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Halogenated Veneers: Protein Cross-Linking
and Halogenation in the Jaws of Nereis, a
Marine Polychaete Worm

Henrik Birkedal ,*™ ® Rashda K. Khan,®® Nelle Slack,'“ Chris Broomell,*
Helga C. Lichtenegger,® 7 Frank Zok,'” Galen D. Stucky,*™ < and

J. Herbert Waite *# @

Mineralized tissues are produced by most living organisms for
load and impact functions. In contrast, the jaws of the clam
worm, Nereis, are hard without mineralization. However, they
are peculiarly rich in halogens, which are associated with a varie-
ty of post-translationally modified amino acids, many of which
are multiply halogenated by chlorine, bromine, and/or iodine.
Several of these modified amino acids, namely dibromohistidine,
bromoiodohistidine, ~ chloroiodotyrosine,  bromoiodotyrosine,
chlorodityrosine, chlorotrityrosine, chlorobromotrityrosine, and
bromoiodotrityrosine, have not been previously reported. We

Introduction

Vertebrates use calcium containing minerals for tissue fortifica-
tion, most notably in bones and teeth. Invertebrates, in con-
trast, exhibit more versatility in their choice of hard tissue
chemistry. Iron biominerals, for example, are exploited in
chiton teeth (iron oxides)*>® and gastropod sclerites (iron sul-
fide).”! Exotic deposits of the copper biomineral, atacamite, re-
inforce regions of high stress in the jaws of the bloodworm,
Glycera.>® Significant levels of inorganic elements, such as zinc
and halogens, are present in the jaws of the clam worm, Nereis
(Figure 1). Zinc is concentrated at the jaw tip,”"'” but there do
not appear to be any mineral deposits. Recently, we showed
that the zinc concentration correlates with the local hardness
and elastic modulus.'” We also found that the local zinc con-
centration correlates with that of chlorine, and that there is a
His gradient that appears to follow that of zinc, though the
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Figure 1. N. virens worm A) shown exploring, and B) with everted proboscis;
the jaws are shown from the ventral side. C) A jaw extracted from the
animal.
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have found that the distributions of Cl, Br, and | differ: Cl is wide-
spread whereas Br and |, although not colocalized, are concen-
trated in proximity to the external jaw surfaces. By using nanoin-
dentation, we show that Br and | are unlikely to play a purely
mechanical role, but that the local Zn and Cl concentrations and
jaw microstructure are the prime determinants of local jaw hard-
ness. Several of the post-translationally modified amino acids are
akin to those found in various sclerotized structures of inverte-
brates, and we propose that they are part of a cross-linked pro-
tein casing.

amino acid was mapped on a much larger length scale. Com-
bining this information with Zn extended X-ray absorption fine
structure (EXAFS) and X-ray absorption near edge structure
(XANES) data, we suggested that zinc acts as a cross-linker of
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the proteinaceous matrix by forming Zn(His);Cl-like units."”

The larger hardness of the Zn-rich regions has also been
shown with Vicker's hardness measurements by McClements
et al" Thus, a key design feature appears to be the use of
fine-tuned chemical gradients which adjust the local materials’
properties. Gradients are a prominent feature of other inverte-
brate tissues, where they serve to moderate contact deforma-
tion between soft interior and harder exterior tissues,"? and
have also emerged as a design principle for artificial materi-
als.

Besides chlorine, Nereis jaws contain significant amounts of
bromine and iodine.”'™ The aims of the present study were
threefold: to determine a)the distribution of the halogens,
b) whether the presence of halogens can be correlated with
measurable mechanical properties in the jaw, and c) whether
any halogens can be detected as organohalides. We report
that these heavier halogens are concentrated near the outer
surface of the jaw and appear, at least in part, to be present as
halogenated amino acids, several of which are reported for the
first time. The previously known amino acids are akin to those
obtained from other sclerotized tissues and are suggestive of
protein cross-linking.l'*'®

Results and Discussion

Nereis jaws have a serrated and a smooth side, the former
being used to grasp material when the two jaws are brought
together in a bite (Figure 1).

We selected a transverse cut at the level of one of the denti-
tions, roughly 20% below the tip, for analysis. In both the opti-
cal and scanning electron microscopy (SEM) micrographs, sec-
tions of jaw interior revealed a texture that was spatially differ-
entiated (Figure 2). The features described in the following
were observed in several jaws.

