(helical surface currents oriented down-
wind) (16), the downwelling currents at the
convergence zone over internal waves may
pull less buoyant fractions of an oil spill
under water, making the spill inaccessible
for cleanup operations. Finally, oil caught in
the convergence zone could kill or injure
(17) the larvae that are often concentrated
there (4, 5).
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Aromatic Cross-Links in Insect Cuticle: Detection by
Solid-State '*C and "N NMR

JacoB SCHAEFER,* KARL J. KRAMER, JOEL R. GARBOW,
GARY S. JAcOB,T EDWARD O. STEJsKkAL,+ THEODORE L. HOPKINS,

Roy D. SPEIRS

Cross-polarization magic-angle-spinning nuclear magnetic resonance spectroscopy has
been used to determine insect cuticle composition and cross-link structure during
sclerotization or tanning. Unsclerotized cuticle from newly ecdysed pupae of the
tobacco hornworm, Manduca sexta L., had a high protein content with lesser amounts
of lipid and chitin. Concentrations of chitin, protein, and catechol increased substan-
tially as dehydration and sclerotization progressed. Analysis of intact cuticle specifical-
ly labeled with carbon-13 and nitrogen-15 revealed direct covalent linkages between
ring nitrogens of protein histidyl residues and ring carbons derived from the
catecholamine dopamine. This carbon-nitrogen adduct was present in chitin isolated
from cuticle by alkaline extraction and is probably bound covalently to chitin. These
data support the hypothesis that the stiffening of insect cuticle during sclerotization
results primarily from the deposition of protein and chitin polymers and their cross-
linking by quinonoid derivatives of catecholamines.

HE INSECT EXOSKELETON IS A COM-

plex extracellular cuticular structure

whose chemical nature and physical
properties vary with functional demands. It
is composed primarily of protein, chitin, and
water, the interactions of which, although
poorly understood, largely determine struc-
tural and mechanical properties (1). During
sclerotization (strengthening), the cuticle
becomes stiffer, drier, and resistant to chem-
ical and physical degradation. It has been
proposed that catecholamines act as dehy-
drating agents, protein denaturants, and
precursors of cross-linking agents for the
presclerotized protein-chitin matrix (2).
Proposed cross-linking intermediates in-
clude o-quinones or p-quinone methides,
whose formation from catechols is catalyzed
by oxidative enzymes in the newly secreted
cuticle.
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Because tanned cuticle is an intractable
material and the putative cross-linking agent
or agents are highly reactive and transient,
the analytical techniques used in the past to
study the chemistry of sclerotization have
not yielded convincing proof for the cross-
linked structures or proposed intermediates.
However, recent studies of bacterial cell
walls (3) have shown that the relatively new
solid-state spectroscopic method, cross-po-
larization magic-angle-spinning (CPMAS)
nuclear magnetic resonance (NMR) (4),
makes it possible to evaluate cross-linked
structures in intact biological tissue.

We report here the results of experiments
in which CPMAS "*C and "N NMR were
used to determine in situ the relative con-
centrations of and covalent interactions
among catecholamine, protein, and chitin in
pupal cuticle of the tobacco hornworm,

Manduca sexta L. The analytical method
depends on the ability to identify and quan-
titate in intact cuticle the natural-abundance
BC levels, as well as "*C-">N covalent
bonds, between catechols or chitin labeled
with *C and protein enriched in '"N-histi-
dine.

