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I. INTRODUCTION 

Of all the fibrous proteins, silk fibroin might appear to be most suitable for a 
determination of structure by the methods of X-ray diffraction analysis. It  is the simplest 
of the fibrous proteins in that  it contains a preponderance of small amino-acid residues. 
Chemical analyses now account for 98% of its constituent residues; of these, glycine, 
the simplest of the amino acids, comprises about 44% and glycine, alanine, and serine, 
the three simplest, 82%. Its amino-acid composition, as given in the compilation of 
TRISTRAM 1, is shown in Table I. The X-ray diffraction pattern of silk fibroin indicates a 
highly ordered structure in comparison with most other fibrous proteins. Since the 
first observations of HERZOG AND JANCKE ~ in 192o, many attempts have been made to 
explain the X-ray diffraction patterns of fibroin in terms of groupings of polypeptide 
chains arranged approximately parallel to the fiber axis. All of these attempts have 
been qualitative rather than quantitative : proposed units of structure have been derived 
from the X-ray fiber diagram and suggestions have been made regarding the probable 
arrangement of extended polypeptide chains within the units, but  none of these struc- 
tures has been precisely formulated and hence the validity of none of them has beer, 
tested by comparison of observed and calculated intensities of the X-ray reflections. 

In the present X-ray investigation of silk fibroin advantage has been taken of 
current knowledge of the dimensions and configurations of polypeptide chains in pro- 
teins a to assign definite positions to the C, N, and 0 atoms of the chain. From their 
positional coordinates the contributions of these atoms to the intensities of the X-ray 
reflections have been calculated. The critical discussion of the stnlcture is therefore 
based upon the quantitative agreement between the observed and calculated X-ray 
diffraction patterns as well as upon other physical and chemical evidence. 

The first a t tempt  to derive the structure of silk fibroin from its X-ray diffraction 
pattern was made by BRILL 4 in 1923. He assigned indices to about 20 spots in the fiber 
diagram in terms of an orthogonal unit with identity distances of 7.0 A along the fiber 
axis and 9.3 and lO.4 A perpendicular to it. He concluded that silk fibroin consisted of at 
least two proteins, one of which was crystalline, and that the crystalline component was 
composed of equimolar quantities of glycine and alanine. For the composition of this 

* This  work  was  s u p p o r t e d  in p a r t  by  Con t rac t  No. Nonr-22o(o5) be tween  the  Cal i fornia  I n s t i t u t e  
of Techno logy  and  the  Office of N a v a l  Research .  

** Con t r i bu t i on  No. 1936. 
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TABL]~;  ] 

A M I N O - A C I I )  ( O M P ( ) S I T I O N  (TF S1LI'~ F I B R O I N  ('['I,~ISTI~AM l) 

Moli?S'lO s g 
A mino acid proh'in Residue % 

Ol y c i n c  58 ~.o 44 .7  
A l a n i n e  3 3 4 . o  25.7  
S c r i n e  154. 3 1 I. 9 
T y r o s i n e  7 ° . 7  5 .4  
V a l i n e  3o.S 2. 4 
A s p a r t i c  a c i d  2o .75  I.O 
P h e n y l a l a ~ l i n e  2o. 4 I .o 
G l u t a n t i c  a c i d  14.7 i .  i 
T h r e o n i n c  13 .45  1 .o 
l s o l e u c i n c  8.4 ° o .0  
L e u c i n e  0 .95  o. 5 
P r o l i n e  0 .43  o .5  
A r g i n i n e  6 .33  o. 5 
L y s i n e  4 .60  o .4  
H i s t i d i n e  2.3 2 0 .2  

T o t a l  1275 .2  9 8 , I  

crystalline component he suggested polymerization products of glycylalanine or alanyl- 
glycine and pointed out that  the unit cell would contain one glycylalanyl portion of 
each of four chains. In a discussion based on BRILL'S data, MEYER aND MARK 5 presented 
more definitely some possible arrangements of four polypeptide chains of alternating 
glycine and alanine residues. They suggested that the peptide chains were strongly 
attracted to one another by forces between the CO and NH groups of adjacent chains, 
and also that there might be occasional replacement of glycyl or alanyl by other amino- 
acid residues. 

Double orientation of the silk fiber by rolling was first reported by HERZOG AND 
JANCKE ~ in 1929. Photographs of rolled silkworm gut showed marked differences in the 
relative intensities of the equatorial and layer-line reflections depending on whether the 
X-ray beam were perpendicular or parallel to the plane of rolling. Tiffs effect was further 
investigated by KRATKY 7. He prepared his oriented specimens by moistening the freshly 
extracted silk gland with dilute acetic acid and then immediately deforming the contents 
of the gland by stretching and rolling it. He reported equatorial reflections corresponding 
to the following values of interplanar spacings: 9.4, 4 .62, 4.26, and 3.o4 A. Of these 
reflections, the first, second, and fourth are diffuse and arise from planes wiffch are 
approximately parallel to the plane of the rolled sheet; the third is sharp and its plane 
apparently makes an angle of between 55 ° and 9 °0 with the sheet. A few spots on the 
first layer line appeared to be related to diffuse and sharp spots on the equator. These 
observations on oriented specimens completely invalidated BRILL'S earlier assignment 
of axes. K~ATIC'Z called attention to the possible implications of the broad, diffuse reflec- 
tions, all apparently occurring from planes with a particular or ientat ion--ei ther  the 
crystallite was very flat, or, more likely, the repetition in one direction was not exact. 
He pointed out that if the latter implication is true, it has especial significance with 
reference to the suggestions made by MEYER AND MARK 5 regarding the chemical con- 
stitution of silk, namely, the possibility of the occasional replacement of residues of 
alanine and glycine by residues of other amino acids. 
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In a more extensive investigation, KRATKY AND KURIYAMA s reported that  Bombyx 
mori and tussah silk gave similar but not identical X-ray patterns, and that  four other 
silks gave patterns which resembled one another but were not closely related to ttlat of 
Bombyx mori. Possible unit cells for Bombyx mori silk fibroin were derived from the 
diffraction patterns by selecting sets of three interplanar equatorial vectors corresponding 
to three reciprocal lattice vectors mutually related as the sides of a triangle. In their 
paper they concluded that  the plane of the sharp equatorial reflection (4.26 A) must 
make an angle of between 6o ° and 75 ° with the plane of the rolled sheet. Of ten possible 
unit cells, four were eliminated because the densities calculated for them on the assump- 
tion of a molecular weight of i28 for each of four chains (alanylglycyl) failed to agree 
with the expected density of silk, 1.3 to 1.5 g/cm s. No further selections were made 
among the six remaining unit cells. HUGGINS 9 has shown that  of these six only two 
permit the polypeptide chains to be arranged in ways which are not in conflict with the 
X-ray data. 

TROGUS AND HESS 1° compared the X-ray patterns, chemical analyses, and other 
properties of several varieties of silk. From measurements of their excellent X-ray 
pat terns they obtained numerical data which were more accurate than those previously 
published; furthermore, the patterns of tussah silk, spider silk, and others differed 
somewhat from that  of Bombyx mori. No at tempt  was made to derive new unit cells or to 
propose new structures for the crystalline constituent of fibroin. TROGUS and HEss 
suggested that  silk may  contain more than one crystalline component, one of which is 
common to all silks, and also an amorphous component. 

In a paper  published in 194311, BRILL suggested for silk fibroin a unit of structure 
having the dimensions a = 9.65 A, b = lO.4O A, c = 6.95 A (fiber axis), y = 62.4 °, and 
containing four alanylglycyl residues. Neighboring chains, arranged approximately in 
the ac plane, run in opposite directions and are held together by hydrogen bonds 
between CO and NH groups; methyl  groups extend in the general direction of b, and 
probably require some rotation of adjacent chains in order to give satisfactory packing. 
No atomic parameters were assigned. BRILL emphasized the necessity for an adequate 
discussion of the X-ray intensities before this proposed structure could be considered 
to be other than hypothetical.  

In discussing the composition of the crystalline component of fibroin BRILL raised 
the question which has bothered investigators from the beginning, namely, whether 
tyrosine can be included in the unit of structure, or must be relegated to a non-crystalline 
component. Unlike KRATKY, he preferred to explain the diffuseness of the reflections 
from planes making small angles with the ac plane as arising from the probable small 
dimensions of the micelle in directions roughly perpendicular to this plane, rather than 
from a randomness of intermoleeular spacing due to the inchlsion of side chains other 
than methyl. He concluded quite definitely that  the benzene nucleus of a tyrosine resi- 
due requires so much room that  tyrosine cannot be present in the crystalline portion of 
fibroin. In 194I MEYER, FULD AND KLE~M 12 had reported that  coupling of silk with 
diazobenzenesulfonic acid caused no change in the X-ray diagram, from which they 
concluded that  tyrosine and presumably all amino-acid residues other than glycine, 
alanine and serine are present in silk in a noncrystalline component. Recently, similar 
conclusions were drawn by  DRUCKER AND SMITH 13, 14: tryptic digestion of "renatured" 
silk dissolved in cupriethylenediamine solution produced a precipitate which they 
reported to be a polypeptide of molecular weight 7ooo consisting of glycine, alanine, 
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and serine. On the other hand, FRIEDRICH-FREKSA, KRATKY AND ~EKORA 15 had reported 
that  silk in which most of the tyrosine residues were iodinated gave three new, very 
faint meridional reflections that  could be correlated with a period of 7 ° A, suggesting that 
in the crystalline component of fibroin every twentieth residue is tyrosinc. Z.XHN, 
KRATI,:Y AND ~F.I,~ORA TM reported in i(}5 t that  nitration of silk in a manner which trans- 
formed the tyrosine into 3-nitrotyrosine and 3,5-dinitroty rosine resulted in the introduc- 
tion into the X-ray pat tern of the first-order meridional reflection (6.q5 A) and also 
two additional layer lines corresponding to spacings of lO. 4 and 2o. 9 A. ZAHN ~7 explained 
these results by assuming that  the tyrosine residues occur at specific positions on the 
outer surface of the crystallites or between them. The conclusions drawn from experi- 
mental observations are thus conflicting, so that  the presence or absence of tyrosine in 
crystalline portions of silk fibroin is as yet not satisfactorily established. 