First, channels of ~7 to ~20 um in diameter (Figure 2A and
inset) were found to extend through the length of the jaw.

toothed

200 um

Figure 2. The transverse jaw cross-section under study. A) Composite optical
micrograph after nanoindentation. Three characteristic regions are indicated.
The inset illustrates the channels that run through the jaw. B) Back scattered
electron micrograph. The contrast results from local variations in atomic
number, Z; see text for details.
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These might be relics of the jaw growth process or access
routes for cell-mediated repair of damaged jaws. Nereis jaws
grow throughout the lifespan of the animal and jaw growth is
associated with the formation of growth bands,"” but the de-
tails of jaw development and growth remain unknown.
Second, areas of differential contrast were observed with both
optical microscopy (Figure 2A) and SEM (Figure 2B). In the fol-
lowing we will refer to “smooth” and “dark” regions for the
areas with low and high contrast, respectively. The exact origin
of these different regions is unclear, but they could originate
from variations in orientation of protein fibrils which lead to di-
verse local textures. Third, banding is observed on the back-
scattered electron (BSE) images. The brightness in such images
is proportional to the atomic number, Z"® and thus the large
scattering intensity (equivalent to light features in Figure 2B) is
indicative of a larger concentration of heavy elements. It is
clear from the image in Figure 2B that there are regions that
contain high-Z elements towards the rounded, outer surface of
the jaw. We will henceforth refer to that side as the “bulgy
side” while the opposing one will be named the “flat side” (Fig-
ure 2A).

The elemental distribution was analyzed by energy disper-
sive X-ray spectroscopy (EDS). In Figure 3, we show three such
spectra taken at various points that move from the interior to-
wards the exterior of the jaw, as indicated. The spectra show
only signals from Zn, Cl, Br, I, and small amounts of Fe and Ca
(O, C, N are, of course, also present in the sample, even
though they are not shown in the spectra in Figure 3B-D). The
I and Br signals are much stronger in the spectrum taken close
to the sample surface (Figure 3D), while the Zn and Cl signals
are slightly weaker near the sample surface than in the interior
(Figure 3B). Using electron-microprobe analysis, we previously
found that the Cl content is linearly related to the Zn concen-
tration but with a nonzero offset,"” that is, even at zero Zn
concentration, there is Cl in the jaw. Figure 3E shows a scan
along the line marked in green in Figure 3A. The data are rep-
resented as I/(l), where | is the local intensity (corrected for
background) and (/) is its average value. The scan clearly
shows that Br and | are concentrated towards the sample exte-
rior and that | localization coincides with the strong white
bands in the BSE image (Figure 3A). This result is expected,
since | has by far the largest atomic number of any of the ele-
ments detected in the jaw. However, | and Br are not colocal-
ized: their distributions peak at opposite sides of the jaw.

The Zn and Cl signals, in contrast, are quite uniform over
most of the jaw, but there is a step in the signals towards the
flat side of the jaw which is indicative of a lower (Zn, Cl) con-
centration. Cl is found in higher relative abundance than Zn on
one side of the jaw where the Br and | signals are strong; this
suggests that perhaps the extra Cl is bound in a manner akin
to that of Br and | (see chlorinated tyrosine derivatives in Ta-
ble Tand Scheme 1). These observations were confirmed by
scans over the entire sample, which are shown in Figure 4. The
Zn and Cl distributions are qualitatively parallel, and there are
two regions with lower concentrations of Zn and Cl, as indicat-
ed in the Cl map. Br and | are concentrated in bands towards
the jaw exterior; the Br band extends further into the jaw than
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as the data presented here.'”

The jaw cross-section can be
largely divided into regions of
lower- and higher-than-average
hardness. The lower-than-aver-
age regions are outlined in Fig-
ure 5C. Two of these regions,
marked | in this schematic rep-
resentation, coincide with re-
gions of lower Zn and Cl con-
centration identified in Figure 4.

