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A combination of position-resolved synchrotron microbeam techniques was used to explore the
distribution and role of trace transition metals in the jawsGtycera dibranchiataThe mandibles of
this marine sediment worm have recently been found to be reinforced by the copper-based biomineral
atacamite [Cy(OH)sCl]. Here we show that the system is more complex, containing zinc and iron and
unmineralized copper compounds as well. X-ray absorption spectroscopy studies showed that a fraction
of copper is present in oxidation state, Cu(l), in contrast to the mineral that exclusively contains Cu(ll).
X-ray fluorescence imaging revealed traces of copper also in the jaw base devoid of mineral. Traces of
iron were found as well, but occurred spatially correlated with the copper mineral, suggesting a substitution
of copper atoms by iron in the atacamite mineral. Zinc was evenly dispersed throughout the jaw matrix,

quite in analogy to zinc irfNereisjaw, a related worm species, where nonmineralized zinc serves to

cross-link and harden the proteinaceous matrix.

Introduction

Marine invertebrates often contain peculiar types of hard

is deposited in an organic matrix and form&0 nm thick
polycrystalline fibers that run parallel to the outline of the
jaw tip and enhance the jaw hardness. Compared to other

tissue in contrast to vertebrate teeth and bone that are mainly . o ralized tissues. the mineral contentGifcerajaw is

hardened by calcium-based biominerals. The teeth of chitons

for example are hardened by magnétisad certain poly-
chaete worms rely on copper or zifié. A rare copper
mineral (atacamite) was recently discovered in the jaws of
the marine polychaetElycera dibranchiat® representing

a so far unique case of copper biomineralizatigblycera
jaws are syringelike and used by the worm to inject a
neurotoxic venom into its prey? Atacamite [Cu(OH)sCl]
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very low, the major part of the jaw material (up to 90%)
being organic with a protein content of about 60% (mostly
glycine and histidiney.Notably, the amino acid composition
resembles that found in the jaws ereis a related worm
species that uses zinc rather than copper to harden its
mandibles, however, in the nonmineralized fdrrn a
previous study, it was found th&lycerajaws contain more
copper than can be attributed to the atacamite mineral
(calculated from the Cu/Cl ratio in the jaw as compared to
that in the mineral}? but its nature was not further explored.
Here we use a combination of several state-of-the-art
synchrotron microfocus techniques such as X-ray fluores-
cence imaging (XFI), X-ray absorption spectroscopy (XAS),
anomalous small-angle X-ray scattering (aSAXS), and mi-
crodiffraction (micro-XRD) to study the distribution and role
of unmineralized copper and other inorganic trace compo-
nents such as zinc and iron in t&@ycerajaw.

Experimental Section

Sample Preparation.Glyceraworm jaws were obtained from
the Marine Biological Laboratory in Woods Hole, MA, and deep
frozen upon arrival. Jaws were dissected from the animal, washed
in artificial seawater and deionized water, and dried. For all
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element maps were then used to select different points in the Cu

Iy goo Lt Reference I containingGlycerajaw tip for subsequent XAS.
— [ Sa':p'e gf® [ =3 [ . For XAS, the energy of the incident beam was scanned across
'—_' L g e, LI ¥ [ DOiectbeam the absorption edge of copper, ahdl,, andF were recorded as
il Pl é 70, _lon chamber _lon chamber a function of energ{. The absorption coefficient of the sample
3 e ) was calculated from(E) = In(l¢/1,) (absorption measurement) and
Fl:l XAS setup = u(E) = Fll, (fluorescence measurement), respectively. A Cu foil
13-element c,?n was inserted as a reference sample; its transmiskibn was
detector mfﬂif’a recorded during each measurement, and the reference curves were
T used for energy calibration. The XAS of pure atacamite mineral
E;:m powder was measured at beamline 20 BM. The beam diameter at
- 20 BM was larger (1 mm) and therefore more suitable for the
measurement of powder standards due to averaging over a greater
XRD setup

