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ABSTRACT: Solid state 13C NMR is used to identify the conformation of alanine residues in minor
ampullate gland silk fromNephila clavipes and in a genetically engineered protein based on the consensus
sequence of MaSp2, a protein present in low concentrations in major ampullate gland silk. The results
of the NMR on minor ampullate gland silk are compared to previous NMR data on major ampullate
gland silk, and the results on the genetically engineered protein are compared to previous NMR data on
the gland fibroin from the major ampullate gland. Differences in the secondary structure of major and
minor ampullate gland silk are correlated with mechanical properties. The alanine residues of major
ampullate gland silk have previously been shown to consist almost entirely of â-sheet conformations. In
contrast, the conformations of the alanine residues of minor ampullate gland silk are more heterogeneous,
with a larger fraction of the alanine residues in non-â-sheet conformations. It is hypothesized that these
non-â-sheet structures in minor ampullate gland silk are part of the cause for its lower tensile strength.
In addition, both unprocessed genetically engineered silk and lyophilized major ampullate gland fibroin,
have similar alanine Câ carbon chemical shifts yet differ in their alanine CR carbon chemical shifts. This
suggests that this genetically engineered protein is good starting material for biofiber synthesis but that
it does not exactly mimic the gland fibroin.

Introduction

The structure, conformation, and mechanical proper-
ties of spider silk, particularly the major ampullate
dragline silk from the spiderNephila clavipes, have been
the subjects of intense scrutiny. Spider silk is a bio-
material that has undergone eons of evolutionary
optimization, which has resulted in differing properties
for each type of silk.1,2 These silks have unusually good
mechanical properties with potential human applica-
tions such as seat belts, surgical materials, and para-
chutes. It is therefore appropriate and timely to un-
derstand the molecular basis for its mechanical
properties.
Single fibers of spider dragline silk have a tensile

strength that rivals that of steel3 and Kevlar, yet the
fibers can stretch to more than 10% elongation before
breaking.4 Dragline silk combines a reasonably high
stiffness with a very large extension to break, so that
the toughnesssthe energy required to cause a tensile
failuresis among the highest of any known fiber. The
fiber does not fail by kinking, a feature that makes
spider silk in some ways superior to the highest
performance human-made fibers.5 Furthermore, it is
a protein polymer, produced from natural resources.
These features make it attractive to investigate the
production of high-performance fibers based on proteins.
Such investigations are particularly timely, as the tools
of biotechnology now make it possible to produce large
quantities of silklike proteins.6,7

13C NMR is capable of probing the structure of
proteins. A number of workers have investigated the
relationship between the 13C chemical shifts of amino
acids and their local secondary structure8-10 and have
shown that 13C chemical shifts are useful for determin-
ing the local secondary structure of proteins.11 Using

NMR, it is possible to deduce the local secondary
structure of the alanine residues. In particular, it has
been shown that the chemical shift of the alanine CR
peak shifts upfield when the residue is in a â-sheet
conformation and shifts downfield when the conforma-
tion is R-helical.9,10 The trend for the alanine Câ
chemical shifts is just the opposite; â-sheets shift the
Câ peak downfield, while R-helices shift the peak upfield.
Table 2 lists the chemical shifts of alanine for various
conformations.
Using these techniques, we have previously estab-

lished that almost all of the alanines of major ampullate
gland silk reside in â-sheet conformations. About 40%
of the â-sheets are highly oriented ((3°) with respect
to the fiber axis, while the other 60% are also crystalline
but less well oriented ((60°). It is hypothesized that
these poorly oriented â-sheets provide the coupling
between the highly oriented crystallites and the glycine-
rich regions. It is this combination that is believed to
give major ampullate gland silk its exceptional tough-
ness.12