4 i Thus, this explains, at least in
] . “00% i} part, the lower hardness of
I <l> 190 these regions since we previ-
? 1000 ously found a linear correlation
4 500 between hardness and Zn con-
0wl o 0 A,*’,J, 1 i e L, SO N, centration."”™ Throughout the
flat  5osition along line E PUI9Y 1234586789101 121314 rest of the jaw cross-section,
ElkeV ——

Figure 3. EDS X-ray analysis of the jaw cross-section. A) BSE image showing the points of interest investigated by

using EDS. B)-D) EDS spectra measured at the points indicated in A) and inset, moving from the jaw interior (B) to
the jaw exterior (D). Note the large increase in iodine concentration from B to D; units are energy (in keV) and in-
tensity (in arbitrary units) of emitted X-rays for the ordinate and coordinate axes, respectively. E) EDS line scan car-

the Zn concentration appears
to be fairly constant, as can be
seen in Figure4 and, more
clearly, in the line scans in Fig-
ure 3E. Hence, the lower hard-

ried out along the green trajectory shown in A). The X-ray intensities, /, were background corrected and normal-

ized to the average intensity, (/), for each element. Thus a uniform distribution would give a value of 1 through-
out. The inset below the curves shows the corresponding BSE image. Note that Zn and Cl are much more uni-

formly distributed than Br and |, which peak at the jaw edges.

Table 1. Substituents of amino acids isolated from Nereis jaw hydroly-
zates. Amino acids not previously reported are marked by bold font. See
Supporting Information for specific mass fragments used for identifica-
tion and Scheme 1 for chemical structures of the side chains in question.
Amino acid R’ R? Amino acid R' R?
histidine Br Br tyrosine H H
Br I H OH
| | H (@
dityrosine H H H Br
H Cl cl (@
H Br cl Br
Br Br cl |
trityrosine H cl Br Br
Cl Br Br 1
Br | | |

that of I. Note the similarity between the | map and the posi-
tion of the white high-contrast band in the BSE image in Fig-
ure 3A.

Maps of local hardness (H) and modulus (E) for the jaw cross
section are presented in Figure 5. The mean values (from 610
indents) are H=0.869 and £=12.62 GPa, with standard devia-
tion and standard error of the mean of 0.161 and 0.007 GPa
for H, and 1.76 and 0.07 GPa for E. We stress that these values
were obtained from dry samples and that hydration might
yield different values for the mechanical properties. However,
the local degree of hydration is unknown, which renders it dif-
ficult to experimentally correct for this problem. Measurements
done on samples submerged in buffer show the same trends

1394

www.chembiochem.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ness in the two regions labeled
Il must have a different origin.
By comparing the position of
the lower-than-average hard-
ness regions with the texture of the jaw cross-section seen in
the micrograph in Figure 2 A, we see that the softer regions co-
incide with regions of smooth texture in Figure 2A. This indi-
cates that a prime determinant for hardness is the local meso-
structure of the jaw. We speculate that variations in the orien-
tation of the protein fibrils lead to the observed differences in
indentation hardness.

As with the hardness, there are low-modulus regions in
areas of lower Zn and Cl content, again this is in agreement
with our previous observation of a correlation between both
hardness, modulus, and Zn content."” Besides this, regions of

Figure 4. Element maps obtained by EDS display the concentrations of Br, |,
Cl, and Zn throughout the jaw cross-section. The jaw outline is marked by a
full black line except in the Cl map where it is in white. The dotted lines in
the Cl map outline two regions of lower Zn and Cl concentration; see also
Figure 3E. Br and | were found to be concentrated in bands near the jaw ex-
terior.
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Figure 5. Local mechanical properties determined by nanoindentation on the transverse
cross-section shown in Figure 2 and Figure 4. Maps show: A) The indentation hardness
(H, mean value 0.869 GPa), and B) the plane strain modulus (£, mean value 12.62 GPa).
Both maps are color coded around the mean value: yellow to red for values higher than
the mean, and turquoise to blue for values lower than the mean. Each color represents
steps of 0.05 and 0.5 GPa for H and E, respectively. Values below the lowest contour level
are shown as black. Indentations were performed on two separate grids; indents were
set 15 um apart in each grid. C) Regions of lower-than average hardness; see text for de-

tails.

high modulus do not coincide with those of high hardness,
and there is no apparent correlation with the variation in jaw
texture. The hard, serrated side (top of maps in Figure 5)
shows lower-than-average modulus. This combination of high
hardness and lower-than-average modulus is consistent with
the function of the serrated side of the jaw, that is, to grasp
objects by a pincer-like action, which in turn, is consistent with
the need for a hard and wear-resistant material.