_ _ ) _ number of crystallites. The powder was packed into flat sachets of
Flgure 1. EXperImental Setup for combined XFI, XAS, and micro-XRD adhesive Kapton tape’ mounted on a Copper Stage’ and inserted

measurements at beamline 20 ID, PNC-CAT, APS (Argonne National . .
Laboratory). The configuration allowed a combination of micro XAS, XFlI, into a cryostat and cooledt K in order to enhance the XAS

and micro-XRD measurements with a position resolution gis signal. )
X-ray absorption near edge structure (XANES) data were

background corrected and normalized. Extended X-ray absorption

experiments, excepting microdiffraction, intact jaws were used fine structure (EXAFS) data were background corrected, normal-
without further treatment, simply mounted on thin glass fibers with ized, and converted tg(k) with k = 27/4 being the wave vector,
a small drop of superglue. For microdiffraction, jaws were wherel is the wavelength of the incident beam. EXAFS spectra
embedded in epoxy resin andu2n thick cross sections were cut ~ were fitted with a theoretical atacamite standard calculated using
from the jaw tip with an ultramicrotome equipped with a glass knife. the software FEFF&:4
The sections were picked up from the knife and directly transferred ~ XFI and micro-XRD mapping were combined on cross sections
to adhesive Kapton tape. of Glycerajaw tip in order to investigate the spatial correlation of

Measurements Synchrotron microfocus experiments Glycera elevated Cu and CI levels and the occurrence of diffracting
jaws were carried out at the Advanced Photon Source (APS), atacamite mineral. First, Cu and Cl fluorescence images were
Argonne National Laboratory, U.S.A. Techniques included XFI, recorded in a 2-D scan with a step size ofif®. lo and |, were
XAS, micro-XRD, and aSAXS. Experiments were done with a monitored and used to calculate the transmission of the saniple
position resolution (beam size) ranging from 0.1 mm (Complex lo. Subsequently, the “XAS setup” (Figure 1) was changed to “XRD
Materials Consortium, CMC-CAT beamlines) down to /&n setup”. The scan was repeated, and diffraction images were taken
(Pacific Northwestern Consortium, PNC-CAT beamlines). Such at each point. The XRD patterns were normalized with respect to
small beam sizes allow detailed and nondestructive imaging with lo and corrected for transmission. The intensity of the (011)
micrometer resolutioft12 reflection (strongest reflection of atacamPewas integrated over

Fluorescence Imaging, XAS, and Micro-XRD.Experiments the azimuth to reduce effects due to preferred crystallographic
were done at PNC-CAT, beamlines 20 ID and 20 BM. The oOrientation (texture) as far as possible, the intensity values were
experimental layout at beamline 20 ID was specially configured to associated with a gray level, and the result arranged into a 2-D
combine all of the above techniques without having to touch the intensity map of the sample.
sample. This is crucial for scans with micrometer position resolution ~ aSAXS.aSAXS experiments were carried out at beamline 9 ID,
in order to be able to reproducibly correlate results from different CMC-CAT. Sample, beamstop, and CCD camera were all posi-
measurements. The setup scheme is shown in Figure 1: the X-raytioned in one line, with the detector at a distance of 5.25 m from
beam first passes mirrors where its diameter gets reduced to a sizéhe sample. The diameter of the X-ray beam was 0.1 mm. Scattering
of 5um at the sample position. An ion chamber records the intensity patterns of the atacamite-containiGgycerajaw tip were recorded
of the beam before it enters the sampl. (A second ion chamber ~ at variable photon energies in the vicinity of the Cu (8.79 keV)
positioned behind the sample measures the intensity transmittedand Zn (9.66 keV) K-absorption edges, respectively. The flight path
by the samplelg). The fluorescence signal from the samifejs of the scattered photons was evacuated to reduce air scattering.
recorded by a 13-element detector positioned at right angles to theThe intensity of the incident beafs was monitored continuously
sample. Part of this setup (marked “XAS setup” in Figure 1 and using an ion chamber. The absorption of the sample at various
comprising the two ion chambers positioned behind the sample) energies was measured with a PIN diode prior to each SAXS scan.
could be moved out of the beam and replaced by a beamstop andThe 2-D SAXS patterns read from the CCD camera were normal-
a charge-coupled device (CCD) camera (Bruker AXS, Madison) ized with respect tdo, background corrected, and corrected for
in order to record X-ray diffraction (XRD) from the sample (“XRD”  absorption. Next, the 2-D scattering images were integrated over
setup in Figure 1). the azimuth and the intensity plotted vs the scattering vector q to