At ecdysis, M. sexta pupal cuticle is soft
and colorless except for small tanned areas
on the abdomen (5). In a few hours the
cuticle stiffens and becomes dark brown.
The natural-abundance *C CPMAS NMR
spectra of cuticle can be used to estimate
concentration changes of the major organic
components during cuticular tanning or
sclerotization (6). Protein carbons contrib-
ute to *C resonances (lines) 1, 2, 4, 5, and
10 to 16 (7) (Fig. 1C and Table 1). The
broad peptide backbone a-carbon peaks be-
tween 55 and 62 parts per million (ppm)
(lines 10 and 11) generally diagnose protein
levels (8). The well-resolved sharp lines be-
tween 74 and 104 ppm (lines 6 to 9) are due
to the 2-acetamido-2-deoxy-p-glucopyrano-
side (GlIcNA«c) carbons and so reflect chitin
content. The oxygenated aromatic carbon
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peak at 144 ppm (line 3) monitors cate-
chols, and the sharp methylene carbon peak
at 30 ppm (line 14) can be used to estimate
amounts of lipid. Fast cross-polarization
rates for protonated carbons, long proton
rotating-frame lifetimes, and high concen-
trations of protons ensure representative
relative NMR intensities under the condi-
tions used in these experiments (8). When
required, absolute concentrations of carbons
can be determined by comparison with an
external standard.

Unsclerotized

B

Sclerotized ’J

Exuviae

KRR

10 15
T T T T T T 1 ] T T T T l T T
200 100 0
S¢c(ppm)

Fig. 1. Natural-abundance CPMAS *C NMR
spectra of (A) newly ecdysed and relatively un-
sclerotized M. sexta pupal cuticle, (B) 3-day-old
sclerotized pupal cuticle, and (C) pupal exuviae
consisting primarily of highly sclerotized exocuti-
cle. Assignments for lines 1 to 16 are given in
Table 1. The scale is in parts per million down-
field from tetramethylsilane (TMS) as an external
reference. Spectra were obtained at 50.3 MHz
through the use of 2-msec cross-polarization
transfers from protons and 50-kHz radio-frequen-
cy fields. The dried samples were contained in a
cylindrical double-bearing rotor spinning at 3.2
kHz. Residual spinning sidebands were sup-
pressed by pulse techniques. Additional details
and references may be found in (8).
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As the cuticle sclerotizes, proteins become
progressively less soluble (9); the relative
levels of protein, chitin, and catechol in-
crease; and those of lipid and water decrease
(10) (Fig. 1, A and B). The outer heavily
sclerotized portion of the cuticle or exuvium
contains approximately twice as much pro-
tein, 18 times as much chitin and catechol
(Fig. 1C), and one-ninth as much water as
unsclerotized cuticle does (10).

Since the proteins in sclerotized cuticle
are difficult to extract, it has long been
believed that they are stabilized by cross-
links involving covalent bonds to other cu-
ticular components (I, 2). Nitrogen-con-
taining amino acid side chains in cuticular
proteins are potential nucleophiles for the
formation of carbon-nitrogen cross-links
with components such as quinonoid inter-
mediates. Our CPMAS "N NMR spectral
data (7) of M. sexta pupal cuticle labeled by
injection of 1-[1,3-"N,histidine irito wan-
dering-stage larvae (11) support the forma-
tion of carbon-nitrogen cross-links. The "N
NMR spectrum of unsclerotized cuticle
shows protonated and nonprotonated histi-
dyl ring nitrogen peaks at 140 and 225 ppm,
respectively (Fig. 2A), as well as a natural-
abundance amide nitrogen peak at 100 ppm.
In 3-day-old sclerotized cuticle, a new histi-
dyl signal is observed at 155 ppm that builds
up during the time course of sclerotization
(Fig. 2B) and becomes the major nitrogen
resonance in pupal exuviae (Fig. 2C). The
dipolar dephasing produced by delayed 'H
decoupling (12) has little effect on the new
signal (Fig. 2D), which shows the nitrogen
to be nonprotonated. Its chemical shift indi-
cates a histidyl nitrogen attached to either an
aliphatic or aromatic carbon (13). From the
relative intensity of the new peak, it is
estimated that one-third to one-half of all
histidyl residues in exuviae have undergone
a posttranslational substitution to a struc-
ture (I) of the form

—CHp—C=CH |
N ® N_c—
|

H

I

Preliminary >N NMR results involving la-
beling by [e-'*N]lysine suggest that the e-
amino nitrogen of lysine also forms carbon-
nitrogen cross-links in M. sexta pupal cuti-
cle, although these are less numerous than
the histidyl nitrogen cross-links.