To test the statistical significance of the spatial distribution
of mechanical properties, we divided the jaw cross-section into
three regions as indicated in Table 2: the serrated side, the flat
side, and the bulgy side. The average values of hardness and
reduced modulus in the three regions are given in the table.
The mechanical properties of the three areas were compared

by using a Student’s t-test, which showed that the
reduced modulus was larger in the bulgy side than
in either the serrated or flat sides (P < 10~), whereas
the difference in reduced modulus between serrated
and flat sides was insignificant (P=0.078). The ser-
rated side is harder than both the flat and bulgy
sides, and the bulgy side is in turn harder than the
flat one (P<107*. Jaw hardness is highest on the
outer rim of the toothed side of the jaw (Figure 5,
top of map). Additionally, there are hard points in
several places along the jaw exterior that are sug-
gestive of a hard outer layer. Note that the indenta-
tion was performed on a grid with indents spaced
15 um apart. Therefore, the current experiment does
not have sufficient resolution for it to be possible to
decide whether a possible thin hard outer rim (pos-
sibly with a thickness of the order of 5 um) extends
along the entire jaw surface. EDS data (not present-
ed here) on the toothed tip of the jaw suggest that
there might be a thin outer layer with different com-
position: points along the jaw surface exhibit an Fe
content much higher than in the jaw interior. Ca, Ni,
and S were also observed. This iron-containing layer
was found only on the bulgy side of the jaw. These
observations suggest that there is a very thin outer
coating on at least part of the jaw, which potentially
imbues the jaw surface with extra hardness. Studies
of several other cross-sections showed that iron was concen-
trated in a thin rim on the toothed and parts of the bulgy side
of the jaw (data not shown). The extent of the iron coating
varied somewhat and the iron content was below the detec-
tion limit of the experiment in some samples. Whether this var-
iability is due to variations in wear, age, growth conditions, or
other factors is presently unclear.

By performing mass spectrometric analysis of the hydrolysis
products, we found that the jaws contain a large number of
amino acids modified by post-translational modification,*'%
as summarized in Table 1. These included substitutional modifi-
cations of His and Tyr as well as cross-linked tyrosines. We
found no less than 16 Tyr derivatives, six of which have not
previously been observed in nature. Halogenated tyrosines

Table 2. Mechanical properties of various regions of the jaw cross-section as determined by nanoindentation. The three areas are indicated in the sketch
on the right. Indents in the channels (white points in the sketch) were excluded. For each area, the mean value, standard deviation from the mean (SD),
and standard error of the mean (SEM=SD/n", where n is the number of observations) are given.

Region Indents H [GPa] E [GPa]

value SD SEM value SD SEM
serrated 86 1.027 0.130 0.014 12.38 1.26 0.14
flat 282 0.792 0.113 0.007 12.07 1.90 0.1
bulgy 242 0.903 0.167 0.011 13.34 1.47 0.09

Ay /pm

Ax/ pm
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and cross-linked tyrosines are well known in invertebrate scle-
roproteins,'>'92 as is dihydroxyphenylalanine (DOPA), which
additionally is a capable metal chelator and is widespread in
invertebrate mechanical tissues.”” Two new modifications of
His were found, dibromo- and bromoiodohistidine. Diiodohisti-
tidine was also found in the Nereis jaw; it is otherwise known
from thyroglobulin in man and rat'®? and, interestingly in the
present context, black coral (Antipatharia) skeletons.?>-*!

