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Supplementary Results
Detection and structural elucidation of brominated indoles

The brominated indoles detected in D. orbita result from a series of enzymatic, oxidative and
photolytic reactions (Fig. 1) from an ultimate precursor tyrindoxyl sulfate to produce the end product
Tyrian purple (a mixture of 6’6-dibromoindigo and 6’6-dibromoindirubin) > 3 % > The enzyme
arylsulfatase is required to initiate the series of reactions by hydrolysing tyrindoxyl sulfate?, which
usually occurs outside the body. The structural features of the brominated indoles detected in this

study are summarised in Table S1.
LC-MS

The main brominated indole extracted in the methanol fraction from the hypobranchial gland was the
ultimate precursor compound tyrindoxyl sulfate? eluting at 6.59 min (major ions duplet peak m/z 336,
338; Fig. S1 and S2) and tyrindoleninone? eluting at 10.96 min (major ion duplet peak m/z 256, 258;
Fig. S1 and S2). The remaining intermediate brominated indoles were extracted in the chloroform
fraction from the hypobranchial gland including: tyriverdin? eluting at 11.67 min (major ion triplet
peak centered m/z 419 and 465; Fig. S1 and S2) and 6-bromoisatin® eluting at 6.35 min (major ion
duplet peak m/z 224, 226; Fig. S1 and S2). Tyrian purple 6’6-dibromoindigo >, the final brominated
indole product, was detected in the chloroform fraction from the hypobranchial gland eluting at 14.34
min (major ion triplet peak m/z 419; Fig. S1 and S2). Spectra for ESI-MS were run in negative mode

causing a slight mass shift compared to DIOS-MS.
DIOS-MS imaging of brominated indoles

Tyrindoxyl sulfate, tyrindoleninone and 6’6-dibromoindigo (or the isomer 6’6-dibromoindirubin) were
all detected in DIOS-MS based on the ion clusters for the mono and di-brominated structures from
both semi-purified fractions (Fig. S2) and from tissue sections (Fig. 1, 2, 3, S6). Tyrian purple 6'6-
dibromoindigo showed the most consistent pattern for localization in the hypobranchial gland and
comparison of spectra showed a consistent triplet peak structure at m/z 419.88, 421.88 and 423.88
for Br’® Br”®, Br’® Br8! and Br®! Br®! (Fig. 1, S2). Tyrindoxyl hydrogen sulfate was detected consistently
within the hypobranchial gland of the encapsulating female and post-reproductive female and two of
the three pre-reproductive females (Fig. S6). Tyrindoleninone was detected in the pre-reproductive

females localized in the medial hypobranchial gland of the encapsulating and post-reproductive



females (Fig. S6). lon intensity maps for the abundance of brominated indoles and murexine for all

replicate samples are displayed in Fig. S6.

Egg capsule contents showed a slow chemical ripening process consistent with the enzymatic,
oxidative and photolytic reaction seen in the medial hypobranchial gland (Fig. 5 and S7), but extended
over the 35 day intracapsular period, rather than the few hours required after liberation from the

adult hypobranchial secretory tissue.
Detection and structural elucidation of murexine
LC-MS

The major compound eluting at 1.83 min provided a molecular ion [M]* peak in positive mode at 224.1
m/z (Table 1), consistent with the presence of murexine (C;1H1sN30,*; 224.284 MW). When subjected
to a higher cone voltage to induce fragmentation, in ESI (35V), the eluting compound showed a
fragment at 165 m/z which is the same loss of 59 that is observed in acetylcholine 7 (Fig S3, S4). Early

intracapsular fluid contained murexine (Fig. 5 and Fig. S7), which was absent in the late stage capsules.
NMR

Acetone extracts for murexine showed a combination of three compounds after removal of the bulk
of crude contaminants® and column purification. The main components in NMR spectrum of the
extracts vary with solvent, methanol dissolves less of the choline material. Shifts are also solvent
dependant. Estimating amounts of the various components by integration in CD3CN the charges
balance (assuming NH that integrates for 2H is actually 1H). Shifts in correspondence to structure are

summarised in Table 2.