Although the structure, conformation, and mechanical
properties of major ampullate gland silk fibers from N.
clavipes have been well-studied by solid state NMR12,13

and by X-ray diffraction,14 until now NMR studies of
minor ampullate gland silk have been stymied by
several factors, including the difficulty in collecting
sufficient amounts of this silk. We report here the first
solid state 13C NMR spectra of minor ampullate gland
silk. Using a home-built solid state spectrometer opti-
mized for small samples, we now show that it is possible
to obtain meaningful spectra from very small amounts
(ca. 2.6 mg) of minor ampullate gland silk. By studying
the conformation of different kinds of silks (i.e., major
and minor ampullate gland silks) and correlating them
with amino acid sequence and mechanical properties,
it is anticipated that one can obtain a molecular-level
understanding of the relationship between silk protein
structure and its mechanical properties.
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It is thought that major ampullate silk contains two
closely related proteins MaSp1 and MaSp2.4 These
proteins are characterized by the 32 amino acid con-
sensus repeat GGAGQGGYGGLGGQGAGRGGLGGQ-
GAGAAAAA of MaSp1 and by the 37 amino acid
consensus repeat (GPGGYGPGQQ)2GPSGPGS(A)10 of
MaSp2. Genetically engineered proteins can be made
on the basis of these consensus repeats.7 We report here
the solid state 13C NMR spectra of a genetically engi-
neered protein based on the consensus sequence of
MaSp2. By comparing its spectrum with that of major
ampullate gland fibroin, we hope to elucidate the
conformational similarities between the genetically
engineered protein MaSp2 expressed in Eschirichia coli
and the fibroin of the major ampullate gland of N.
clavipes. If the two proteins have similar alanine
conformations, it is thought that it may be possible first
to understand the spider’s natural spinning process and
then adapt these methods to process genetically engi-
neered protein into strong, viable biofibers.
Like major ampullate gland silk, minor ampullate

gland silk is thought to comprise two proteins, MiSp1
and MiSp2.15 Both proteins contain highly repetitive
alanine and glycine rich regions. The primary differ-
ence is that the alanines of minor ampullate silk are
not all found in polyalanine runs but instead have very
short (3-5 residue) polyalanine runs with glycine-
alanine repeats mixed. However, unlike major ampul-
late gland silk, the minor silk also contains serine rich
spacer regions.

Experimental Section

Silk Samples. Major and minor ampullate gland silks were
obtained from repeated silking of adult female N. clavipes
spiders by manual extraction and spooling according the
method of Work.16 The oriented fibers (50 mg of major and
2.6 mg of minor) were randomized for solid state NMR
measurements.
Genetically engineered silklike protein corresponding to 16

repeats of the consensus sequence of MaSp2 was purified from
E. coli according to previously published methods.7 The
protein was flanked by a polyhistidine handle (for purification
purposes) on one side and an additional arginine residue on
the other. 38 mg of this protein, lyophilized from aqueous
solution, was used for NMR measurements.
Characterization. Amino acid analysis for both major and

minor ampullate samples were carried out on a Pico-Tag amino
acid analysis system.17 Duplicate samples were hydrolyzed
in propionic acid/HCl 50/50 at 150 °C for 90 min. Appropriate
blanks, controls, and standards were hydrolyzed in the same
vessel as a batch hydrolysis. The amino acids were derivatized
with phenylisothiocyanate and analyzed by reversed-phase
HPLC.18,19 The resulting (phenylthio)carbamyl amino acid
derivatives were separated on 4.6 × 300 mm Nova Pack C18

column employing a modified Pico-Tag buffer system. The
mole percent averages of the abundant amino acids for major
and minor ampullate gland silk are given in Table 1. The
amino acid composition of MaSp2 is taken from previously
published data.7

Mechanical testing of the minor ampullate gland silk was
performed on an Instron in a climate-controlled room (70 F,
65% RH). All samples were equilibrated at least 12 h before
testing. All samples have a gauge length of 5 mm and were
tested with a crosshead speed of 2 mm/min. The minor
ampullate data set consisted of seven single fiber samples.
The errors for each mechanical property are the standard

deviation from the mean for each of the samples. It should
be noted, as mentioned by Cuniff,20 that errors in determining
fiber diameter have been the largest factor in the uncertainty
in the mechanical properties. Fiber diameter was determined
by viewing the samples under a phase contrast microscope

with a calibrated stage micrometer. The diameter of the minor
ampullate gland silk was found to be 2.5 ( 0.2 µm. We note
that the uncertainty propagated from the error in diameter is
of the same order as the quoted standard deviation in the
mechanical properties.
NMR Measurements. Solid state 13C spectra were ob-

tained on a home-built spectrometer operating at 90.556 MHz.
A Doty magic angle spinning probe was used. A 4.1 mm ZrO2