The presence of DOPA, dityrosines, and halogenated Tyr and
His in the jaws is suggestive of phenolase and/or haloperoxi-
dase action. DOPA can be obtained from phenolase (also
called tyrosinase or catechol oxidase) activity.”"* Peroxidase
uses H,O, to catalyze a one-electron oxidation of Tyr to form a
tyrosine free radical.’” Tyrosine free radicals can combine with
one another, hydroxyl radicals, and halogens to form dityro-
sine, DOPA, and halogenated Tyr, respectively. Halogenation
can also occur through the action of haloperoxidases, which
oxidize the halogens prior to reaction with the organic sub-
strate.”® In the jaws of the related worm Glycera convoluta,
peroxidase activity has been established histochemically.””!
Furthermore, phenolase and peroxidase activity has been de-
tected in the setae of Syllis cornut.*® These observations show
that both types of enzymes are present in polychaetes. The
noncolocalization of | and Br in the Nereis jaw (Figure 3E) sug-
gests that Tyr halogenation might be carried out by distinct
and differentially distributed haloperoxidases.

Fletcher used radiolabeled iodide to show that Nereis diversi-
color accumulates iodine from the environment, which leads
to whole body concentrations 5000 times that of the environ-
ment.®" Over about 30 h, the iodide was partly redistributed
from the coelom to the hard tissues including the jaws. Some
of the iodine remained as iodide while the rest was distributed
over various forms, one of which was shown to be iodotyro-
sine. The fact that iodine is taken up and concentrated from
the environment, subsequently moved to the hard tissues, and
there bound to tyrosine, strongly suggests that Nereis has a
specific mechanism to regulate and process iodine. Our obser-
vation of a multitude of post-translational modifications in the
jaws suggests that the setae of Nereis should be another rich
source of modified amino acids. The setae of Petta pusilla ex-
hibit a gradient of bromine and iodine that increases from the
base to the tip.*? The two halogens are found in higher con-
centration towards the surface of the setae, which according
to histochemical analysis also contain Tyr, especially towards
the surface. This strongly suggests that similar halogenation re-
actions take place in that case as well. The amino acids are not
distributed evenly in the jaw of Nereis virens. The concentration
of His, like Zn and Cl, is already known to be highest near the
jaw tip.'"” We now find that while the His concentration in-
creases towards the tip, that of Gly, Asp/Asn, and Tyr are
almost constant (Figure 6). In direct opposition to His, the con-
centration of the hydrophobic Ala decreases from jaw base to
tip. In this connection, it is worth stressing that the jaws of the
Perinereis cultrifera, another nereid polychaete worm, have an
amino-acid composition quite similar to that of N. virens,** no-
tably a large Gly content and significant amounts of Asp/Asn,
Glu/GIn, His, Tyr, and Ala. The His content reported for P. cultri-
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Figure 6. Spatial variations of amino-acid composition in the jaws. The in-
crease in His content towards the tip"® is accompanied by a corresponding
decrease in Ala concentration. The Gly, Tyr, and Asp/Asn concentrations
show only small variations.

fera is, however, smaller (8% rather than 19%) and the Ala
content is higher (assuming that there was complete hydroly-
sis). Also, the zinc content in P. cultrifera jaws is lower than that
in N. virens."”? The large Tyr content found in both animals (8 %)
suggests that amino acid cross-linking occurs in P. cultrifera as
well.

lodinated His has been found in the skeleton of black corals
(Antipatharia),”® which contains large quantities of iodine (esti-
mates vary, but recent values are around 2-5% by
weight® %), Antipatharian skeletons are not mineralized. They
contain 10-15wt% chitin,® but are otherwise proteina-
ceous.>™ The protein part of the skeletons contains on the
order of 15% His and 2% monoiodohistidine in the two spe-
cies that have been studied.” Interestingly, there are only very
small quantities of transition metals in the antipatharian skele-
tons,” which implies that His does not function as a metal
chelator in this case. The skeletons also contain Tyr in quanti-
ties (~9%) that are similar to those found in Nereis jaws, which
is consistent with protein cross-linking. The skeletons differ
from Nereis jaws in that they are poorer in acidic amino acids
and in Gly (about 32% Gly compared to 37.7% in Nereis jaws)
but richer in hydrophobic amino acids—Ala, Val, lle, Leu, and
Phe make up around 20% of the protein in the antipatharian
skeleton compared to only 8.5% in Nereis jaws. By using cross-
polarization magic-angle-spinning (CPMAS) solid-state '*C and
>N NMR it has been shown that the ring nitrogen atoms of His
can be involved in cross-linking with catecholamines, which
are in turn linked to chitin by the catechol functionality, in the
cuticle of the tobacco hornworm Manducan sexta.***? Tandem
mass spectrometry (MS-MS) analyses have confirmed that cat-
echol-His cross-links are present in the M. sexta cuticle but
that they result from covalent-bond formation between His
and DOPET (2-(3,4-dihydroxyphenyl)ethanol) rather than dopa-
mine.’? Based on these observations we tentatively suggest
that His might be involved in protein cross-linking in Nereis
jaws as previously proposed by Holl et al. for the antipatharian
skeleton.*” In our present work, we have not obtained proof
for such cross-links, which suggests that they do not dominate
in Nereis jaws. Future work is, however, likely to reveal addi-
tional post-translational modifications as we were not able to
positively identify the chemical structure of all promising HPLC
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fractions. These considerations indicate that Nereis jaws will
likely continue to provide valuable insights into protein cross-
linking in the future.