Murexine:

IH NMR (600 MHz, CDsCN, 25 °C) § 9.42 (2H, bs), 7.75 (1H, s), 7.61 (1H, d, J=15.7 Hz), 7.39 (1H, s), 9.49
(1H, d, J=15.7 Hz), 4.52-4.50 (2H, m), 3.61-3.60 (2H, m), 3.11 (9H, s).

Aromatic compound tyrindoxyl sulphate:

IH NMR (600 MHz, CDsCN, 25 °C) & 7.66 (1H, d, J=15.7 Hz), 7.45 (1H, d, J=1.7 Hz), 7.13 (1H, dd, J=15.7,
1.7 Hz), 2.46 (3H, s).

Choline:



IH NMR (600 MHz, CDsCN, 25 °C) 5 3.90 — 3.88 (2H, m), 3.34-3.32 (2H, m), 3.06 (s, 9H).

Choline is often found with extracts of murexine as it is a hydrolysis product of the choline esters®, can
bind to tyrindoxyl sulphate and has been detected within 'H NMR samples!® 1. The presence of
tyrindoxyl sulphate would be likely as it is held as a salt of murexine, choline and other choline esters

for storage prior to liberation from the medial hypobranchial gland*2.
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Tables:

Supplementary Table 1. Summary of structural features for brominated indoles and choline esters
detected in Dicathais orbita hypobranchial tissue from LC-MS, DIOS-MS and *H NMR (tyrindoxyl sulfate

and murexine from this study, intermediate brominated indoles from Benkendorff et al. 20001).

Supplementary Table 2. Summary of *H-NMR and *C-NMR fingerprinting from reproductive female

acetone extract
Figures:
Supplementary Figure 1. Liquid chromatogram of brominated indoles detected at 300 and 600 nm.

Supplementary Figure 2. MS-MS spectra for brominated indoles detected from hypobranchial gland

extracts of Dicathais orbita by ESI LC-MS (in negative mode) and representative DIOS-MS.

Supplementary Figure 3. LC-MS of the capsule gland extract from a reproductively active female

Dicathais orbita, containing (a) murexine.

Supplementary Figure 4. Murexine structural fragmentation seen in DIOS mass spectrum from

reproductively active Dicathais orbita female capsule gland.
Supplementary Figure 5. Region specific ion intensities for murexine m/z 224.16.
Supplementary Figure 6. DIOS-MSI of reproductively active female Dicathais orbita.

Supplementary Figure 7. Dicathais orbita reproductive adults and early stage egg capsules with DIOS-

MS of capsule contents extract (Photo by Rudd, D.).

Video:

Supplementary Video 1. Dicathais orbita larval motility bioassay using 50mg/L purified murexine.
Murexine was introduced after a seawater addition to assess response to external stimuli. Larvae

motility was recorded using 30 sec videos at 0, 5, 10, 20, 30 and 60 min intervals (online:

https://youtu.be/rICvyyhnXAE) .



Supplementary Table 1. Summary of structural features for brominated indoles and choline esters detected in Dicathais orbita hypobranchial tissue from LC-
MS, DIOS-MS and *H NMR (tyrindoxyl sulfate and murexine from this study, intermediate brominated indoles from Benkendorff et al. 2000?)