II. EXPERIMENTAL 

The investigation into the structure of silk fibroin was begun at this Insti tute in 
194o by Dr. MAx ROOERS. Dr. ROCERS prepared a large number of samples of silkworm 
gut (Bombyx mori) many of which were doubly oriented by stretching and rolling in the 
manner described by previous workers6,7, s. Dr. ROGERS photographed these samples 
in a cylindrical vacuum camera with 3-cm radius using Ka radiation from both copper 
and cobalt targets. More recently, we have rephotographed many  of the same samples 
in a cylindrical camera with Io-cm radius using Ni-filtered Cu Ka radiation. In this 
camera an atmosphere of helium was used in order to eliminate fogging of the film by  
air scattering. Photographs were taken with the X-ray beam perpendicular to the fiber 
axis and both parallel and perpendicular to the plane of rolling of the doubly-oriented 
samples. Typical photographs are reproduced in Figs. I and 2. The double orientation 
of these samples was also recorded on Weissenberg photographs taken with the X-ray 
beam perpendicular to the fiber axis. 

Accurate values for the relative intensities and interplanar spacings of the equatorial 
reflections from silk fibroin were obtained by the use of an X-ray spectrometer. For the 
purpose seven strands of commercial silkworm gut were arranged in a cylindrical bundle 
about 1.5 mm in diameter which was bathed in a beam of crystal-monochromatized 
Cu Ka radiation. The equatorial spectnlm was recorded by means of a Geiger counter, 
measurements being made at intervals of io minutes of arc. The intensity of the scattered 
radiation at each position of the counter was taken to be proportional to the counting 
r a t e - - t h e  reciprocal of the time required to accumulate IO,OOO counts. The scattering 
curve for the equatorial spectrmn, reproduced in Fig. 3, was obtained by plotting counting 
rate as a function of the scattering angle 20. The background scattering, estimated 
empirically as indicated in Fig. 3, was subtracted from the total scattering and the 
corrected counting rates thus obtained were used to derive the positions and the intensi- 
ties of the diffraction maxima. 

The positions of the centers of the four maxima I, 4, 5, and 8 (Table II) were obtained 
by the following procedure. The assumption was made that  the corrected counting rates 
in the vicinity of a diffraction maximum can be fitted to a Gaussian curve R~ = R o 
exp (--Ax 2- -Bx), in which R 0 is the counting rate at some arbitrary origin x = o near, 
but not necessarily coincident with, the center of the maximum, and R, is the counting 
rate at the distance x, measured in degrees, from this origin. The center of the maximum 
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Fi~. I. X- ray  d i l t rac t ion  p a t t e r n  for sill< fibroin. 

is then given by x 0 =: -B/2 A, best values of A, 13, and R 0 being determined from sohltion 
of the normal equations of a least-squares treatment*. In order to test the validity 
of the assumption that the observed counting rates representing individual maxima 

* See, for example ,  The Calculus o~ Ol~scrz'alzo~zs by b;. T. \VHITTAKFR AND G. tatOB1NSON, l .ondon. 

I937, Chapt .  IX .  
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I : ~ .  ; X - r a y  tH~o t~g l - aphs  H[ l ~ H t b l v - ( H i c n t c d  I}br~HH 
(all)()vc N r ; l \  IJC~Ll/l t~ara l lc l  it, i H a m  ' r~Hlina 
( b e l o w )  X r a y  ])t'~/ll/ p t ' r p c n ( l i c u l a r  t~  plHm. of  r, Alin;t.  

could be closely fitted to a (;atlSSi~LIl curvt', \'~Lltlcs of ]~'~ were calculat~d fro)n1 thes~ 
values of A, B, and A'0; for each of the four maxima,  agrt 'emt'nt with tile ob:q¢.rved vahle.~ 
was found to be within the limits of error imposed by the' statistics of the' ubscrv¢.d 
counting rates. 

In our spectrometric measurem('nts  the two maxima 2 and 3, representinv spacings 
of 4.7 and 4.2 A, could not bc satisfactorily resolved. We were unable  to obtain spectro- 
metric data  from tile doubly-()rientcd specimens of silk fd)roin: tht'refore, the l)ositi(ms 

l~e/cr~nccs p. ,L]'.~'4. 



VOL. 1 6  (~955) Sl"Rt JCl l rm¢  OF SILK FIIIR()IN 7 

l:i~ 4. Ifl~°t(~graI)lt of s t rc ic i~(d  silkx~,)rm g u t  t a k c u i n  3 cm rad ius  c a m e r a  wi th  fiber axis; h:,riz(~ntal 
a n d  m a k i n <  a n  ~ngle  of 0 o '  w i t h  the  X r a y  b e a m .  

of these m a x i m a  were derived from measurements  of photographs of doubly-oriented 
specimens taken in the I o - c m  radius camera. 

Final values for tile spacings of the equatorial reflections are given in column 2 

l~e/eve~ccs /~. 33,,",?-t. 
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1;i~4..5. \Vcisscnt)cr~4 p h o t o g r a p h  of s i rc t chcd  s i lkworm ~ut. The sample  was  rotated a r o u n d  an axis  
t)crp(,mlicular to the  tiber axis .  

of Tal)le 1][. The uncertainties ~iveil in the table are es t imated  l imits  of error {three 
t imes  the standard deviations).  For reflections z, 4, 5, and S, the l imits  of error as cal- 
culated from the residuals of the least-squares treatment  were increased by approxi- 
inately 50% to allow for small  sys temat ic  errors in the experimental  procedure. The 
Iimits of error for reflections 2. and B were es t imated from the deviations of values 

/~ ' i~,Jc~c,,~ f,. .L,~ 34. 
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obtained from measurements made on several photographs; reflections 6, 7, 9, and IO 
were observed only on long exposures and no uncertainties for them are reported. For 
comparison, the spacing values reported by KRATKY AND KURIYA~aA 8 are listed in 
column 4. The agreement with our values is satisfactory with the exception of reflection 
I ;  the vahle of 9.28 A reported by KRAXK¥ AND KURIX~AMA for this reflection differs 
from our value of 9.7 A by an amount considerably greater than the limit of error of 
our determination. 

~0o 

~2 

,../ 

8 

z0(oeq,eesl 

Fig.  3. E q u a t o r i a l  s p e c t r u m  of s i lk  f ib ro in  o b t a i n e d  f r o m  s p e c t r o m e t r i c  m e a s u r e m m a t s .  

T A B L E  I I  

E Q U A ' r O R I A L  R I - : F L E C r l O N S  F R O M  S I L K  F I B R O I N  

This investigation KRATKY AND KURIYAMA 8 

(z) (2) (3) (4) (M (6) (7) 
Spacing Relative 5pacing Relative Appearance Orient.* 

No. ( ,4)  intensity (A) intensity 

l 9 .7o  ~- 0.25 9 ° 
2 4.7 ° ± 0.20 45 ° 
3 4.25 ] - o . t 5  90o 

3.05 ~_ 0.02 tSo 
.5 2.35 -~ o . o i  20 
0 z . ro  ~ 0.05 < 5 V~V 
7 1.80 --1 0"05 < 5 VxT\V 
'~ [.5 (5 qZ O.OI IS 
9 1.20 ~ 0.05 < 5 V~V 

Jo 0.95 (?) < 5 V V \ V  

9.28 S Broad  1[ 
4-59 S B r o a d  H 
4-33 v s Med.  S h a r p  ca. 7 ° `  
3.07 M B r o a d  1] 
2.38 x,V S h a r p  2 

B r o a d  [[ 
S h a r p  2 
S h a r p  L 

* O r i e n t a t i o n  of d i f f r a c t i o n  p l a n e s  r e l a t i v e  to  t h e  p l a n e  of r o l l i ng  of t h e  d o u b l y  o r i e n t  ed  s a m p l e s .  

The relative intensities listed in column 3, Table II ,  were obtained from graphical 
integration of the spectrometric curve after correction for background scattering. On 
this curve, which is reproduced in Fig. 3, reflections 2 and 3 are represented by a single 
maximum, and it was necessary to separate this maximum empirically into its two 
components before performing the graphical integration. For this reason it is probable 
that  the intensities reported for reflections 2 and 3 are less reliable than those reported 
for the other reflections. The reported intensities are not corrected for absorption, or for 
Lorentz or polarization factors. In general, the agreement with the qualitative estimates 
of intensity reported by KRATKY AND KURIYAMA (column 5) is satisfactory; again, the 
only serious discrepancy is in reflection i, which we have observed to be considerably 
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weaker than reported by KRATKY AND KURIYAMA. All of the photographs prepared in 
these Laboratories, as well as the spectrometric data, have indicated that reflection I 
is much weaker than reflection 2. 

The relative sharpness or diffuseness of each equatorial reflection is indicated in 
column 6; the apparent orientation of the corresponding diffraction plane relative to 
the plane of rolling of the doubly-oriented sample is indicated in column 7. The diffuse 
reflections I, 2, 4, and 7 apparently arise from sets of phmes oriented very nearly parallel 
to the plane of rolling, the sharp reflections 5, '~, and 9 appear to arise from sets of planes 
oriented nearly perpendicular to the plane of rolling, and the medimn sharp reflection 
3 appears to arise from sets of plam.s oriented at an an~le of about 7 o~: from the plane of 
rolling.These observations are in complete agreement with the observations of KRATKY AND 
KURIY=~MA for reflections I through 5 ; reflections 6 through zo were not reported by them. 

In addition to the reflections reported in Table II, two other regions of significant 
darkening were observed on our best photographs, both apparently being due to equa- 
torial reflections arising from sets of planes oriented nearly parallel to the plane of 
rolling of the doubly-oriented samples. One is a moderately strong diffuse reflection 
corresponding to a spacing of 3 ° to 4o A; on the small-angle side of this reflection a 
continuous blackening extends to the limit of observation (78 A). The other appears 
to be a diffuse reflection of low intensity with a spacing of about z5 A; on poorer photo- 
graphs this reflection merges with the stronger 0.7 A reflection. 

The spacing along the fiber axis was determined from the layer-line separations on 
photographs of stretched silk-worm gut taken in cylindrical cameras with 3-cm and 
Io-cm radius. In addition, a photograph (Fig. 4) was taken in the 3-cm radius camera 
with the fiber tilted at an angle of 6o ° with the X-ray beam in order to obtain reflections 
of high order along the fiber axis, especially the strong sixth order. The wthle 6.97 
± o.o3 A was derived from measurements of these photographs; it is in close agreement 
with the value 6.94 A reported by B=~rI~Om) et ala s. In long exposures made with stretched 
commercial silkworm gut two intermediate layer lines were observed corresponding to 
the first and second orders of a 2r-A identity distance along the fiber axis. These two 
weak layer lines were also observed by KRATt,:Y and co-workers~G, 19 on photographs 
of nitrated and of alkalized silk. 