Proteins with substituted histidyl nitro-
gens seem to be tightly coupled to chitin in
sclerotized cuticle. The "N NMR spectrum
of pupal chitin prepared by alkali extraction
(14) from exuviae labeled with [1,3-'°Nj]
histidine shows only two peaks: a natural-
abundance amide peak at 100 ppm and the

substituted histidyl ring nitrogen peak at
about 150 ppm (Fig. 3A). Delayed decou-
pling experiments (12) on this material dem-
onstrate that the 150-ppm peak consists of
two equal components, one protonated and
shifted 1 to 2 ppm upfield, and the other
nonprotonated and shifted slightly down-
field. This result is consistent with the shifts
expected (I5) for the substituted ring struc-
ture shown above. About one-third of the
total N label in the intact cuticle (deter-
mined by integration of the spectrum) was
recovered in the chitin preparation, which
means that virtually all of the substituted
histidyl rings are coupled to chitin. These
rings remain bound to chitin but are no
longer part of the cuticular proteins that
have been hydrolyzed away (14).

The natural-abundance *C NMR spec-
trum of the pupal chitin preparation con-
firms the presence of aromatic or olefinic
carbons (Fig. 3C). However, the total inten-

A

Unsclerotized

B
Sclerotized
g.rofs:-llinked Protonated
istidy histidy!
Aromatic
histidy! A
| Amide, general
Cc I| nitrogen pool
I
|
Exuviae 1
i
1
D

Exuviae with
60-;isec delayed
decoupling

T
200 100

8 (pPM)

Fig. 2. CPMAS "N NMR spectra of 1-[1,3-
15N, ]histidine—labeled (A) newly ecdysed unscler-
otized pupal cuticle, (B) 3-day-old sclerotized
pupal cuticle, (C) pupal exuviae, and (D) pupal
exuviae under delayed decoupling. Spectra were
obtained at 20.3 MHz through the use of
matched spin-lock cross-polarization transfers
with 1-msec contacts and 35-kHz radio-frequency
fields. Only nonprotonated nitrogen resonances
survive delayed decoupling. The vertical display
for the top two spectra is approximately twice that
of the bottom two. The horizontal scale is in parts
per million downfield from solid ammonium sul-
fate as an external reference.
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sity of the aromatic carbon peaks between
120 and 160 ppm is 3% of the integrated
intensity of the ?C NMR spectrum and so
cannot be accounted for exclusively by the
ring carbons of histidyl residues (16). There-
fore, aromatic compounds like catechols
must also be present in the chitin prepara-
tion. Prolonged exposure of this preparation
to hot basic solution eventually leaves only
chitin (Fig. 3, B and D).

The proteins coupled to pupal chitin do
not seem to be bonded directly. This conclu-
sion is based on the results of double cross-
polarization (DCP) MAS *C NMR experi-
ments, which were used to detect the pres-
ence of "*C~"*N bonds (17). A DCP experi-
ment separates by difference (18) those *C
atoms adjacent to *N atoms from all other
BC atoms. For example, with L-[1,3-
5N} ]histidine, only the three carbons in the

20.3-MHz 'SN NMR 50.3-MHz 13C NMR

c W
x5
Exposure time
to NaOH
Short

-

D
Long ___A\_L [
T'V‘lll1]lllf'll||]‘l’\' Tll"‘[]rl\'l‘l'lll'rl’
300 200 100 0 300 200 100 0
5y (PPm) 8¢ (ppm)

Fig. 3. CPMAS "N NMR (A and B) and *C NMR (C and D) spectra of chitin extracted by alkali
treatment from 1-[1,3-**N, ] histidine—labeled sclerotized M. sexta pupal cuticle. The natural-abundance
*N 100-ppm amide peak (A and B) and the eight major natural-abundance ’C peaks (C and D) all
arise from chitin.