Conclusion

The variations in modulus and hardness do not appear to be
correlated with the distribution of bromine and iodine, and
thus the influence of these heavy halogens on mechanical
properties remains unclear. The presence of halogenated di-
and trityrosines suggests that protein cross-linking occurs in
the jaw. Given the localization of Br and | towards the outer

C(X CO( C(X
1 | |
CH2 2
oW SIgW
OH
tyrosines dityrosines
(I:(l (P(L cl:(l (I;LL
CH,
O O O S
R? >’NH
trltyrosmes histidines

Scheme 1. Side chains of post-translationally modified amino acids found in
Nereis jaws.

surface, the jaw appears to be encased by a halogenated
cross-linked protein. This casing could play several roles. First,
the combination of cross-linking with halogen bonding®®
should stabilize the jaw and render it insoluble and less sus-
ceptible to chemical and enzymatic attack.'®3* The casing can
also serve as a straightjacket for the fibrous zinc-binding pro-
teins in the core. Indeed, we have not been able to extract
protein from whole jaws, but have succeeded in obtaining
soluble proteins from crushed jaws that have their interior ex-
posed.*” Secondly, this outer casing could also play a mechan-
ical role—possibly in combination with an additional metal-
containing coating—as an abrasion/wear-resistant layer,
though our present results indicate that such a feature has a
smaller effect than other, structural variations. A recent report
that Nereis burrows through the sediment by using its everted
pharynx for crack propagation" is particularly interesting and
suggests that the jaws might also have an important nonpre-
datory role. The jaws, which sit at the pharynx tip, are exposed
during eversion; this suggests that they could be mechanically
adapted to this behavior as well.

Experimental Section

Specimens: N. virens specimens were obtained live from the Maine
Bait Company (New Castle, Maine, USA). Upon arrival, they were
killed by rapid freezing at —80°C. Jaws were dissected from freshly
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thawed animals, washed three times with guanidine-HCI (2.4 m)/
acetic acid (5%) and with distilled water (5x), and then air-dried.

Nanoindentation: For nanoindentation, jaws were embedded in
EpoFix (Electron Microscopy Sciences, Hatfield, PA, USA). The de-
sired cut was made by using a Leica ultramicrotome and a Dia-
tome diamond knife (Electron Microscopy Sciences). Nanoindenta-
tion measurements were performed by using a Hysitron Tri-
bolndenter (Hysitron, Minneapolis, MN, USA). The indenter was a
cube corner diamond-indenter tip with a curvature radius of 40-
60 nm (Hysitron). The following indentation program, which was
the result of several test measurements, was used: load to 500 uN
at 100 uNs™", hold for 60's, unload at 100 uNs™". The 60s hold
period was found to be sufficient for relaxation of viscoelastic ef-
fects. The indentation data were measured on two grids each with
15 um spacing between indents, which generated a total of
1032 indents. Among these, 610 were located within the test speci-
men whereas the others were located either in the surrounding
epoxy or within the channels described below. The indentation
hardness (H) and plane strain modulus (E) were determined by
using the method of Oliver and Pharr.*? (The latter quantity is re-
lated to Young'’s modulus E through:

_ E
E=

1—12
where v is Poisson’s ratio. For all realistic estimates of v, £ is about
10% greater than E and is insensitive to the selection of v.) The
trends observed herein are in accord with preliminary data on a
different section on the same jaw.**!