Non-equatorial reflections were recorded on photographs taken in the two cylindrical 
cameras, in a flat-film camera with the sample-to-fihn distance equal to IO cm, and in 
a Weissenberg camera (5.73 cm diameter). Measurements of the photographs taken in the 
Io-cm radius cylindrical camera and in the flat-film camera were used to compute 
the horizontal components, dj,,l, of the interplanar spacings for reflections occurring on 
the first three layer lines, together with rough visual estimations of the relative inten- 
sities. For comparison, the spacing and intensity data of KRATKY AND KURIYAMA are 
also included. The higher layer lines were recorded on a photo~aph taken in a 3-cm 
radius cylindrical camera with the fiber axis of the sample perpendicular to the axis 
of the camera and making an angle of 60 ° with the direction of the X-ray beam (Fig. 4). 
The complete X-ray diffraction pattern was also recorded on a Weissenberg photograph 
taken with the sample (stretched but not rolled) rotated around an axis perpendicular 
to its fiber direction (Fig. 5)- 

Values of dh,,~, together with some estimated probable errors, are listed in Table I I I  ; 
rough visual estimations of the relative intensities are also listed. For comparison the 
spacing and intensity data of KRATI(Y AND KURIYAMA s are included. 
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T A B L E  I I I  

S P A C I N G  A N D  I N T E N S I T Y  D A T A  FOR N O N - E Q U A T O R I A L  R E F L E C T I O N S  

This investigation KRATKY AND KURIYAMA 

dho I (A) Int. dho l Int. 

Ist Layer  9.6 ~ 0.4 \ ¥  
4.7 :k o.2 ~,¥ 
4.2 :~ o.I  S 
3.o ± o.i VVv T 
2.35 ~: 0.03 M 
2.12 ~- 0.03 "W 
I. 8 V V \ ¥  
0.95 (?) VW 

2nd Layer  o0 VS 
9.6 ~ 0.8 MS 
5.1 zc 0-5 / MS 
4.4 ~- o'4 J 
3.o :t: 0.3 M 
2.3 ~ o.I W 

3rd Layer 9 MS 
7 VW 
4.1 ~= 0. 7 S 
3.0 ± 0. 5 W 
2. 3 VW 
1.85 V \ ¥  
1.54 M\¥  
1.32 M'v¥ 
1.17 VW 

4th Layer cO MV~" 
5 MW 
3 W 

5th Layer 9 MW 
5 W 

6th Layer  9 }  S 

9.6 \ ¥  
4.73 M 
4.24 S 

2.38 \ ¥  

CO M 
lO. 4 M 

4-59 M 

3.13 \V 

8.9 \ ¥  

4.5 S 

I I  

The effect of double orientation of the sample is less apparent on the layer-line 
reflections than on the equatorial reflections. Nevertheless, as can be seen in Fig. 2, the 
effect is great enough in some cases to permit a direct correlation of certain layer-line 
reflections with equatorial reflections having the same values of d~oz. 

I I I .  DERIVATION OF THE STRUCTURE 

z. The pleated-sheet configuratiom 

All previous attempts to derive an acceptable structure for silk fibroin were made 
before the fundamental dimensions of the polypeptide chain had been established and 
before specific configurations of these chains had been systematically investigated and 
precisely described. The method consisted in deriving probable unit cells from the X-ray 
fiber diagrams and proposing possible arrangements of polypeptide chains within these 
unit cells which were in rough qualitative agreement with the general features of the 
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diffraction patterns. No atomic coordinates were assigned from which the intensities of 
X-ray reflections could be calculated. 

Recent X-ray analyses of crystals of amino acids, simple peptides, and related 
substances have provided precise data from which the interatonfic distances and bond 
angles in polypeptide chains have now been derived a. These X-ray studies have also 
established two structural principles of fundamental  importance in arriving at the most 
probable configurations of polypeptide chains in fibrous and globular proteins: (I) the 

C _ c ,~O ' , and (2) the forma- coplanarity of the atoms comprising the amide group, H/N C 

tion of close to the maximum possible number of N - - H , . . O = C  hydrogen bonds. 
The application of these structural principles and the use of accurate values for inter- 
atomic distances and bond angles led to the discovery and the exact description of 
several possible configurations of the polypeptide chain. 

Of these possible configurations, the first to be discovered was the a-helix 2°,21,32. 
This configuration has been shown experimentally to be a principal structural constituent 
of many fibrous and globular proteins and synthetic polypeptides 2a. Another configura- 
tion of great interest was discovered in the course of a systematic survey ''1 in which the 
arrangement of the amide groups was restricted to certain orientations around the 
C- -C and C -N single bonds. The most significant feature of this configuration is the 
orientation of the > C == O and > N -H groups. The > C ~ O and > N - - H  groups of 
successive residues protrude from opposite sides of the helix; their orientation, nearly 
perpendicular to the axis of the helix, is particularly favorable to the formation of 
lateral C = O "  . H - - N  hydrogen bonds between adjacent helixes. A succession of 
helixes bonded together in this manner can build up two sheet structures, the parallel- 
chain and the antiparallel-chain pleated sheets, corresponding to a parallel or anti- 
parallel arrangement of adjacent helixes. These two structures were originally formulated 
on the basis of specific, presumably favored orientations around the C - - C  and C - - N  
single bonds21; subsequently 2~ they were revised so as to make all N - - H . "  • O hydrogen 
bonds linear. Although this revision involved departure from the previous orientations 
around the single bonds, the new structures were considered to be probably more stable. 
The fiber-axis identity distance calculated for the new parallel-chain pleated sheet is 
6.5o A and that  for the antiparallel-ehain pleated sheet is 7.oo A.The lateral displacement 
between equivalent chains (adjacent chains) in the parallel-chain pleated sheet is 4.85 A; 
between equivalent chains (alternate chains) of the antiparallel-chain pleated sheet this 
distance is 9.5 ° A. These dimensions gave rise to the suggestion 24 that the /?-keratin 
proteins, for which the fiber-axis identity distance is about 6.6 A, probably have a 
structure based upon the parallel-chain pleated sheet, and that  silk fibroin, for which 
the observed fiber-axis identity distance is 7.o A, probably has a structure based upon 
the antiparallel-chain pleated sheet. A drawing of the antiparallel-chain pleated sheet 
is reproduced in Fig. 6. 

Several features of the X-ray data give confirmation to the choice of an antiparallel- 
chain pleated sheet as the basic structural component of silk flbroin. The fact that  silk 
fibroin may  be doubly oriented by a rolling process indicates that  a sheet, rather than 
an individual helix, forms the basis for the structure. The agreement between the cal- 
culated fiber-axis identi ty distance (7.o A) and that  obtained experimentally (6.97 A) 
has already been mentioned. The spacing of the C, O, and N atoms at an approximately 
uniform interval along the fiber axis might be expected to give rise to a sixth-order 
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meridional reflection corresponding to a spacing of 1.17 A for the antiparallel-chain 
structure and 1.o8 A for the parallel-chain structure; a strong I.I6-A meridional reflec- 
tion is indeed observed. The three sharp equatorial reflections--the only reflections 
shown by the photographs of doubly-oriented specimens to arise from planes perpen- 
dicular to the plane of roll ing--correspond approximately to fourth, sixth, and eighth 
orders of a 9.4-A spacing; the spacing of alternate (equivalent) chains calculated for the 
antiparallel-chain pleated sheet is 9-5 A. We have accordingly assumed that in silk 
fibroin the polypeptide chains are arranged in the form of antiparallel-chain pleated 
sheets and that the plane of rolling of the doubly-oriented samples is the plane of tile 
pleated sheet. 

v 

Fig. 6. A drawing of the antiparallel-chain pleated sheet. 

Tile reasons for choosing the antiparallel-chain in preference to the parallel-chain 
pleated sheet should perhaps be clarified by additional brief discussion. It  is evident 
that  the observed reflections corresponding to the fourth, sixth, and eighth orders of a 
9.4-A spacing between alternate chains of an antiparallel-chain pleated sheet could as 
readily be interpreted as second, third, and fourth orders of a 4.7-A spacing between 
adjacent chains of a parallel-chain sheet. On what, then, does tile choice depend ? The 
fundamental basis is our confidence in the reliability of the dimensions of the polypeptide 
chain in proteins as determined from precise X-ray analyses of crystals of amino acids, 
peptides, and related compounds 3, and of the observed lengths and directional charac- 
teristics of N - - H . . . O  hydrogen bonds as determined in the same analyses. The 
experimental evidence indicates that  stable structures of peptides and other compounds 
related to proteins involve the formation of close to the maximum number of N - -  H. • • O 
hydrogen bonds, and that generally these bonds are approximately 2.8 A long and close 
to linear, that is, the N - - H . - .  O angle is generally close to 18o °. Indeed it was the con- 
vincing nature of this experimental evidence which led to the conclusion that in the 
formation of stable pleated sheets from parallel and antiparallel assemblies of poly- 
peptide chains the approximate linearity of the N - - H .  • • O hydrogen bond is of primary 
importance 25. Polypeptide chains incorporating dimensions based on the best experi- 
mental data and extended so as to correspond to the observed 6.97-A fiber-axis identity 
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distance of silk fibroin assume a configuration such that  the C .... O and N - H  bonds art; 
oriented almost exactly perpendicular to the fiber axis. Separated by 4.7 A and arranged 
in the antiparallel sense, these chains can form linear N H.  - • O hydrogen bonds 2.70 A 
in length and build up antiparallel-chain pleated sheets of dimensions compatible with 
the data from silk fibroin. Arranged in the parallel sense, on the other hand, these 
chains can, at best, form hydrogen bonds which are 2.97 A long and which depart from 
l ine~i ty  by 2o °. There seems to be little reason to doubt that  antiparalleI-chain pleated 
sheets involving short, linear hydrogen bonds would be significantly more stable than 
parallel-chain sheets involving longer and distorted hydrogen bonds. Accordingly the 
antiparallel-chain pleated sheet has been chosen as the structural basis for silk fibroin. 

This argument, which is based on the observed fiber-axis identity distance 6.97 A 
for silk fibroin, does not rule out the parallel-chain pleated sheet for fi-keratin, for which 
this distance is 6.6 A. 