Adult thorax Pupal exuviae

=

x100 x40 DCP
J difference
B D F
3-msec
x1 x4 hold
T A T
200 150 100 50 0 200 100 0 200 100 0
3. (ppm)

Fig. 4. Single (bottom) and double (top) CPMAS *C NMR spectra of 1-[1,3-"*N,]histidine (A and
B), thoracic cuticle of M. sexta adults labeled with 1-[1,3-'*N,histidine and [**C(U)] glucose (C and
D), and M. sexta pupal exuviae labeled with [1,3-'*N,]histidine and [#ing-'>Ce]dopamine (E and F).
Only C atoms directly coupled to '*N atoms have resonances in the double-CPMAS (DCP) difference
spectra. The "*C label from glucose appears predominantly in chitin (D), while that from dopamine
enhances the intensity of the aromatic region of the spectrum between 120 and 160 ppm (F). Data
accumulation involved 35,000 scans (A and B), 400,000 scans (C and D), and 900,000 scans (E and F),
respectively. The last of the three accumulations was a 2-week experiment. The histidine sample
weighed 470 mg; the thorax sample, 346 mg; and the exuviae sample, 161 mg.
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imidazole ring bonded to N atoms are
detected by DCP signals (Fig. 4A), whereas
all carbons in histidine are detected by single
cross-polarization signals (Fig. 4B). The in-
tensities of these three carbon DCP peaks
can be used to identify the individual *C~
15N bonds in the labeled histidine (17). The
DCP "C NMR spectrum of sclerotized
cuticle from adults reared from larvae fed
uniformly labeled [**C]glucose (19) and in-
jected with 1-[1,3-*N,Jhistidine has differ-
ence signals at 180 and 140 ppm (Fig. 4C).
The intensity of the 180-ppm DCP differ-
ence signal relative to that of the normal
signal (Fig. 4D) (a ratio of 0.001) arises
from the natural-abundance *N (0.3%) of
the amide nitrogens (20) in chitin (labeled
to 8% 'C by the glucose) and proteins. We
attribute the weak DCP difference signals at
140 ppm to natural-abundance *C adjacent
to labeled ["’Nhistidyl nitrogens (21). The
absence of any other DCP difference signal
ruies out direct histidyl nitrogen linkages to
chitin carbon atoms.

The C-N cross-links in M. sexta cuticle
are formed instead between histidyl ring
nitrogens and catecholic ring carbons. The
DCP difference *C NMR spectrum of pu-
pal exuviae from larvae injected with both L-
[1,3-N,Jhistidine and [#ing-'>Cg]dopa-
mine (22) shows a peak at 135 ppm, slightly
upfield from the major oxygenated ring
carbon peak at 144 ppm (Fig. 4, E and F).
This peak does not appear in DCP spectra of
exuviae labeled only with 1-[1,3-"N,]histi-
dine. The 135-ppm chemical shift is consist-
ent with an aromatic carbon next to nitro-
gen (23). Although the exact structure of the
histidyl-catecholamine ring adduct is un-
known, the data of Figs. 2, 3, and 4 are
consistent with a product (see structure
11, where R = CH,—CH,—NHj3") from an

(Protein)

(Catechol)
HN\® .N 5

N6 2 a_on o
Bj@( 5o
H,C71ny730(4 1 09\(Chitin)
2 x

| 2

aCH, 3
N b
B oo

o-quinone sclerotization mechanism (1, 2).
By this mechanism a cross-link results from
nucleophilic attack of the 1- or 3-nitrogen of
the imidazole ring on the 2-, 5-, or 6-ring
carbon of an ¢-quinone derivative of N-B-
alanyldopamine. N-B-Alanyldopamine is the
major catecholamine derived from dopa-
mine found in tanning M. sexta pupal cuticle
(24). A catecholamine-chitin carbon-oxygen
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Table 1. Chemical assignments of resonances (7) in the CPMAS *C NMR spectra of M. sexta cuticle.