For XFI, the energy of the incident beam was set to 11 kev, give scattering curves, wherg= 4x/(sin 6), with 26 denoting
which is well above the absorption edges of Cu, Zn, and Fe, to the scattering angle antthe wavelength.
excite fluorescence from these elements. The sample was scanned
through the beam in am steps. The software EPICS was used to
control the step motors, record the fluorescence sigrat every Micro-XFI was used to probe the detailed distribution of
point, normalize it to the primary intensit§{l¢), and combine the  transition metals inGlycerajaw; results are presented in
values of each point to yield 2-D maps for each element. The

Results and Discussion
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Figure 2. Element distribution irGlycerajaw determined by XFI. (a) LM
image of aGlycerajaw. The syringe needlelike tip of the jaw is used by
the worm to inject venom. (b) X-ray absorption image: dark regions
correspond to greater absorption by the sample. The tip dbtheerajaw

is less X-ray transparent than the rest of the jaw-gcFluorescence maps

of Cu, Zn, and Fe. The maps in the upper row were gray scaled according
to the original counts measured by the fluorescence detector (normalized

only to the primary beam intensity) and, therefore, give a crude estimate of
the concentration of each element. For the maps in the bottom row (Cu
norm, Zn norm, and Fe norm) the brightness was normalized to the
maximum value of fluorescence counts in each image to better visualize

the element distribution. The gray scale bar denotes the absolute numbe

of counts in the upper row and percent of the maximum intensity in the
bottom row, respectively.

Figure 2. A light microscope (LM) image of@lycerajaw
is displayed in Figure 2a; the jaw material is smooth and

Chem. Mater., Vol. 17, No. 11, 2P939

and X-ray absorption experiments have suggested that Zn
ions may be coordinated by His and @Qjuite similar to the
conformation found in the center of the Zn insulin hexamier.
Given the His-rich composition dBlycerajaws? here the
protein matrix may be involved in Zn binding. Since in
contrast toNereisjaw, Cl was not found in the matrix of
the Glycerajaw,!? a zinc-insulin-type coordination can be
excluded; as Cys was not detectable in @lgcerajaw, a
zinc-finger motif can be excluded as well. Still, the variety
of remaining possibilities of ZaHis coordination is con-
siderableé!® Zn XAS would be a suitable method to obtain
further information, but the XAS signal was too weak to
yield useful information.

Zinc is not the only metal dispersed in the jaw matrix:
traces of Cu are also found throughout the jaw in addition
to the Cu-based mineral in the jaw tip (Figure 2b). Energy-
dispersive X-ray analysis experiments on transmission
electron microscopy (TEM) sections from the jaw tip have
shown that also the matrix between adjacent atacamite-
reinforced fibers contains some EOther researchers have

;suggested that there may be more Cu compounds in the jaw,

different from atacamite, and perhaps in even greater
abundancé?

XAS is a very sensitive tool for the identification of
chemical compounds and was used here to screen the jaw

jet-black, and no differences between tip and base are visiblefor @ny copper compounds different from atacamite. XAS

to the naked eye. The X-ray absorption image in Figure 2b
shows that the tip region of the jaw is less transparent for
X-rays than the rest of the jaw (brighter gray denotes higher
X-ray transmission). The XFI maps in partse of Figure
2 illustrate the Cu, Zn, and Fe distribution @lycerajaw.