2. A pseudo unit o~ structure 

Attempts  were first made to derive possible unit cells from the spacings of the 
equatorial reflections and to fit antiparallel-chain pleated sheets into these unit cells 
so as to give satisfactory packing. As a simplif icat ion--one which has been attractive 
to previous investigators a l s o - - i t  was assumed that  the crystalline portion of silk 
fibroin which gives rise to tile X-ray diffraction pat tern contains only the smallest 
amino-acid residues, glycine, alanine, and serine, and that  larger residues, such as 
tyrosine, leucine, etc., are present only in a non-crystalline component. The orientational 
requirements indicated by photographs of doubly-oriented samples imposed further 
restrictions on the choice of a possible unit. 

The only simple unit cell that  we have found which is able to accommodate the 
the antiparallel-chain pleated sheet and which is also reasonably compatible with the 
positions and orientations of the equatorial reflections is an orthogonal one with dimen- 
sions % ~ 9.4o A, b0- -6 .97  A, % - - 9 . 2 o  A. The b axis of this unit cell is in the 
direction of the fiber axis; the a and c axes lie in the basal plane perpendicular to the 
fiber axis and are parallel and perpendicular, respectively, to the plane of rolling of the 
doubly-oriented samples. On the basis of this unit cell the equatorial reflections may be 
indexed as shown in Table IV. Reflections apparently arising from sets of planes oriented 
approximately perpendicular to the plane of rolling would be expected to be axial 
reflections of the type hoo; the reflections arising from planes oriented parallel to the 
plane of rolling would be expected to be reflections of the type col. The 4.25-A reflection 
apparently arises from sets of planes oriented at an angle of about 7 °o from the plane 
of rolling; this angle is consistent with crystallographic planes of the forms {2oi} and 
{203}. The only discrepancy between the observed and calculated interplanar spacings 
is in the values 9.7 A reported and 9.2o A calculated for reflection No. I ; this discrepancy 
will be discussed in Part  3 of this section. 

if  one assumes that  antiparallel-chain pleated sheets are arranged parallel to the 
plane of rolling of the doubly-oriented samples, then the a and b axes of the proposed 
unit cell must lie in the plane of the pleated sheet. The b axis is parallel to the axis of 
the polypcptide chains; its identity distance represents the distance occupied by two 
residues along each chain. The a axis is parallel to the lateral hydrogen bonds within the 
sheets; its identity distance represents the distance between alternate polypeptide 
chains within tile sheets. Thus, four amino-acid residues of a pleated sheet can be fitted 
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T A B L E  I V  

INDICES OF EQUATORIAL REFLECTIONS BASED ON PSEUDO UNIT CELL 

I5 

InterpIanar spacing 
No. hol Orientation Intensity 

Observed (A) Calculated (A) 

I 9.7 ° ~ 0.25 9.20 o o i  II 90 
2 4.7 ° ± 0 .20  4.60 002 1[ 45 ° 
3 4.25 ~ o.15 4.19 2Ol, 2oY ca. 7 °o 900 
4 3.05 ~ 0.02 3.07 003 [[ i 8 o  
5 2.35 ± o .o i  2.35 40o l 20 
6 2.1o ± 0.o 5 2.09 4 °2  , 4 o~ < 5 
7 1.8o ~_ 0.05 1.84 005 ~ ~ 5 
8 1.50 -~ O.OI { 1.57 0OO } _i 18 

1.54 6OI, 6OY 
9 1.20 ± 0.05 1.18 800 ± < 5 

into this unit cell; the number of sheets within the c-axis identity distance may be 
derived from the following considerations. 

As stated previously, this pseudo unit cell is assumed to contain only the glycine, 
alanine, and serine residues in silk fibroin. In Table V there are listed the densities of 
these three amino acids and of some simple peptides of glycine and alanine. From a 
consideration of these densities, it seems reasonable to predict that a polypeptide 
containing only glycine, alanine, and serine in tile proportions in which they occur in 
silk (about 3:2:1) would have a density of about 1.45 g/cm 3. Similarly tile average 
residue weight of a compound containing glycine, alanine, and serine residues in the 
proportions 3 :2 : I  would be 67. Assuming a density of 1.45 and an average residue 
weight of 67, the number of residues within the pseudo unit cell is calculated to be 7.9. 
Thus, since four residues of each pleated shee L are contained within the pseudo unit, these 
calculations indicate that there are two pleated sheets per cell. 

T A B L E  V 

DENSITIES OF CRYSTALS OF SELECTED AMINO ACIDS AND PFPTIDES 

Compound Density (g/trot) Re/eren~ 

glycine 1.6o 7 26 
D,L-alanine 1.4 ° 27 
D,L-serine 1.537 28 
a-triglycine t -57 29 
D,L-alanylglycine i .429 3 ° 
glycyl-o,L-alanine 1.425 3 ° 
D,D-dialanine 1.28o 3 I 
L,L,L-trialanine i -333 31 

Information concerning the spacing of pleated sheets in the direction of the c axis 
can be obtained from the intensities of the equatorial reflections representing orders of 
(ooi). Four reflections of this type are observed, but the intensity of 005 was too low for 
spectrometric measurement. Relative values of F 2 for the reflections ooi ,  002, and 003 
were obtained by correcting the observed intensities for Lorentz and polarization factors. 
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These values of F'-' can be used for the computation of a on,-dimensiona] Patterson 
function. 

['(~') ~ /":~oo/ cos27rLc 
/ 

A plot of this fuuction is shown in Fig. 7. 
Besides the peak at the origin, the only features of this function are the two related 

maxima at about 3.7 and 5.5 A from the origin. This Patterson projection can be 
interpreted as indicating that  in the structure of silk 
fibroin the distances between adjacent pleated sheets are 
alternately 3.7 A and 5.5 A. The details of the packing of 
the pleated sheets in accordance with this interpretation 
may be derived from the following structural considera- 
tions. 

A feature of the pleated-sheet structures is that  the 
bonds between the a-carbon atoms in the main polypep- 
tide chains and the adjoining ]?-carbon atoms of the side 
chains are oriented approximately perpendicular to the 
plane of the sheet. As a consequence, the way ill which 
adjacent sheets are packed together is determined almost 
entirely by the sizes and shapes of the side chains of the 
component amino-acid residues. Pleated sheets containing 
only glycine residues, in which ]?-carbon atoms are replaced 
by hydrogen atoms, would be expected to pack together 
much more closely than would pleated sheets consisting 

P (w) 

/ 

1_ 
"2 

w 

Fig. 7" The l?attcrsoa function 
l'(~ 0 calculated from the inten- 
sities of the first three orders 
of (oo~). The vertical scale is 

arbitrary.  

of alanine or of larger amino-acid residues. Indeed, construction of accurate scale models ~2 
of antiparallel-chain pleated sheets shows that  two sheets consisting solely of glycine 
residues may  pack together at a distance of about 3.5 A, whereas sheets containing 
only alanine or serine residues may pack together efficiently at a distance of about 5.7 
A; larger amino-acid residues require larger packing distances. 

An additional feature of the pleated-sheet structures is that  within each polypeptide 
chain the side chains of adjacent amino-acid residues protrude from opposite sides of 
the sheet (Fig. 6). Thus, polypeptide chains consisting of an alternation of glycine and 
alanine residues may  be arranged in such a way as to form a sheet having only the 
hydrogen atoms of the glycine residues protruding from the front side and only the 
methyl  groups of the alanine residues protruding from the back side. Two sheets of this 
type can pack together efficiently either front-to-front at a distance of 3.5 A or back-to- 
back at a distance of 5.7 A; a succession of these sheets would pack together at distances 
alternately 3.5 and 5.7 A. An arrangement of this sort would be in approximate agree- 
ment with the positions of the maxima in the Patterson function P(w); it would also 
be consistent with a composition of four glycine, three alanine, and one serine residue 
in the unit cell. 

The structure which we propose as a pseudo unit for silk fibroin is shown diagram- 
matically in Fig. 8. Two unit cells are shown, each containing eight amino-acid residues 
comprising portions of two antiparallel-chain pleated sheets. For simplicity, the atoms 
in each pleated sheet are represented as being coplanar. The methyl  or hydroxymethyl  
side chains of the alanine or serine residues are labeled "R";  they protrude, along the 
c axis, backward from the front plane and forward from the rear plane, interlocking so 
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as to give efficient packing. These two planes are 5.7 A apart. The hydrogen atoms of the 
glycine residues protrude from the front of the forward plane and from the back of the 
rear plane ; thus, the distance between the front plane of one unit cell and the rear plane 
of the next unit cell is 3.5 A. 

' i N . ~ - - 7 ~ - - 0  o C . . . . . . .  I 

J 
0 

Fig. g. A diagrammatic representation of the arrangement of the polypeptide chains within the 
pseudo unit of structure. 

The assumption of the value 3.5 A for the distance between pairs of pleated sheets 
presenting glycine side chains (hydrogen atoms) toward one another is supported by 
the results of intensity calculations, and also by the consideration of the X-ray pattern 
of polyglycine. We have pointed out 23 that the powder X-ray pattern of polyglycine 
is compatible with a pleated-sheet structure. The strongest line of this pattern gives the 
spacing between adjacent pleated sheets, and its value is 3.47 A. 

A schematic representation of the proposed pseudo structure projected along the b 
axis is shown in Fig. 9. In this drawing the backbones of the polypeptide chains are 
represented as roughly elliptical; they are bonded together by hydrogen bonds to form 
sheets parallel to the a axis. The large circles between these sheets represent methyl or 
hydroxymethyl  side chains of alanine or serine residues and the small circles represent 
hydrogen atoms of glycine residues. The arrangement of the sheets at alternately 3.5 
and 5.7 A is clearly shown. 

K )  L) ,k) 

57A 

I 0o -  .r 
Fig. 9- A schematic representation of the proposed pseudo unit of structure projected along the 

fiber axis. 
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Packing drawings of the structure viewed along the y and z axes are shown in Figs. Io 
and I I  respectively. 

Although the unit cell is orthogonal, the symmetry of the proposed pseudo structure 
is that of the monoclinic space group P2t;  furthermore, the presence of the two-fold 
screw axes is dependent on the assumption that the scrine and alanine side chains are 

x ~ CH 3 \N~-JJ]., J 
- c ~ ~i~---'~Z 

, -5~lx  ~ :{ c, II .~/: 

)1 ¢ ~ .' x 

Fig. IO. A pack ing  d rawing  of the  s t ruc tu re  v iewed along the  fiber (y) axis. 