Reso- 3-Value

nance (ppm)* Assignment
1 172 Carbonyl carbon in chitin, protein, lipid, and catechol
2 155 Phenoxy carbon in tyrosine; guanidino carbon in arginine
3 144 Phenoxy carbons in catechols
4 131 Aromatic carbons
5 121 Tyrosine carbons 3 and 5; imidazole carbon 4; catechol carbons 2
and 5
6 104 GlcNAc carbon 1
7 85 GlcNAc carbon 4
8 75 GIcNAc carbon 5
9 74 GlcNAc carbon 3
10 62 GlcNAc carbon 6; amino acid a-carbon
11 55 GlecNAc carbon 2; amino acid a-carbon
12 44 Amino acid and catechol aliphatic carbons
13 33 Amino acid, catechol, and lipid aliphatic carbons
14 30 Lipid aliphatic carbons
15 23 Methyl carbons in chitin, protein, lipid, and catechol amino acid
methyne carbons
16 19 Amino acid and lipid methyl carbons

*8-Values relative to external TMS reference.

linkage is drawn between the phenoxy car-
bon 3 and the GlcNAc carbon 4, but phen-
oxy carbon 4 as well as other GIcNAc
carbons may participate in the conjugate
linkage. If we assume that cuticular proteins
have a random distribution of residues, of
which about 10% are histidines, then the
most heavily cross-linked exuviae examined
have a histidine-catechol-chitin coupling
once every 20 units along the protein
chain—a high cross-link density (25). Ex-
cept for the covalent bonding of catechols
with sulthydryl groups in proteins, the for-
mation of catechol adducts with either pro-
tein nucleophilic side chains or chitin resi-
dues has been little studied (26).
Additional direct cross-links between his-
tidyl ring nitrogens and the B-carbon of
dopamine may form as a result of a B-
sclerotization mechanism where an acyl do-
pamine with an «, B-unsaturated side chain
or a p-quinone methide structure is the
reactive intermediate (2). However, the
DCP "*C NMR spectrum of pupal exuviae
from fifth-instar larvae injected with both .-
[1,3-NJhistidine and B-["*C]dopamine
was too weak to permit an unambiguous
assignment of any DCP difference peak,
even after a 10-day data accumulation. Most
of the 1*C label from dopamine appeared in
a carbon with a chemical shift of 78 ppm,
which indicates the formation of an oxygen-
ated B-"*C adduct (23) such as N-B-alanyl-
norepinephrine, which is found at levels of
micromoles per gram in pupal exuviae (24),
or perhaps a B-carbon-O-alkylated adduct
between N-B-alanyldopamine and a seryl,
threonyl, tyrosyl, aspartyl, glutamyl, or
GIlcNAc residue. A minor carbonyl group
signal from label observed at 195 ppm (27)
is attributed to catabolism of the B-methyl-
ene carbon of dopamine to an aldehyde
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group, perhaps 3,4-dihydroxybenzaldehyde
@).

Solid-state NMR analysis of M. sexta pu-
pal cuticle provides direct evidence that aro-
matic cross-links derived from catechol-
amines stabilize the chitin-protein matrix
during the process of sclerotization. Cova-
lent bonds form between carbons of the
catechol ring and nitrogens of the imidazole
ring of cuticular proteins. That chitin may
also be involved in the cross-link structure is
indicated by tight binding of the histidyl-
catecholamine adduct to chitin isolated from
cuticle by hot alkali extraction. Solid-state
NMR data on natural-abundance "*C in
protein, chitin, catechol, and lipid during
cuticulogenesis support the general scheme
(1, 2) for assembly of the pupal procuticle
with increasing amounts of protein and
chitin secreted after ecdysis as well as the
gradual accumulation of catechols during
sclerotization.
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Isolation and Structure of a Covalent Cross-Link
Adduct Between Mitomycin C and DNA