rotor was used with Kel-F end caps. All spectra were obtained
using a cross polarization pulse sequence with magic-angle
spinning at 5 kHz. Cross polarization was achieved by
satisfying the Hartman-Hahn condition at 53.9 kHz with a
13C-1H contact time of 2.5 ms. The Hartman-Hahn match
was optimized using an adamantane sample. A 5.2 µs pulse
was used for the initial 90° pulse. During the 13C acquisition,
the protons were decoupled at 95 kHz. With a sweep width
of 30 kHz and a relaxation delay of 2 s, spectra for the minor
ampullate and MaSp2 silks were obtained with 33 000 and
20 000 scans, respectively. Chemical shifts were referenced
to adamantane before and after the spectrum of each silk
sample was obtained; no drift was observed. The adamantane
reference peaks were taken as 29.5 and 38.56 ppm from TMS.

Results and Discussion

Solid state 13C spectra of the minor ampullate silk
and that of major ampullate silk are shown in Figure
1. Inspection of the upfield region (ca. 15-30 ppm),
which corresponds to the alanine methyl (Câ) carbon,
reveals substantial differences between the two types
of silks. Because the chemical shifts of amino acid
residues are indicative of local conformation,8,9 it is
possible to deduce the local secondary structure for the
alanine groups. Table 2 lists the chemical shifts of
alanine for various conformations and compares these
shifts to those found for the silk proteins. As pointed

Table 1. Amino Acid Composition (Mole Percent) of
Major Ampullate, Minor Ampullate, and the Genetically

Engineered Silks

amino acida major amp silkb minor amp silkb MaSp2c

GLY 45 38 34
ALA 29 28 23
SER 6 3 5
GLX 5 10 11
TYR 5 3 6
PRO 1 1 15
LEU 3 4 0

a Only those amino acids which are present in greater than 4
mol % for any one sample are listed. b Amino acid analysis
perfomed in duplicate. Average values are shown. c Data taken
from ref 7.

Figure 1. CP-MAS 13C spectra: (solid line) minor ampullate
gland silk; (dashed line) major ampullate gland silk. Inset:
alanine Câ region. ssb denotes a spinning side band.
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out by Simmons,13 the chemical shifts for alanine in
major ampullate silk indicate that almost all the ala-
nines are present in â-sheets. Furthermore, as hypoth-
esized by Simmons,12 the presence of the alanine rich
â-sheets is critical to the exceptional strength properties
of the silk fibers.
In contrast to what is observed in major ampullate

gland silk, the alanine residues of minor ampullate
gland silk are found in several environments (Table 2,
Figure 1). Peak assignments were made by comparison
of spectra to data on the chemical shifts of peptides.8,21
In minor ampullate gland silk, the Câ carbons of alanine
produce signals ranging from 20.8 to 14.4 ppm. Fur-
thermore, the CR signal ranges from 48.1 to 51.2 ppm.
These shifts for both CR and Câ alanine carbons give
evidence for the presence of both â-sheet and non-â-
sheet conformations. The most intense CR and Câ peaks
are found at 48.5 and 20.8 ppm, respectively. These
shifts are indicative of â-sheets and suggest that the
largest homogeneous population is in â-sheets. How-
ever, the existence of a strong signal from 19 to 15 ppm
indicates the presence of non-â-sheet conformations in
the minor ampullate silk, as well. The analysis of the
carbonyl peak furthers this assessment. The majority
of the signal appears at 172.9 ppm, but there is also a
weaker signal from 173 out to 177.0 ppm. These weaker
downfield shifts of the C′ are characteristic of alanine
non-â-sheet conformations.8,9 A rough estimate based
on integrated peak areas indicates about half the
alanines reside in â-sheets and the rest in non-â-sheet
conformations. The secondary structure of minor am-
pullate silk, stands in stark contrast to major ampullate
silk where nearly all the alanines are found in â-sheets.
This result is interesting for two reasons. First,

referring to the mechanical data of Table 3, we note that
the minor ampullate gland silk has a lower tensile
strength than does major ampullate gland silk. It is
interesting to speculate that the lower stress and
modulus correlate with the appearance of populations
of alanines that are not all in â-sheet conformations.
Secondly, the existence of conformations other than pure
â-sheet conformation could increase the maximum
strain of the silk. It may also be that the spacer regions
in minor ampullate gland silk also contribute to the
strain properties. As seen in Table 3, minor ampullate
silk displays a higher maximum strain than that of
major ampullate gland silk. This strain is not reversible
and thus represents deformation, not elasticity.