I "( 

;]o' " ' 

~J 

L.. 

Fig. I i. A pack ing  d rawing  of the  s t ruc tu re  v iewed along tile z axis,  pe rpendicu la r  to the  fiber axis  
and  parallel  to the  plane of the  p lea ted  sheets .  

structurally equivalent. The operation of the two-fold screw axes, whose positions in 
the unit cell are shown in Fig. 9, is a rotation of I80 ° followed by a translation parallel 
to the b axis by an amount equal to be/2; by this operation each polypeptide chain A is 
transformed into a chain A' and each chain B is transformed into a chain B'. Thus, the 
side chains of a pleated sheet A' B' are displaced from those of its neighbor A B by an 
amount equal to be~2; side chains from adjacent pleated sheets thus interlock. 
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The detailed packing of the side chains is determined by the displacement along the 
a axis of the polypeptide chains A' and B' relative to chains A and B. In the pseudo 
structure, as shown in Fig. 9, the chains are staggered so that tile center of chain A' is 
midway between the centers of chains A and B. This arrangement is in agreement with 
the observed strength of the reflection 400. 

Since the symmetry of the proposed structure is monoclinic, no restriction is placed 
on the size of the angle/~ between the a and c axes. We have chosen this angle to be 
9 °0 . The justification for this choice rests in the success of this pseudo unit of structure 
in explaining both tile positions and the intensities of the equatorial X-ray reflections. 
In particular, if tile 1.56-A reflection (No. 8) is correctly indexed as being a superposition 
of reflections 6Ol and 6oI, in agreement with the intensity calculations, its small 
angular spread limits the value of/3 to 900 within a few minutes of arc. 

On the basis of the proposed pseudo structure atomic positional parameters have 
been assigned to all of the main-chain atoms except hydrogen and to the ]3-carbon atoms 
of the alanine and serine residues; they are listed in Table VI. No parameters have been 
assigned to the oxygen atom of the serine residue. 

T A B L E  V I  

ATOMIC POSITIONAL PARAMETERS FOR THE PSEUDO STRUCTURE 

S p a c e  g r o u p  : P21  
E q u i v a l e n t  p o s i t i o n s :  x, y, z (Cha ins  A a n d  13) 

9, 1/2 + y, 7- (Cha ins  A '  a n d  B')  

a 0 ~ 9.4 ° A 
bo = 6-97 A 
c 0 = 9 .20  A 
fl ~ 9 °o 

Chain Residue N C C' 0 tic 

A l 

A 11 

B I I I  

B IV  

x 0.404 0.34 ° 0 .422 0.553 
y 0 .074 0.252 o.426 o.426 
z o.163 o.113 o.173 o.173 

x 0 .346 o.41o 0.328 o .197 
Y 0 .574 0-752 0 .926 0 .926 
: o .215 0.265 0.205 0.205 

x 0 .904 0 .840  0 .922 0.053 
y 0-926 0 .748 0 .574 0.574 
Z O.215 0.265 0 .205 0.205 

x 0 .846 o . 9 r o  0 .828 0 .697 
3' 0-426 0 .248 0"074 0-074 
z o.163 O . l l  3 o.173 o.173 

o.41o 
o.752 
o .43o 

0 .840 
0.748 
0.430 

Tile bond distances and angles calculated from the positional parameters are listed 
in Table VII. All of the distances and angles are in satisfactory agreement (within 
0.02 A and 3 °) with the accepted values for the fundamental dimensions of polypeptide 
chains 2a. 

The atomic positional parameters listed in Table VI were used to calculate structure 
factors for those reflections on the equator and first three layer lines which have inter- 
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T X B L F ,  VII7 

I N T E R \ T O . M I C  ! ) I S T A X C E S  A N D  F, O N D  AXGLF.S4 F O R  ' I ' IH ;  P I , ' O P O S E I )  P S F U I ) I )  S17RLCTUI ' t lC 

(Tah'ulaMl from Accc,tffed 
/ l ( t f l t l l lg lClX i~l I ' l t[~l '  | ' l  7,(f[lf¢'t 3 

]~): ldcd ~/is/altcP~ 

N -(2 1 . t 5  .k i . t 7  . \  
C (" 1.5~ i .5~ 
( "  () 1.23 r .2 .  t 
(i t - ) ,  i .  3 i 1.32 

{" 17(; ~.5-'  ~.5 t 
N - l l . . . { }  2.7 (, .:.S 

lToszd aJ?~les 

N ' - - ( ;  -(2 / l 10. 5 o I IO 
(- C' .-() t - ' o . l  ' t e l  
(" --(;~ .X I l t i . ~  ' [ [ 4  < 
(} . - -C"  N 123.o  ' ] 2 5  
{2' - N  (2 I 2 2 , 5  ~ I 2 3  
C '  - N ' ' ' ( )  r , 2 .  3 123 
C2 N ' . . ( }  l 1.5.1 :) i I {  

N - - C  i , t '  J o S . 5  to{).5 ~ 
C' ( :  f i ( '  r~l . {} '  l O 9 . 5  ~ 

planar spacings greater t han  Lo A. The structure factor expression for the space group 
P2~ is F .... A -~- iB, where 

and 

-qs*l,Z = ~ /7 c o s 2 ~ ( D x i  ~ l::j) cosa~kl,.~ 
] 

lCki<l = E I) c°~>:~{]M's i /': I) sin->;'rl, u)  
1 

-4ki<z == " E !J s in>~(hx j  I- IQ) sin>~i,u'i 
i 

l?s,~l = ~ /j sin-'.-r(D. T i lzj) cos2~]¢~)  

1 

[OF A' = 2 ; i  

for  J~ == 2J~ T I 

The summations extend over all atoms ]" in the four residues (I, II, III, IV, Table VI) 
comprising the asymmetric refit : Io carbon atoms, 4 oxygen atoms, and 4 nitrogen atoms. 
Atomic form factors/j  for carl)on, nitrogen, and oxygen were taken from the tables of 
JAMY.s AND BRINDLEY 3a. Tile calculated values of F ~ - - A s 4 -  I32 are listed in Table VIII. 
Because of the orthogonality of the pseudo unit cell each reflection of the type h/U is 
superimposed on a corresponding reflection h/e-l; for simplicity values of F2calo listed in 
the table comprise the sum of the contributions of tile two planes h k l  and hie[. The 
observed intensities of reflections occurring on the equator and the first three layer 
lines are also listed in Table VII1. In cases where an observed reflection could not be 
unambiguously indexed from photographs of doubly-oriented samples, brackets have 
been used to include all planes compatible with the measured interplanar spacings. The 
observed intensities of the equatorial reflections have been corrected for Lorentz and 
polarization factors to give values of F-°ou~. 

R e l e r e n c e s  p .  3 3 / 3 4 .  
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I ' \ I H A ' :  \ '111 t c o n t i m w d /  

k :: , .  /.' , k _' k = :  I 

k I dko I - 
l,djs l:~', ~ ~ I; 2ol[l ', I>~ I' "c:lh; /;'~'~t/~: lobs ]?2col/l: 

.5 0 l . ~ q  I~ [.:I,  .St [ -'-I 

S o [ . t S  ~ .5 < 25o  -'5 ° f 2() 1 

7 t I . l f) ! : . ~  ,~0 1 5 2  W I 2 3  

0 8 ] . I 5 I~() I Z QO 58() 

4 7 i-J5 i , ,  S, 5 7  ~6 
1 S ] . ]q  12q r{) .{5 46 

?; 2 ~.T t JS I [o 14 [ o 
_, S i. I 2 4 IS 4 2 4 
,% .~ I.I0 £ 7 1  Ib ()I I 4 

~, (, i .  t o  t t 4 8  3!) 3 ° 
7 .5 1.oS 20 1So 2o 7 I $7 
3 S ~ .08 t o2 9o  r 0 0 
5 7 t . o8  I I t  S l  2 22 
5 ] 1 , 0 5  0 o 0 2 

,) o i . o  4 5 -'3 .55 i o2  
9 t 1 . 0 4  2 4  2O i 3 2  t 2 7  

t 8 1.03 o tO 65 158 
I> 9 I .o2 0 9 O 27 
9 2 1.o2 22 9 r37 28 
1 9 i . o 2  1 o o  to  37 3 t 

7 6 l.o t t 4 9  303  [o8  32 

0 7 l . o~  44 4 ° 33 i ° 4  
2 9 I .OO O 5 8 3'; 178 

In general there is good agreement between calculated and observed values of 
F 2 for the equatorial reflections. Indeed, the agreement would be excellent if the cal- 
culated values of F 2 were corrected with an anisotropic temperature factor of the type 
exp (--  ah 2 -  Tl2), where y is considerably larger than a. A temperature factor of this type 
would be appropriate in view of the apparent disorder in the direction of the c axis as 
manifested by the diffuseness of observed reflections of the type 00/. 

The observed and calculated intensities for non-equatorial reflections are in general 
qualitative agreement. The most conspicuous discrepancy occurs for the meridional 
reflection o2o; whereas this reflection is observed as being very strong, its calculated 
value of F 2 is only moderate. The low value of F ~ calculated for this reflection is due to 
the regular spacing of atoms along each polypeptide chain; the contributions of the two 
carbon atoms and one nitrogen atom in the chain nearly cancel one another, and the 
contributions of tile oxygen atoms are to some extent canceled by the contributions of 
the #-carbon atoms. Since the extreme strength of the sixth-order meridional reflection 
is strong evidence in support of the basic arrangement of the polypeptide chain, it would 
appear that the strength of the 020 reflection must be due, in large part, to the con- 
tributions of side-chain atoms. 

3. A n  extension o~ the pseudo unit and the structure o~ silk fibroin 

Early in the course of our investigations of silk fibroin it was recognized that the 
complete and detailed structure of this substance could not be satisfactorily described 
on the basis of a unit cell as simple as the pseudo unit which we have discussed above. 
Nevertheless, it has seemed profitable thus far to describe tile fundamental features of 
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the structure in terms of the pseudo unit; indeed, the general agreement between 
observed values of intensities and interplanar spacing and those calculated for the 
pseudo unit is so striking that  there can be little doubt that the real structure is closely 
related to the pseudo structure. I t  is the purpose of this section to discuss those ways in 
which the pseudo unit of structure must be revised and extended in order to approach 
more closely to the true structure of silk fibroin. 