Microscopy and elemental mapping: The jaw section investigated
by nanoindentation was further studied by environmental scan-
ning electron microscopy (ESEM) by using a FEI XL30 with a field
emission gun. Other sections, prepared in the same way, were also
examined in the ESEM. The samples were uncoated and the micro-
scope was operated in environmental mode. Images were made
with both BSE detection, in which contrast is roughly proportional
to the local electron density, and a large field detector for back-
scatter electron imaging. X-ray microanalysis and elemental map-
ping were performed by using a Princeton gamma tech PRISM IG
energy-dispersive spectrometer.

Amino acid analysis: Nereis jaws, or portions thereof, were hydro-
lyzed in vacuo in HCl (6 N) with phenol (5%; antioxidant) at 110°C.
Although the duration of standard protein hydrolysis is routinely
24 h, we also performed 48 and 72 h hydrolyses for comparison. In
the case of Nereis jaws, the 24 h protein hydrolysis proved to be in-
complete, as judged by the variability of the amino-acid composi-
tion. After 48 and 72 h, however, amino-acid compositions for the
jaw sections became reproducible. Thus, 48 h was selected as the
standard hydrolysis time. Following hydrolysis, the acid was re-
moved by flash evaporation at 60°C under vacuum and the dried
residue was resuspended in NaS (Beckman-Coulter) and applied to
a Beckman 6300 Autoanalyzer by using an extended elution pro-
gram,*¥ and a sodium high performance column (Beckman-Coult-
er). Signal analysis and integration was carried out by using a
ChemStation (Agilent, Wilmington, DE, USA).

Post-translationally modified amino acids: Post-translationally
modified amino acids were isolated by using the following proto-
col: jaws (28.5 mg) were hydrolyzed in vacuo for 48 h in HCl (6N,
8 mL; Sigma) and saturated phenol (30 pL; Pierce) at 110°C. The
brown hydrolysate was fractionated by gel-filtration chromatogra-
phy on a 90x1.5 cm Bio-Gel P2 column, and eluted with acetic
acid (2%) at 19.2mLh™". UV spectra of the individual fractions
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were measured with a Milton Roy Spectronic 501&601 spectropho-
tometer and fractions that absorbed at A =280 nm were pooled, as
shown in Figure S1 (see Supporting Information). The pooled frac-
tions were further fractionated by HPLC by using a C-18 column
(Perkin—Elmer, part no. 0712-0073) with an acetonitrile/TFA (0.1%;
trifluoroacetic acid) versus H,O/TFA (0.1%). The elution program
was: 0% acetonitrile (ACN) from 0-10 min, 10% ACN from 10-
40 min, 20% ACN from 40-50 min, a gradient 20-100% ACN from
50-65 min, and from 100-0% ACN from 65-70 min. One of the
P2 column peaks (peak 3; see Supplementary Information Fig-
ure S1) was not separated sufficiently by the first elution program,
and a second program was developed by using the same solvent
system: 0% ACN from 0-10 min, gradient 0-10% ACN from 10-
15 min, gradient 10-20% ACN from 15-50 min, gradient 20-40%
ACN from 50-60 min, gradient 40-100% ACN from 60-65 min, and
gradient 100-0% ACN from 65-70 min.

Promising HPLC fractions (judged by their absorbance at 1=280
and 215 nm) were selected for structure elucidation using mass
spectrometry. Positive ion TOF-ESIMS was performed on a PE Sciex
QStar quadrupole/time-of-flight tandem mass spectrometer. Typical
settings were a capillary voltage of 3.5kV, cone tension of 45V,
and collision voltage of 10V for MS. Some candidate structures
were further analyzed by MS-MS on the same instrument when
the MS spectrum was not deemed adequate for direct identifica-
tion. The collision voltage was varied for each target amino acid so
that reasonable decomposition patterns that allowed positive iden-
tification of the amino acid could be obtained (see Supporting In-
formation). We also performed analyses on a couple of standard
amino acids, which included tyrosine, 3,5-dibromotyrosine, O-
methyl-DOPA, and 3-monoiodotyrosine (Sigma), by using similar
settings with the same instruments. They showed spectra analo-
gous to those from the jaws. The MS-MS spectrum of dityrosine
was compared to the literature spectrum™! and found to match
completely.
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