MARIA ToMASz,* ROSELYN LiPMAN, DONDAPATI CHOWDARY,
JAN PAwLAK, GREGORY L. VERDINE,T KOJj1 NAKANISHI*

A DNA cross-link adduct of the antitumor agent mitomycin C (MC) to DNA has been
isolated and characterized; the results provide direct proof for bifunctional alkylation
of DNA by MC. Exposure of MC to Micrococcus lutens DNA under reductive
conditions and subsequent nuclease digestion yielded adducts formed between MC
and deoxyguanosine residues. In addition to the two known monoadducts, a bisadduct
was obtained. Reductive MC activation with Na,S,04 (sodium dithionite) leads to
exclusive bifunctional alkylation. The structure of the bisadduct was determined by
spectroscopic methods that included proton magnetic resonance, differential Fourier
transform infrared spectroscopy, and circular dichroism. Formation of the same
bisadduct in vivo was demonstrated upon injection of rats with MC. Computer-
generated models of the bisadduct that was incorporated into the center of the duplex
B-DNA decamer d(CGTACGTACG); indicated that the bisadduct fit snugly into the
minor groove with minimal distortion of DNA structure. A mechanistic analysis of the
factors that govern monofunctional and bifunctional adduct formation is presented.

T HE POTENT ANTITUMOR AGENT MI-
tomycin C (MC, 1) is one of the few
antibiotics known to react covalently
with DNA in vivo and in vitro (I). Thus
exposure of DNA to MC results in irrevers-
ible association of the MC chromophore
with that of the DNA (2) and in altered
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renaturation kinetics due to putative forma-
tion of interstrand cross-links (3). However,
since the proposed bifunctional cross-link or
cross-links account for only a small fraction

Fig. 1. HPLC patterns from DNase I, SVD, and
alkaline phosphatase digest of various MC-DNA
and MC-poly(dG-dC) complexes. (A and B) Di-
gests of MC-M. luteus DNA complexes formed
under reductive activation by H,/PtO, and
Na,8,0,, respectively. (C and D) Digests of MC-
poly(dG-dC) formed under reductive activation
by H/PtO, and Na,S,0,, respectively. Column:
Beckmann Ultrasphere ODS, 1.0 by 25 cm;
. flow rate: 2.0 ml/min; eluant: 8/92 (v/v)
CH;CN/0.02M potassium phosphate, pH 5.0;
detection: UV band at 254 nm (A3s4)-

1204

of the MC bound to DNA (4, 5), mono-
functional binding is the major pathway
under conditions that have normally been
used.

The DNA-alkylating function of MC can
be activated by two mechanisms: (1) reduc-
tive activation by bacterial and mammalian
reductases or chemical reducing agents (6—
8), and (ii) acidic activation by mild aqueous
acid (9, 10). The structure of the major
monofunctional adduct isolated from an
MC-DNA complex has only recently been
characterized as N*-(2''B,7'’-diaminomito-
sen-1""a-yl)-2'-deoxyguanosine (2a) (11,

A c
2a
23
A 4
254 3 L/L 2b 3l a
1 1 1 1 1 1
§ B D
4
1 1 1 1 1 i 1 1 L 11 1
0 24 48 1200 24 48
Minutes

12), a compound previously isolated from a
model reaction and fully elucidated by spec-
troscopy (13-16). Adduct 2a accounted for
more than 90% of the MC bound to calf
thymus DNA when the reductive activating
agents NADPH-cytochrome ¢ reductase/
NADPH, xanthine oxidase/NADH, or
H,/PtO, were used in vitro; two minor N
dG adducts, 2b and 3, were also character-
ized. However, in that none of the above
compounds corresponded to a mitosene ad-
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duct (M)(12) bearing two attached nucleo-
side units (“cross-link”), the bifunctional
adduct or adducts may have been formed in
amounts too low for HPLC-UV detection.
We found that the reducing system influ-
ences how MC reacts, whether as a mono-
functional or bifunctional DNA-alkylating
agent. We secured sufficient amounts of a
bisadduct from reactions of MC with Micro-
coceus lutens DNA to fully characterize this
bifunctional MC-DNA adduct.

Figure 1 shows HPLC traces of digestion
mixtures that arose from MC-M. luteus
DNA and MC-poly(dG-dC) complexes (17)
that were formed under reductive activation
by H,/PtO; or Na,$,;04. Activation of MC
by H,/PtO, (Fig. 1A) resulted in the pro-
duction of four adducts from M. [uteus
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