There are two major reasons why the pseudo unit cannot be the true unit of struc- 
ture of silk fibroin. In the first place, the observed spectrum of the diffuse equatorial 
reflections--those reflections which arise from diffracting planes oriented parallel to the 
plane of rolling of the doubly-oriented samples, and which have been indexed as orders 
of oo I - - canno t  be satisfactorily explained by a c axis identity distance as small as 9.2 A. 
The presence of diffuse reflections at spacings of about 35 A and I5 A is strong evidence 
that  the identity distance is probably very much greater than 9.2 A; furthermore, the 
observed spacing of the 9.7 A reflection differs from the assumed value, 9.2 A, by an 
amount greater than the limit of error of our observations. 

A second objection to the pseudo structure is that it takes into account only the 
three smallest amino-acid residues present in silk fibroin--glycine, alanine, and serine; 
the remaining 18 % of the residues, including about 5 % of tyrosine, remain unaccounted 
for. There has been a tendency among previous investigators to ignore this 18% of the 
larger residues on the grounds that  the X-ray diffraction pattern of silk fibroin is so 
simple relative to those of other proteins that  only small, well-ordered amino-acid 
residues can be present in the crystalline portion. This viewpoint has found some 
support in various chemical experiments as discussed in the introduction to this paper; 
however, there is also considerable contradictory evidence, and at the present time 
there seems to be insufficient justification for assuming that the larger amino-acid 
residues occur only in a non-crystalline portion of the protein. It  seems more likely 
that  the diffraction pattern of silk fibroin is representative of all of the residues present 
in the protein. 

It  is reasonable to assume that  the true structure of silk fibroin is based on the 
pseudo unit of structure so modified and extended as to satisfactorily account for the 
diffuse equatorial reflections and to include the larger as well as the smaller amino-acid 
residues. The diffuse reflections have already been interpreted as being representative 
of the method of packing of the antiparallel-chain pleated sheets, so that  changes in the 
distances between adjacent sheets would affect the positions and intensities of these 
reflections. The distances between adjacent sheets are determined primarily by the sizes 
and shapes of the side chains of the amino-acid residues; in particular, the side chains 
of the larger amino-acid residues present in silk fibroin would require inter-sheet distances 
considerably larger than the 3.5 and 5.7 A distances in the pseudo structure. It  seems 
probable, then, that  the X-ray diffraction pattern of silk fibroin can be explained by 
assuming that  the majority of the small amino-acid residues glycine, alanine, and serine 
are arranged in accordance with the proposed pseudo unit;  the remaining 18% of the 
residues, which are too large to be accommodated by the pseudo unit, are nevertheless 
present in the crystalline component of silk fibroin and are responsible for deformations 
of the pseudo unit. These deformations occur in the direction of the c axis of the pseudo 
unit, and hence have a relatively large effect on the spacings and intepsities of the ool 
reflections. 

Measurements made on models of antiparallel-chain pleated sheets show that  a 
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sheet containing the side chains of tyrosine or phenylalanine protruding from one side 
may  pack with an adjacent sheet consisting of glycine residues at a distance of ap- 
proximately 8 to 9 A. In view of the fact that  the van der Waals diameter of a pheuyl 
group is about 7 A, this distance is, at first glance, somewhat shorter than might be 
expected.However,  since tile bond connecting the a-carbon atom of the main polypeptide 
chain with the corresponding/~-carbon atom of the side chain is oriented perpendicular 
to the plane of the pleated sheet, the bond connecting the/?-carbon atom to the phenyl 
group makes an angle of only 2o ° with the plane of the sheet; thus, the phenyl group 
can conveniently lie nearly parallel to the plane of the sheet. Consequently the packing is 
determined predominantly by the van der Waals thickness rather than the diameter 
of the phenyl group. 

Inter-sheet distances required by the other large amino-acid residues present in silk 
fibroin are more difficult to predict since there are fewer restrictions on the relative 
positions of the various side-chain atoms. I t  appears that  efficient packing can be ob- 
tained if the distances are approximately the same as that  required by the tyrosine 
res idues- -about  8 or 9 A if the adjacent pleated sheet consists of glycine residues or 
about IO A if the adjacent sheet consists of alanine or serine residues. Thus, the introduc- 
tion of the larger amino-acid residues into the crystalline part  of silk fibroin would 
require that  the strict alternation of inter-sheet distances between the values of 3.5 
and 5.7 A, as derived for the pseudo unit, be interrupted occasionally by distances of 
about 9 A. 

One might expect that  definite information concerning the sequence of distances 
between adjacent pleated sheets, and in particular the way in which pleated sheets 
containing the larger residues are packed in relation to the sheets containing tile smaller 
residues, could be derived from the positions and intensities of the reflections of the 
type ool. However, there are so few reflections of this type that  no precise conclusions 
as to the packing can be drawn ; indeed, the diffuseness of these reflections may  be taken 
as an indication that  perhaps there is no well-ordered method of packing of the sheets, 
and therefore no true identity distance in the direction perpendicular to the sheets. 
A minimum identi ty distance roughly compatible with the observed spacings of all of 
the diffuse equatorial reflections is about 58 A. 

Some additional information regarding the packing of the sheets may  be derived 
from considerations of density. Since the larger amino-acid residues are to be included 
in the structure, the density of the material  giving rise to tile X-ray diffraction pat tern 
must be taken as the density of silk fibroin rather  than the density of a pseudo-silk 
containing only glycine, alanine, and serine. The most reliable valne for the density of 
silk fibroin appears to be that  reported by  HEERTIES 34, 1.34 g/cm3. From this vahle for 
the density and the average residue weight of 76.5 reported by  TRISTRAM 1, tile volume 
occupied by  one residue is calculated to be 04.8 A s. The area occupied by  four residues 
within each pleated sheet is given by the a and b identi ty distances of the pseudo unit 
ce11--9.4 × 6.97 = 65.5 A2; from these figures the average distance between adjacent 
sheets may  be computed. The resulting value is 5.8 A, as compared with the value of 
4.6 A derived for the pseudo structure. These calculations indicate that  if there is a 
definite c-axis identity distance in silk fibroin it is a multiple of 5.8 A. 

In an a t tempt  to derive some conclusions as to the sequence of pleated sheets in 
silk fibroin, we have made intensity calculations for several different arrangements 
of the sheets. The method used for each of these calculations is as follows. First, an 
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identi ty distance normal to the plane of the pleated sheets was assumed; the distances 
actually chosen were 58 A and I74 A, the value of 58 A having been previously derived 
as being the minimum spacing compatible with the positions of the diffuse equatorial 
reflections. Within the chosen identity distance there were placed pleated sheets con- 
sistent in number with the density calculations; thus, ten pleated sheets were placed in 
the assumed identity distance of 58 A and thir ty  in the distance 174 A. For the actual 
positioning of these sheets it was assumed that approximately two-thirds of the sheets 
are packed in accordance with the pseudo structure, that  is, with inter-sheet distances 
alternating between the values 3.5 and 5.7 A. The remaining sheets were placed at 
distances of about 9 A, representing the packing distance required by pleated sheets 
containing the larger amino-acid residues. For each calculation it was assumed that all 
of the scattering material present in each pleated sheet is located in the plane of that 
sheet; thus, the effect of the side chains as well as that of the slight puckering of the 
sheets were neglected. These assumptions imply that  the distance between any two 
adjacent sheets must remain the same throughout the structure. This implication, which 
arises from the necessity of performing computations on simplified models, should not 
be regarded as defining a structural feature of silk fibroin. It  is probable that  the 
sequence of amino-acid residues in silk fibroin requires that  the distance between any 
two adjacent sheets vary considerably from region to region; the models upon which 
these calculations are based should, accordingly, be regarded as representing localized 
methods of packing which occur frequently throughout the structure. 

In order to simplify the calculations, each sheet was represented by a point on the 
c axis and these points were arranged symmetrically about the origin. The structure 
factor expression for each plane ool is then of the form 

Fool = ~ cos2~l (zdco) 

where z~ is the distance in Angstr6ms of each point i from the origin and co is the as- 
sumed identi ty distance. 

I I  I I  I I t  I I  I I  I I I I I I I I I f  I I  I I  I I  t i l l  

A } Co = 174 A 

B 
I I '1 I I I I  I I  I 1  l II II 

%= 174 A 

D I U I  C I 11 I I I I I  L L  

F.,-Co=9.2 A I . ~ c , , =  58  A ~  

Fig. 12. Arrangements of pleated slleets assumed for intertsity calculations. 

Typical arrangements of pleated sheets for which intensity calculations were made 
are described in Table IX and Fig. 12. The results of the intensity calculations are 
shown diagrammatically in Fig. 13, in which the calculated values of F~oodn ~ are plotted 
against sin 0/2~. For purposes of normalization, the calculated values of F ~ were divided 
by n ~, where n is the number of sheets within the assumed identity distance Co. For 
comparison, the observed spectrum of the diffuse equatorial reflections is shown at the 
bottom of Fig. 13. 
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Fig. 13. Observed spectrum of diffuse equator ia l  reflections and values  of F2/n ~ calculated for various  
arrangements  of pleated sheets  (See F ig .  12 a n d  T a b l e  I X ) .  

Arrangement D represents tile pseudo unit of structure in which there are two 
pleated sheets within the identity distance c,, = 9.2 A and there is a strict alternation of 
inter-sheet distances between the values 3.5 and 5.7 A. It has already been pointed out 
that in this arrangement no provision is made for amino-acid residues other than glycine, 
alanine, and serine, that its density would be expected to be significantly higher than 
that observed for silk fibroin, that it will not explain satisfactorily the observed position 
of the 9.7-A reflection (sin 0/2, --  o.o53), and that it will not account for the presence of 
the weak reflections at smaller diffraction angles. Arrangement C is based upon an 
identity distance of 58 A containing IO pleated sheets; arrangements A and B are based 
on an identity distance of 174 A containing 3o pleated sheets. These three arrangements 
are compatible with the observed density. It should be emphasized again that these 
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arrangements are not presented as being possible structures of silk fibroin, but  rather  as 
a means of exploring the effect on the diffuse equatorial reflections of the introduction of 
the larger residues. 

Of the intensity plots shown in Fig. 13, that  of arrangement C probably shows the 
most satisfactory agreement with the observed positions and intensities of the diffuse 
equatorial reflections. However, it is evident that  the observed spectrum, including the 
weak reflections at small diffraction angles, can be approximated by the intensities 
calculated for any of several different arrangements of the pleated sheets and that  no 
"bes t"  arrangement can be decided upon. 