For the maps in the upper row, the brightness was set

proportional to the measured fluorescence intensity, which

experiments were done ofslycera jaw tips and pure
atacamite mineral for comparison. Figure 3a compares Cu
K-edge XANES signals fronGlycerajaws and atacamite
powder. The spectra strongly resemble each other, suggesting
that most of the Cu ifGlycerajaw is present as atacamite.
The extra pre-edge peak in the jaw spectrum, however, is a
clear indicator for the presence of Cu(l), whereas in atacamite

gives a crude estimate of the actual element concentration &l the copper is present as Cu(ll). Parts b and c of Figure 3

Large amounts of Cu are obviously present in the jaw tip
that contains the copper-based atacamite biomifeB3l.
normalization of the XFI images to their respective maximum
intensity (parts €e of Figure 2, bottom row), the distribution

of the trace elements Zn and Fe becomes clearer: wherea:

Fe is largely restricted to the jaw tip, the Zn concentration
is fairly constant throughout the whole jaw. The occurrence
of Fe exclusively in the tip can be attributed to an iron
contamination of the atacamite biomineral §CH)CI]: the
naturally occurring mineral hibbingite [E@H)sCl] has the
exact same crystal structure as atacaffifeée atoms may
simply substitute Cu in atacamite thus forming a solid
solution.

Zinc, on the contrary, occurs completely uncorrelated with

compare the EXAFS curves obtained fr@tycerajaw with

a fit using a theoretical atacamite standard calculated with
the software FEFF8'* Whereas the major part of the
spectrum is well modeled by the atacamite standard, there

s a small mismatch arouain2 A in the R spectrum. This

corresponds well with the finding that most of the Cu is
mineral bound with a small amount of nonatacamite,
Cu(l)-containing compounds. There are several possibilities
for the function of excess Cu: first, Cu ions could be
coordinated by His just as well as Zn; the high affinity of
His to transition metals is well know#{.Copper could also
have a function different from mechanical stabilization; in
fact, a great number of copper enzymes contain Cu(l).

Whereas the XAS experiment above shows that the major

the Cu mineral and is evenly dispersed throughout the jaw fraction of Cu resides in the same chemical environment as

matrix. Notably, Zn appears to be a common element in
polychates: it was also found in the jawsNéreis limbata

another polychaete worm, where it occurs in higher concen-

tration than inGlycerajaw but also in the nonmineralized
form.® The amino acid compositions &lyceraandNereis
jaws show striking similarities, with Gly and His being the
predominant components in the jaw matrix of both worm
species:® In Nereisjaw, Zn, Cl, and His levels are correlated
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atacamite, it is not sensitive to crystallinity. Amorphous
inorganic phases are not uncommon in biology and may
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Figure 3. XAS of Glycerajaw. (a) XANES spectra oGlycerajaw and atacamite in comparison (the atacamite spectrum is shifted vertically for better
visibility). The extra pre-edge peak in ti@&yceraspectrum is indicative of Cu(l). (b) Cu EXAFS spectra@lycerajaw tip in k space. The solid line
corresponds to data fro@lycerajaw, the dashed line is a fit to the data with a theoretical atacamite standard calculated using the software FEFF8. (c)
EXAFS signal fromGlycerajaw in R space. There are small discrepancies betweeGtyeeradata and the atacamite fit at around 2 A.
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Figure 4. Combined XFI and micro-XRD mapping on a transverse cross secti@tycerajaw tip. (a) Sketch of the sample: gray regions denote sample
material, the hole in the middle is a cross section through the venom canal. (b) Cu XFI map of the sample reveals that the Cu is mainly concentrated in the
vicinity of the outer jaw surface. (c) Results from a diffraction scan: the intensity map was compiled from an array of diffraction patterns apdahesgra

in each pixel represents the intensity of the (011) reflection of atacamite (strongest reflection) integrated over the azimuth. (d) Variatwthef azi
distribution of the (011) intensity. The gray scale denotes the azimuthal orientation of the intensity maxium (in degrees). The XRD pattermstieical ar
examples. (e) Combination of the Cu XFI map in b and the diffraction map in c allowed a quantitative correlation of relative Cu content (calcuéated as th
local fluorescence intensity divided by the maximum intensity in the XFI map) and the amount of diffracting atacamite mineral.

