhombic Unit Cell With Dimensions a = 0.948 
nrn, b = 1.734 nm, c = 0.940 nm (errors f 0.002 nm) 

kl do d, kl do d, 

h = 0 10 1.734 1.734 h = 3 10 0.324 0.311 
20 0.867 0.867 11 0.290 0.295 

h = 2 00 0.474 0.474 22 0.259 0.251 
10 0.461 0.457 h = 4 00 0.238 0.237 
11 0.411 0.411 10 0.234 0.234 

11 0.226 0.227 
22 0.205 0.205 
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equivalently in poly(AG),EG-11, suggesting that the coherence length in the c dimen- 
sion is stnall compared to the other crystallographic dimensions [8d]. Although the 
positions of the observed diffraction signals in poly(AG),EG-I make it difficult to 
establish a hierarchy of coherent scattering lengths in the a, b, and c directions, it is 
assumed that they parallel the order observed in poly(AG),EG-11. No low angle 
diffraction signals were observed in any poly(AG),EG-I samples prepared in this 
work. 

Crystal Structure of Poly( AG)3EG-I 

Based on the previous detailed analysis of the solid-state structure of poly- 
(AG),EG [ 8d], the experimental evidence collected on the solid-state structure of 
poly(AG),EG-I supports a crystalline sheet architecture involving a chain-folded 
lamellar structure as the basic crystalline unit. The powder x-ray diffraction patterns 
we have obtained for poly(AG),EG-I do not provide sufficient information for us 
to determine a detailed structure, or to delineate clearly between previously pro- 
posed models for silk I or poly(AG)-11. The only x-ray structure determination that 
has been attempted for poly(AG)-I1 is that of Lotz and Keith [9]. If we assume that 
our poly(AG),EG-I structure is similar, then it would be envisaged to be constructed 
by contracting the traditional app-sheet structure by allowing alternative amino acid 
residues to adopt conformations such that successive peptide groups are aligned 
approximately parallel and perpendicular to the chain axis. Lotz and cowork- 
ers refer to this chain arrangement as a “crankshaft” conformation. Such an ar- 
rangement results in a peptide backbone that is highly contracted such that the rise 
per amino acid residue is 0.24 nm in poly(AG),EG-I compared to 0.35 nm in 
poly(AG),EG-11. This c-axis contraction [identical to that reported by Lotz and 
coworkers for poly(AG)-II] leads to an expansion in the b dimension, resulting in 
the increased intershee t spacing observed in poly(AG),EG-I. Lamellar crystals that 
form the basis of this crystalline entity are constructed from the lateral stacking of 
sheets as in poly(AG),EG-11. As in the model proposed by Lotz and coworkers, 
there are four amino acid residues per chain axis repeat related by a 2-fold screw 
axis. The alanine residues adopt dihedral angles that approximate an extended 
P-type conformation, and glycine residues are configured as left-handed a-helices. 
As a result of the absence of any low-angle signals in the x-ray diffraction patterns 
of poly(AG),EG-I, no statements regarding the specific details of chain folding can 
be made. 
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considered as a precursor to silk I1 and therefore there is a built-in logic to 
the silk notation), and second because the PL symbol is also the single-letter 
amino acid code for the ProLeu dimer. The PLAG-I/PLAG-I1 notation 
could create confusion situations in the description of polypeptides involving 
these amino acids. Thus, we have chosen to align the nomenclature of our 
two poly(AG),EG structures with the two different silk structures rather than 
the PLAG notation. Thus, in summary: poly(AG),EG-I relates to silk I and 
PLAG-I1 [poly(AG)-111, and poly(AG),EG-I1 relates to silk I1 and PLAG-I 

[ 131 H. Saito et al., Macromolecules, 17, 1405 (1984). 
[POlY(AG)-II * 
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