Better  agreement with the observed spectrum could be obtained by applying a 
temperature  factor of the type e -B(sin o/~.)~ to the calculated intensities; a " tempera ture"  
factor of this sort would compensate for general disorder in the packing of the sheets 
and also take into account, to some extent, the "pleat ing" of the sheets and the effects 
of side-chain atoms. 

I t  should be noted that  the introduction of the larger amino-acid residues can be 
accomplished without major changes in the ool spectrum, and that  their presence would 
have even less effect on the intensities of the general reflections of the type hkl.  I t  there- 
fore seems reasonable to conclude that  the significance of the general agreement between 
the observed intensities and those calculated for the pseudo structure (Table VIII )  may 
be extended to more complete structures which include all of the amino-acid residues 
known to be present in silk fibroin. 

Two conclusions may  be drawn from the agreement between observed and cal- 
culated intensities as represented in Table V I I I  and Fig. 13. In the first place, the 
diffraction pat tern of silk fibroin can be explained on the basis of an arrangement of 
antiparallel-chain pleated sheets wherein the strict alternation of inter-sheet distances 
as derived for the pseudo structure is interrupted occasionally by  larger spacings 
representative of the larger amino-acid residues; in the second place, no information as 
to the exact dispositon of these larger spacings within the structure can be derived. 
Indeed, it is reasonable to suppose that  these large inter-sheet spacings do not occur in a 
well-defined manner;  it is probable that  the detailed structure in any region is not 
determined a priori ,  but  adapts itself to the requirements imposed by  the chemical 
composition of the polypeptide chains within that  region. One further point should be 
stressed : it seems improbable that  the overall amino-acid composition of any one partic- 
ular pleated sheet within the structure differs significantly from the composition of 
any other sheet. I t  is likely that  there are some regions within a given sheet where 
essentially all of the residues are those of the smaller amino-acids and other regions 
where there is a concentration of the larger residues; but there seems to be no reason 
and there certainly is no need to assume that  one pleated s h e e t - - o r  one polypeptide 
chain within a sheet- -consis ts  entirely of small amino-acid residues and that  another 
pleated sheet contains the larger residues. Thus, the method of packing of adjacent 
pleated sheets is determined by  the composition of regions within the sheets rather 
than by  the composition of the sheets as a whole. 

The structure of silk fibroin may, then, be described as consisting of antiparallel- 
chain pleated sheets packed together in a manner  determined by  the sequence of amino- 
acid residues within the polypeptide chains. In particular, the sequence - G - X - G - X - G - ,  
where G is glycine and X is alanine or serine, must occur with high frequency; this is the 
only sequence which will account for the alternation of inter-sheet distance between the 
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values 3.5 and 5.7 A, which predominates in the structure. The larger amino-acid 
residues such as tyrosine are also present within the crystalline portion of silk fibroin, 
although the precise manner in which they are arranged in tile structure cannot be 
derived. 

.Just as a satisfactory description of the packing of tile pleated sheets requires a 
modification of the c-axis identity distance of the simple pseudo unit of structure, so a 
complete picture of the distribution of the amino-acid residues within the sheets, either 
along the fiber axis of the polypeptide chains or in the direction perpendicular to tile 
fiber axis, requires an abandonment of the corresponding b- and a-axis identity distances 
6.97 and 9.4 A. Tile values for b,, and a,, as deduced from the X-ray diffraction pat tern 
cannot be regarded as true identi ty distances in the strict crystallographic sense, but 
rather as repeat distances of the back-bone atoms of the polypeptide chains; true 
identity distances would be determined by the disposition of side-chain atoms. In view of 
tile var iety of the amino-acid residues present, it is likely that  identity distances in the 
strict crystallographic sense do not exist in silk fibroin. The occurrence on heavily 
exposed photographs of weak layer lines representing first and second orders of a 2I-A 
repeat  distance in the b direction is undoubtedly due to some kind of ordering of 
side-chain atoms. I t  is tempting, although probably not justified, to regard these 
layer lines as arising from a regular repetition of serine residues in a sequence such as 
- G - A - G - A - G - S - .  

IV. DISCUSSION OF THE STRUCTURE 

The structure of silk fibroin which has been derived in the preceding section lacks 
complete definition in the sense that  it does not assign specific coordinates to all of the 
atoms in the protein. Nevertheless, it is characterized by very specific structural 
features which are so well defined as to merit further examination and discussion. 

x. Physical ~roperties and the orientation o[ hydrogen bonds 

The proposed structure of silk fibroin consists essentially of a lateral packing of 
pleated sheets composed in turn of polypeptide chains bound together in the plane of 
the sheet by N - - H - - - O  hydrogen bonds normal to the fiber axis. Supplementary 
evidence concerning the validity of this structure may be sought in studies of silk 
fibroin made with the electron microscope and by the techniques of infrared spectroscopy. 

Mr. EDWARD D. HENDERSON of these Laboratories has made several electron 
micrographs of silk fibroin prepared in the following manner. Degummed natural silk 
fibers were cut into short lengths and were further disintegrated in water suspension by 
prolonged t reatment  with a Waring Blendor. The suspension was allowed to settle for 
several hours, after which time portions of the supernatant  liquid containing the finer 
particles were removed for examination with the electron microscope. Fig. 14 shows a 
typical electron micrograph obtained in this way. The flat ribbonlike form of the silk 
fibers is similar to that  reported by other workers (ZAHN 35, HEGETSCHWEILERS6). By 
means of tryptic digestion, MERCZR a~ obtained thin "ribbon-like fragments" of silk 
fibroin which in electron micrographs showed what seemed to be "long, thin, parallel 
microfibrils". All of this evidence appears to be favorable to a structure for silk fibroin 
composed of laterally packed sheets of polypeptide chains; it cannot, of course, be 
construed as proof of such a structure. 
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F i g .  14. A n  electron micrograph of  a siIk f i b e r  s h a d o w e d  w i t h  a I 5 - A  f i lm of g o l d - p a l l a d i u m  alloy 
at the angle tan 1 __ 1/3. 

The results of infrared spectroscopic measurements ,  especial ly measurements  of 
infrared dichroism, can be interpreted more definitely in terms of structural features 
of si lk fibroin. The approximate  orientation of the C = O and the N - - H  bonds in fibers 
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of synthetic polypeptides and in fibrous proteins have been determined by measuring . 1,c 
dichroic ratio observed for polarized infrared radiation (AmbROSE .~Xl) ELLIOTX:'S). I-'V 
this means, :\MIH~.()SE AND ELLI( IT ' f  a'q w e r e  al)lc to decide that  these bonds are oriented 
approximately  parallel to the fiber axis in the ~,-proteins such as hair and approxinmtely 
perpendicular to the fiber axis in the/~-t)rotcins, including silk suture. They interpreted 
their infrared data  as also showinv that  silk suture contains a comt)onent whose chains 
are folded in a fashion similar to that  of the a-1)roteins. The use of dichroic ratios for 
determining unamb!guously the precise orientations of the (" : O and N -H bonds in 
silk fibroin and other fibrous proteins is complicated by l)robh'n> of interpretation which 
have apt)arcntly not vet 1)een satisfactorih- solved u', u. r,. 

2. ('heroical composili(m and scqucmcs o~ amim~-acid re~sidltss 

Unlike structures previously proposed for silk fibroin, which accounted for only 
the glycine, alanine, and serine residues, the present structure provides for the presence 
of nearly all of the amino-acid residues shox~n by analysis to be present in the protein. 
The only ainino-acid residue which cannot be accommodated is proline, which, because 
of tile steric restrictions imposed 1)v the five-membered ring-, would cause major  d i s t o f  
tions or interruptions of tilt' pleated sheets. However, the proline content  of silk f ibroin 
o. 5 residue per cent is probably to~ small to have a determining effect upon the 
structure. 

A fundamental  feature of the proposed structure is tilt' frequent occurrence in tile 
polypeptide chains of the sequence (i  X (; X (; X -. in which (i represents glycyl and 
'X represents alanvl or servl residues. Evidence concerning the occurrence of this sequence 
is to be sought in the identi ty and relative amounts  of tho peptides isolated from hy- 
drolvsates of silk fibroin. 

From chromatographic analysis of acid hvdrolvsatcs of til)roin, I.I~.vv ~xNi) SI.(mo 
I)I.\NI:L II rel)or , the presence of large amounts  of the dipeptides alanylglycine and 
glycylalanim,, but only \ c r y  small amounts  of glycylglycinc. In a later paper '!a, these 
authors reported the presence of la rMe alnonnts ()f the tripeptide glycylalanylglycine. 
.More complete chronmtographic analyses of partial hvdrolvsates of silk fibroin have 
recently been reported by K.\v . \ x  i, S('HR(IEI)ICR !e'. "fhe principal dipeptides found by 
these authors are alanylglycinc, glycylalaninc, serylglycine, t3zrosylglycine, and glycyl- 
tyrosine: no glycylglycine or servlalaninc and only small amounts  of alanvlalanine were 
reported. They also separated a nmnl)er of tripeptides, the most prominent  of which 
they believed to be serylglycylalanine, glycylalanylglycine, alanylglycylalanine, and 
,~lycylvalylglyciiw. The total amounts  of dipeptides and tripeptides found by  them 
account for approximately  5o% of the glycine, alanine, svrine, and tyrosine present 
in sill< fibroin. Two tetrapeptides,  alanylglycylanalylglycine and serylglycylalanylglycine, 
have also been isolated from large-scale chroInatovrams ~;. 

From the relative amounts  of alanylglycine and glycylalanine which they  obtained, 
l.EvY AND ,~L()II()I)IAN proposed the sequence - ( ; - X I - A - t ; - A - ( ; - X  2 - ((i glycine, 
:\ alanine, X other residue) as a mininmm repeating unit for sill< fibroin. However,  
K.\v .\xl) 5CHRO~.>ISR raise some question as to the significance of this proposal; in 
particular, they point out that  the effect of the relative case of hydrolysis of the bonds 
X, -A and (;-X= might be rather ,~rcat in determining the amounts  of alanylglycine and 
.~lycylalanine in the hydrolysates.  Indeed, if X,_, were a serine residue, the extreme ease 
of hvdroh'sis ~,f il!c ~lyc31-scrvl I~on(t ~s w~mld 1,c expected to increase the observed 
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amounts of alanylglycine and glycylalanylglycine. Similarly, if the assumption is made 
that  the sequence - A - G - A - G - S - G -  occurs frequently in silk fibroin, the dipeptides 
formed on hydrolysis would be expected to contain considerably more alanylglycine 
than glycylalanine, and the tripeptides would contain considerably more glycylaianyl- 
glycine than alanylglycylalanine. The observational data of KAY AND SCHROEDER are 
in accord with the results of this assumption ; indeed, the relative amounts of the dipep- 
tides and tripeptides of alanine, glycine, and serine obtained by them can be satisfactorily 
explained if one assumes that the sequence - G - X - G - X - G - ,  where X may be either 
alanine or serine, occurs frequently in silk fibroin. 