To get a rough estimate on the amount of crystalline and low diffraction intensity. Since the fraction of Cu(l)-
noncrystalline copper compounds in the jaw, we used a containing compounds detected by XAS is very minor and
combination of XFI and micro-XRD mapping on a thin cross can hardly account for this effect, part of the mineral may
section ofGlycerajaw tip (sketched in Figure 4a). The XFI  indeed be nondiffracting; it should be noted, however, that
map in Figure 4b shows the local Cu distribution. Subsequentthe result is most likely influenced by preferred crystal-
to XFI, micro-XRD imaging was carried out on the same lographic orientation of atacamite crystallites (texture),
sample. The intensitiy of the (011) reflection was taken as leading to an orientation dependence of the observed intensity
an indicator of the amount of crystalline material, and the and possibly causing artifacts. In fact, the crystallographic
intensity values were compiled into a 2-D intensity map orientation is not random, but the intensity of the (011)
(Figure 4c). A quantitative plot of the (011) intensity vs the reflections varies over the azimuth (see example XRD
relative local copper content (fluorescence counts normalizedpatterns in Figure 4). In Figure 4d, the azimuthal orientation
by maximum counts of scan) reveals a positive correlation of the XRD pattern is compiled into an orientation map,
(Figure 4e), indicating that a higher Cu content is linked to revealing a systematic smooth change over the sample cross
a higher amount of diffracting mineral. Notably, however, section (the gray values denote the orientation in degrees).
there are some regions with high Cu content and apparently Given the detection of at least a small fraction of

nonmineralized copper compounds, it becomes interesting

(22) Beniash, E.; Aizenberg, J.; Addadi, L.; Weiner, Boc. R. Soc.

London, Ser. BLO97 264, 461. to re-examine the localization of copper in the jaw. aSAXS
(23) Aizenberg, J.; Weiner, S.; Addadi, Connect. Tissue Re2003 44, is a useful tool to check by contrast variation whether copper
24) %Ol'szta M. J.: Odom, D. J.; Douglas, E. P.: Gower, L.Bnnect. is mainly restricted to the mineralized fibers or distributed

Tissue Res2003 44, 326. otherwise. The fibrous structure of the jaw tip yields a typical,
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Figure 5. aSAXS of Glycerajaw. (a) SEM image of fibrous structure @lycerajaw tip, scale bar= 0.5 um. Inset: typical elongated SAXS pattern
resulting from a fiber structure. (b) SAXS curves obtained by integrating 2-D patterns (as shown in a) over the jazintupiotting the intensity vs the
scattering vectog, whereq = 4n/1 sin(@) with A being the X-ray wavelength artiihalf the scattering angle 92 Curves displayed were recorded at X-ray
energies below (full symbols) and close to the Cu K absorption edge (open symbols). Note the logarithmic scale. (c) Total SAXS intensity (area under th
SAXS curves) as a function of incident energy. There is a pronounced minimum at the Cu K edge (8.98 keV). (e) The SAXS intensity as a function of
energy in the vicinity of the Zn K edge (9.66 keV). The SAXS intensity is essentially constant.

elliptical SAXS pattern, with the short axis denoting the fiber traces of unmineralized copper, where a fraction is in
direction (Figure 5a). The energy of the incident beam was oxidation state, Cu(l). Zn is dispersed throughout the jaw
scanned across the Cu K absorption edge (8.98 keV), andand most likely acts as a cross-linker of the protein matrix
while the shape of the SAXS pattern did not change, changesthrough His coordination. Iron is found in trace quantities
in the scattered intensity were observed. Figure 5b showsand restricted to the mineral-rich tip region and we suggest
scattering curves below (full circles) and at the Cu K edge that it can be attributed to Fe-substitution in atacamite.
(open circles), respectively (note the logarithmic scale). Multifunctionality and coexistence of crystalline and non-
Figure 5c displays the total SAXS intensity (the area under crystalline forms of inorganic compounds is a common motif
each SAXS curve) vs energy, giving a smooth function that in biomineralization and has been found in various calcified
reaches its minimum about 8.98 keV. This result correspondstissues. The small amount of nonatacamite copper com-
to what would be expected for a fibrous system where a pounds is strongly suggestive of a multipurpose role of
considerable part of the scattering contrast is due to ancopper in the jaw and may hold the key to understanding
element contrast between fiber and matbityus suggesting  Glycerds exotic choice of material.

that a major fraction of the Cu is located in the mineralized
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