Major ions m/z

Structure Compound Formula MW RT [min] "H NMR
LC-MS DIOS-MS
0SO5
SCHs tyrindoxyl sulfate CoH7BrNO4S,™ 337.196  6.59 336, 338 339.98, 340.99, 8H 9.76s (1H), 7.14m (3H), 2.42s (3H)
N 341.98, 342.98
Br H
o 255 95 256.94 (CD5CN), 6H 7.46 (1H, dd, J=0.5, 1.4
/@fg*SCHa tyrindoleninone CoHgBrNOS 256.124  10.96 256, 258 257‘94’ 258‘95' Hz), 7.42 (1H, dd, J=0.5, 7.6 Hz), 7.39
Br N T ese (1H, dd, J=7.6, 1.4 Hz), 2.63 (3H, s)
9 H
HiCS N 417, 419, 421, 463,
. . DMSO-dg), 8H 7.4 4), 7.27
O O tyriverdin C1gH14BrzN,0, 514.264  11.67 465, 467, 511, 513, n.d. 21 5)52 gg()jd‘?w 1?? 1‘305) d
Br ﬁscH3 515
o]
2 (CD3CN), 8H 8.96 (1H, s), 7.44 (1H, d,
/@%:O 6-bromoisatin CgH4BrNOS 226.029  6.35 224,226 n.d. J=8.08 Hz), 7.30 (1H, dd, J=1.64,
Br N 8Hz), 7.19 (1H, d, J=1.6 Hz)
o 418.88, 419.88, (N;N'-bistrifluoroacetyl derivative,
H
N Br o . 420.88, 421.88, CDCl3), 6H 8.3d (1.2), 8.06d (8.4),
O _ O 6,6'-dibromoindigo C16HgBrz2N,0, 420.06 14.34 417, 419, 421 422.88, 423.88, 7.954 (7.7), 7.79td (7.4, 1.3), 7.75d
Br N 4 424.88 (8.1), 7.56dd (8.1, 1.4), 7.42t (7.4)
Br
o Q 418.88,419.88, (DMSO-dg), 6H 11.2brs, 11.1brs,
. N 420.88, 421.88, 8.67d (8.5), 7.68d (1.6), 7.62d (8.1),
O = 1 6,6'-dibromoindirubin C16HgBr2N,0, 420.06 n.d. 417,419, 421 422.88, 423.88, 7.22dd (8.5, 1.7), 7.20dd (7.9, 1.6),
Br N Y/ 424.88 7.05d (1.8)
N (D,0, CD3COO0D), §H 7.05 (1H, d, J
[ Y . =16), 8.08 (1H =16), 8.28 (1H
SN0 > murexine C11H1gN302" 224.284  1.83 2241 224.17,225.17 6), 8.08 (1H, d, J =16), 8.28 1H, s),

9.28 (1H, s), 5.10 (2H, m), 4.23 (2H,
m), 3.77 (9H, s)




Table 2 'H-NMR assignment for purified acetone extract containing murexine, choline and counterion
tyrindoxyl sulfate. ®Relative area is influenced by compound integration for counter ion tyrindoxyl
sulfate, where in CDsCN the charges balance.

)

compound (p.p-m.) mutiplicity relative Assignment

area

a - Murexine 3.11 s 9 1
3.60-3.61 m 2 2
4.50-4.52 m 2 3
6.49 d J=15.7 Hz 1 4
7.61 d J=15.7 Hz 1 5
7.39 s 1 6
7.75 S 1 7
9.42 bs 2@ 8

b - Choline 3.06 s 9 1
3.32-3.34 m 2 2
3.88-3.90 m 2

¢ - Tyrindoxyl sulfate  2.46 s 3 1
7.13 dd J=15.7Hz, 1.7 Hz 1 2
7.45 d J=1.7Hz 1 3
7.66 d J=15.7 Hz 1 4

(a) 0 cosy- ~ \
8 5/\? 3 -~ |1

(b) © 5 0SO;"
3
3 ,L/ 1 SCH;3
OH "\ Br N 1



6.59
(3]
1.0e-1

5.0e-21

Abundance

2.45
(1]

1.0e-2
0.0j

2,50 500 7.50 10.00 12.50 15.00 17.50 20.00 22.50 25.00 27.50

Time

Supplementary Figure 1. Liquid chromatogram of brominated indoles detected at 300 and 600 nm.
(Black line) methanol fraction containing [1] murexine eluting at 2.45 min, [3] tyrindoxyl sulphate
eluting at 6.59 min and [4] tyrindoleninone eluting at 10.96 min. (Purple line) chloroform fraction
containing [2] 6-bromoisatin eluting at 6.35 min, [5] tyriverdin eluting at 11.67 min and [6] 6’6-
dibromoindigo (Tyrian purple) eluting at 14.34 min.