Among the heavier amino-acid residues, the principal peptides isolated by K.~Y 
AND SCHROEDER are tyrosylglycine, glycyltyrosine, and gylcylvalylglycine. The presence 
of these sequences would indicate that  the larger amino-acid residues in silk fibroin 
are surrounded by glycine residues; thus, in those portions of tile protein which contain 
the larger amino-acid residues, the sequence is apparently - G - X - G - X - G - ,  where X may 
be any of the larger residues. This sequence is compatible with the proposed structure. 
Polypeptide chains containing sequences of this type could form antiparallel-chain 
pleated sheets in which the hydrogen atoms of the glycine residues protrude from one 
side and the side chains of the large residues protrude from the other side; two sheets 
of this sort could pack together front-to-front at a distance of 3.5 A, back-to-back at a 
distance of about I I  A, or front-to-back at a distance of about 8 A. On the basis of the 
present evidence, there appears to be no way to choose between the latter two arrange- 
ments; in the packing models for which we have calculated intensities of the ool reflec- 
tions, we have chosen a value of approximately 9 A to represent the distance between 
sheets containing the larger amino-acid residues without regard as to whether these 
sheets pack front-to-front or front-to-back, or as to whether or not the large side chains 
protrude from both sides of a single pleated sheet. The chemical evidence of KAY ANn 
SCHROEDER might be considered to indicate that, in general, the large residues protrude 
from only one side of tile sheets. On the other hand, SANGER 49 concludes from a study 
of the works of various investigators that "there are tetrapeptide sequences in fibroin 
that  contain no glycine or alanine"; if this is the case, it would mean that there are at 
least small regions in the structure where the larger side chains protrude from both 
sides of a single pleated sheet. 

3. Concluding Remarks 

Previous investigators have proposed structures for silk fibroin comprising extended 
polypeptide chains oriented parallel to the fiber axis and held together by lateral 
hydrogen bonds 5,9,11, but  no previous at tempt has been made to assign definite coordinates 
to carbon, nitrogen, and oxygen atoms. The present structure, based on many more 
data, and in particular on quantitative spectrometric measurements of the intensities 
and interplanar spacings of the equatorial reflections, is superficially similar. Because 
of the greater accuracy of the data, however, it has been possible to arrive at a definite 
picture of the way in which the chains are packed together, and for the pseudo unit, at 
least, even to assign positional parameters to the principal atoms comprising the chains. 

The validity of these parameters has been tested by comparison of calculated and 
observed X-ray spectra. 

This picture fails to provide a complete and accurate description of the structure of 
silk fibroin in terms of the precise positions of all of the amino-acid residues and tile 
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coordinates of all atoms related to a definite unit of structure. Indeed, it seems reasonable 
to believe that  the structure of silk fibroin involves some randomness and that  it is 
not a simple repetition of identical structural units which can be precisely defined. The 
present clarified but still incomplete picture of the structure of silk may therefore be 
close to a possible limit of precision which is imposed by the nature of the material 
and the available chemical and X-ray data. 

One definite implication of the present structure is especially interesting because 
of its failure to agree with a suggestion which has been put forward in many  studies 
dealing with the structure of silk fibroin. This suggestion, which was originally made by 
X-ray workers, is to the effect that  silk fibroin consists of at least two components, a 
crystalline component containing only glycine, alanine, and serine residues which is 
responsible for the characteristic X-ray diffraction pattern, and an amorphous component 
containing the larger amino-acid residues (especially tyrosine) in addition to the three 
residues mentioned above. By chemical and enzymatic t reatment of silk DRUCKER ~kND 
SMITH13,1~ have isolated products which have been interpreted as corresponding to such 
crystalline and noncrystalline components. As already mentioned in this paper, the 
small units of structure derived from earlier X-ray data were unable to accommodate 
tyrosine, which comprises 5.4 residue percent of silk, or the other relatively large 
amino-acid residues, which make up an additional Io.4 residue percent. As pointed out 
in the derivation of the present structure, the recent, more accurate X-ray data are not 
compatible with a simple unit but require the presence of longer interplanar spacings in 
a way which permits ample provision to be made for tyrosine and other large residues. 
Quite aside from chemical reasoning, the new X-ray data alone point to the inclusion in 
the crystalline portion of all of the amino-acid residues, and in approximately the propor- 
tion in which they are known to occur. The present X-ray data provide no basis for 
conclusions concerning an amorphous component in silk fibroin. 
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SUMMARY 

An investigation based on new X-ray  diffraction data, including quant i ta t ive  spectrometric 
measurements  of X-ray  intensities, has led to the derivation of tile fundamenta l  s t ruc tura l  features 
of silk fibroin. The s t ructure  consists of extended polypeptide chains bonded together  by lateral 
N - -  H.  • - O hydrogen bonds to form antiparallel-chain pleated sheets .The sequence G X - G - X  . G - X -  
in which G represents  glycyl and X alanyl or seryl residues predominates  th roughout  the structure,  
so tha t  adiacent sheets pack together  at  distances of about  3.5 and 5.7 A. Longer inter-sheet distances 
are explained by  the presence in the s t ructure  of the larger amino-acid residues, such as tyrosine. 

Re/e~'e~ces p. 33/34. 
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RRSUM~' 

Une nouvel le  6rude de la  diffract ion des r ayons  X, c o m p o r t a n t  des mesures  spec t rom6t r iques  
q u a n t i t a t i v e s  des in tens i tds  des rayons ,  p e r m e t  de p roposer  une s t ruc tu re  f ondamen t a l e  pour  la 
f ibroine de la  soie. Cet te  s t ruc tu r e  consis te  ell cha ines  p o l y p e p t i d i q u e s  al longdes reli6es en t re  elles 
pa r  des l ia isons  hydrog6ne  N - - H . "  .O l a t 6 r a u x  pour  former  des lames  pliss6es A chaines  an t i -  
parall61es. La  s6quence - G - X - G - X - G - X - ,  dans  laquel le  G reprdsente  un rdsidu de glycocolle e t  X 
un rdsidu d ' a l an ine  on de s6rine, p r6domine  le long des chalnes,  de te l le  fa¢on que des l ames  ad jacen te s  
sont  dcartdes d ' env i ron  3.5 et  5.7 A. Des d i s tances  p lus  61ev6es en t re  les l ames  s ' e x p l i q u e n t  pa r  la 
pr6sence dans  les cha lnes  d ' amino-ac ides  plus  encombran t s ,  te ls  que la tyros ine .  

Z U S A M M E N F A S S U N G  

Line  auf neuen  ROntgens t reuungsergebnissen ,  e inscbl iess l ich q u a n t i t a t i v e n  s p e k t r o m e t r i s c h e n  
In t ens i t~ t smessungen ,  be ruhende  Un te r suc l lung  ha t  zur Aufs te l lung  des S t ruk t u rb i l de s  yon Seiden- 
fibroin geft ihrt .  Die S t r u k t u r  be s t e h t  aus  ges t r eck ten  P o l y p e p t i d k e t t e n ,  die durct l  se i t l iche N - -H-  • • O 
Wassers toffbrf icken z u s a m m e n g e h a l t e n  werden  und  pl iss ier te  Schiehten  (pleated stleets) a n t i p a r a l l e l e r  
K e t t e n  bi lden.  Die Reihenfolge  - G - X - G - X - G  X- ,  in der  G Glycin-  und  X Alanin-  oder  Ser inres te  
dars te l len ,  herrsct l t  in der  ge samten  S t r u k t u r  vor, so dass  b e n a c h b a r t e  Scl l ichten  auf  einen A b s t a n d  
von e twa  3.5 und  5-7 A z u s a m m e n g e p a c k t  sind. Gr6ssere Zwischensch ich tabs t i inde  werden  dutch  
die Anwesenhe i t  von grOsseren Aminos~ureres ten  in der S t ruk tu r ,  wie Tyrosin,  erklfir t .  
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Note added October 25, z954 

The article by  J. O. WARWICKER entit led "The  Crystal  Structure  of Silk Fibroin"  (A cta Crystallo- 
graphiea, 7 (1954) 565) has just  come to our a t tent ion.  The s t ructure  described by  WARWICKER 
resenlbles the s t ruc ture  of our  pseudo unit  in t ha t  it is based on antiparallel-chain pleated sheets 
packed together  at  spacings al ternately 3.7 and 5.6 A (our values being 3.5 and 5.7 A) ; also, al ternate 
residues in the polypeptide chains are glycine, the others  being alanine or serine. These features 
of our  s t ruc ture  were described in a repor t  to the Solvay Congress on proteins  in April, I953 (L. 
PAULING, "The  Configuration of Polypeptide Chains in Prote ins" ,  in Les Protdines, R. Stoops, 
Editeur,  Bruxelles, 19531- However,  ~/VARWICKER'S s t ruc ture  differs from our pseudo uni t  in tha t  
it is based on an or thorhombic  space group. At an early stage of our invest igation we had considered 
this or thorhombic  s t ructure  and had been forced to reject it because of its failure to give even 
approximate  agreement  between the observed and calculated intensi t ies of principal equatorial  
reflections. The s t rongest  reflection on the pa t t e rn  of silk fibroin is the medium-sharp  equatorial  
reflection wi th  spacing 4.3 A (reflection No. 3 of Table II) .  F rom photographs  of doubly-oriented 
specimens prepared by  KRATKY AND KURIYAMA (19311 and by  us this reflection has been definitely 
shown to arise from sets oI planes making an angle of approximate ly  7 °0 wi th  the plane of rolling. 
This reflection can be unambiguous ly  indexed as 12o (on the basis of WARWICKER'S uni t  cell). The 
intensi ty  of 12o calculated wi th  the paramete rs  listed in WARX, VICKER'S paper  is practically zero; 
thus  WARWICKER'S s t ruc ture  does not  explain the occurrence of this  very  s t rong reflection, and it 
mus t  be rejected. 
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