Figure 2 shows a comparison between lyophilized
MaSp2 and flash-frozen, lyophilized major ampullate
gland fibroin. For MaSp2, we find the chemical shifts
of the alanine CR and Câ carbons are at 48.1 and 17.7
ppm (Table 2). The alanine chemical shifts of the
genetically engineered silklike protein (Figure 2b) do
not suggest any of the three common conformations and
are somewhat similar, but not identical to those in the
flash-frozen then lyophilized fibroin of the major am-
pullate gland (Figure 2a). In the fibroin, the splitting
in signal from the CR carbon of alanine is interpreted
as frozen-out conformations that were averaging be-
tween two states.21
It should be noted that there are subtle line-width

differences between the lyophilized genetically engi-
neered protein (Figure 2b) and the flash-frozen and then
lyophilized fibroin (Figure 2a). While lyophilization can
cause broader line widths due to trapped conformations,
the sequence homogeneity of the genetically engineered
material may produce narrower lines.
The chemical shifts of the Câ carbon of alanine are

the same for the two samples, but the chemical shifts
of the CR carbon of alanine differ. In order to faithfully
mimic the gland fibroin, fiber engineers may need to
learn how to maintain a genetically engineered protein
like MaSp2 in a metastable state, just as the spider
maintains its fibroin in the major ampullate gland.
Taken together, the data presented here illustrate the

role of primary structure, particularly the polyalanine
repeats, in producing the secondary structures found in
native spider silks. These same secondary structures

Table 2. Chemical Shifts for Carbons in Major Ampullate Silk, Minor Ampullate Silk, and a Genetically Engineered Silk
Protein along with Reference Chemical Shifts for Alanine in Both â-Sheets and r-Helices

carbon R-helixa
random
coila â-sheeta

major
amp silkb

minor
amp most

intense peakc

minor
amp
rangec

major
amp gland
fibroind

genetically
engineered
silk proteine

Ala Câ 15.1 17.1 20.1 20.6 20.8 20.8-14.4 17.2 17.7
Ala CR 52.5 50.6 48.7 49.0 48.5 48.1-51.2 52.4, 48.8 48.1
Ala C′ 176.5 175.2 171.9 172.3 172.4 172.9-177 172.2 173.0
a Polyalanine chemical shifts for various conformations.8,9 b Solid state 13C NMR of major ampullate silk.13 c Solid state 13C NMR of

minor ampullate silk; this data. d Solid state 13C NMR of major ampullate gland fibroin.22 e Solid state 13C NMR of genetically engineered
protein based on consensus sequence of MaSp2; this data.

Table 3. Mechanical Properties of Major and Minor
Ampullate Silk

stress at max.
load (MPa)

modulus
(GPa)

strain at max.
load (%)

major amp silka 1100 22 9
minor amp silkb 346 ( 53 3.02 ( 0.6 30 ( 15

a Data taken from Cunniff et al.20 b Average values from seven
single fiber samples.

Figure 2. CP-MAS 13C spectra of (a) lyophilized native major
ampullate gland fibroin from ref 22 and (b) lyophilized
genetically engineered protein based on MaSp2. ssb denotes
a spinning side band. Numbered peaks are identified with the
following carbons: (1) CdO; (2) Tyr Cú; (3) Tyr Cδ; (4) Tyr Cγ;
(5) Pro CR; (6) Gln CR, Ser CR; (7) Ala CR; (8) Gly CR; (9) Gln
Cγ, Pro Câ; (10) Gln Câ; (11) Ala Câ.
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are not faithfully reproduced when the native fibroin is
flash frozen and lyophilized or when genetically engi-
neered silks are lyophilized. These results underscore
the importance of the processing steps.
A correlation between primary and secondary struc-

tures and mechanical properties for the native major
and minor ampullate gland silks suggests that the
polyalanine â-sheet repeats are at least partly respon-
sible for the stress and modulus. It is inferred that the
spacer regions in the minor ampullate gland silk
contribute to its strain.
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