Supplementary Figure 2. MS-MS spectra for brominated indoles detected from hypobranchial gland
extracts of Dicathais orbita by ESI LC-MS (in negative mode) and representative DIOS-MS (see
Supplementary Figure 1 and Table 1; in positive mode); (a) MS-MS spectrum for precursor compound
tyrindoxyl sulfate, (b) corresponding DIOS mass spectrum of tyrindoxyl hydrogen sulfate [m/z 339.98,
340.99, 341.98, 342.98 + 0.05 [M+H]+], (c) MS-MS spectrum for intermediate tyrindoleninone, (d)
corresponding DIOS mass spectrum of tyrindoleninone [m/z 255.95, 256.94, 257.94, 258.95 + 0.05
[M]+], (e) MS-MS spectrum for Tyrian purple 6,6’-dibromoindigo, (f) corresponding spectrum in DIOS-

MS of 6,6’-dibromoindigo [m/z 419.88, 421.88, 423.88, + 0.05 [M+2H]+].
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Supplementary Figure 3. LC-MS of the capsule gland extract from a reproductively active female
Dicathais orbita, containing (a) murexine eluting at 1.83 min in the liquid chromatograph; (b) MS-MS
spectra of murexine; (c) collision induced dissociation of murexine with m/z 165 representing N*(CHs)3
loss of 59 and (d) representative DIOS mass spectra of murexine [m/z 224.17, 225.17 + 0.02 [M+H]"]
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Supplementary Figure 4. Murexine structural fragmentation seen in DIOS mass spectrum from
reproductively active Dicathais orbita female capsule gland. m/z 224.15 represents the major ion
detected in both DIOS-MS and LC-MS (Supplementary Fig. 4).
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Supplementary Figure 5. Region specific ion intensities for murexine m/z 224.16, where a) each dot
represents a spot in the tissue section plotted against intensity value for the hypobranchial gland (HG)
and the capsule gland (CG) with quartile distribution shown with associated box plots; blue dots
represent intensity spots that lie within the normal distribution and reds spots represent outlier
intensity spots. The corresponding female m/z 224.16 distribution detected in DIOS-MSI is shown in
b) with specific regions indicated.



Pre Encapsulation During Post Encapsulation
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Supplementary Figure 6. DIOS-MSI of reproductively active female Dicathais orbita. 15um thick cryo-sections of the
central hypobranchial gland with attached capsule gland were imprinted onto functionalised porous silicon chips and
mass spectrometry imaged. Pre Encapsulation) female sections sampled 30 days prior to the start of the standard
breeding season. During) a female section sampled during egg encapsulation. Post Encapsulation) female sections
sampled 14 days post egg encapsulation. A) serial histological sections, where (hg) indicates the medial hypobranchial
gland and (cg) indicates the capsule gland. B) scanned imaged of gland tissue cryo-section on pSi chip. m/z 340 is
tyrindoxyl hydrogen sulphate [M+H]*. m/z 256 is tyrindoleninone [M+H]*. m/z 421 is Tyrian purple (6’6-dibromoindigo)
[M+H]*. m/z 224 is murexine [M]*. Scale bar set to 2 mm. Intensities of ions in the imaged sections are colour coded
using a heat map.
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Supplementary Figure 7. Dicathais orbita reproductive adults and early stage egg capsules with DIOS-MS of capsule
contents. (a) Reproductive adults during the encapsulation of larvae and early stage capsules adhered to substrate
(Photo by Rudd, D.). (b) DIOS-MSI of an early stage capsule sampled immediately post deposition and late stage
capsule, 35 days post deposition. A is a microphotograph of the entire capsule and late stage larvae. B is a scanned
imaged of the cryo-section capsules imprinted onto pSi chip. m/z 340 is tyrindoxyl hydrogen sulphate [M+H]*. m/z 420
is Tyrian purple (6’6-dibromoindigo) [M+H]*. m/z 224 is murexine [M]*. Scale bar set to Imm. Intensity of ions detected
in egg capsule contents are colour coded using a heat map.



