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Summary

The abundant blue hemolymph protein of last instar larvae of the moth Cerura vinula was purified and
characterized by protein-analytical, spectroscopic and electron microscopic methods. Amino acid
sequences obtained from a large number of cleavage peptides revealed high similarity of the blue protein
with arylphorins from a number of other moth species. In particular there is a high abundance of the
aromatic amino acids tyrosine and phenylalanine amounting to about 19% of total amino acids, and a low
content of methionine (0.8%) in the Cerura protein. The mass of the native protein complex was studied
by size-exclusion chromatography, analytical ultracentrifugation, dynamic light scattering and scanning
transmission electron microscopy and found to be around 500 kDa. Denaturating gel electrophoresis and
mass spectrometry suggested the presence of two proteins with masses of about 85 kDa. The native
Cerura protein is, therefore, a hexameric complex of two different subunits of similar size, as is known
for arylphorins. The protein was further characterized as a weakly acidic (p; ~5.5) glycoprotein containing
mannose, glucose and N-acetylglucosamine in an approximate ratio of 10:1:1. The structure proposed for
the most abundant oligosaccharide of the Cerura arylphorin was the same as already identified in
arylphorins from other moths. The intense blue color of the Cerura protein is due to non-covalent
association with a bilin of novel structure at an estimated protein subunit-to-ligand ratio of 3:1.
Transmission electron microscopy of the biliprotein showed single particles of cylindrical shape
measuring about 13 nm in diameter and 9 nm in height. A small fraction of particles of the same diameter
but half the height was likely a trimeric arylphorin dissociation intermediate. Preliminary 3D
reconstruction based on averaged TEM projections of the individual particles revealed a double-trimeric

structure for the hexameric Cerura biliprotein complex suggesting it to be a dimer of trimers.
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Introduction

Insect hemolymph contains several proteins which, although involved in different functions, probably
have a common phylogenetic origin in arthropod evolution represented by a protein with six highly
conserved histidine residues providing two copper-binding sites.'” Divergent evolution involving gene
duplications gave rise to the prophenoloxidases and hemocyanins, both of which retained the two copper
sites involved in oxygen binding. Prophenoloxidases, in their processed active form, are involved in the
oxidation of tyrosine for melanin formation and cuticle sclerotization, while hemocyanins transport

oxygen in respiration in spiders, higher crustaceans and some insects.

During evolution of the ancestral protein some proteins lost the histidines essential for binding copper,
and consequently oxygen, while retaining sequence similarity to prophenoloxidases and hemocyanins.
The evolution of these copper-less proteins followed two major, divergent routes in insects that resulted
in two groups of proteins with strikingly different amino acid profiles. One group, the arylphorins,*
features an unusually high proportion of the aromatic amino acids tyrosine and phenylalanine, giving
them their name and typically accounting for about 20% of the total number of amino acids. The copper-
less homologs forming the other group are rich in methionine (up to ~10 %), but low in aromatic amino
acids.>® Proteins in both groups have the same quaternary structure as the hemocyanins, forming
hexameric complexes of ~80 kDa subunits. These complexes with sizes of ~500 kDa are collectively
called hexamerins and are usually hetero-oligomers of subunits with very similar amino acid
sequences.””" Recent studies of hexamerins from stoneflies, an ancient group of insects, suggested that
the typical arylphorins were the first to diverge from hemocyanins, and that hexamerins low in aromatic
amino acid content appeared later and adopted other functions.” While the crystal structures of a few
arthropod hemocyanins have been obtained and found to be highly conserved, comparable data for an

arylphorin or methionin-rich hexamerin are still missing.'®"'

Besides the well-characterized arylphorins and methionine-rich hexamerins widespread in lepidopteran

insects, other types of hexamerins have been found that do not fit into the two major groups and may



hence have more specific functions. Examples of these are the arylphorins from dipterans, hexamerins
binding juvenile hormone, riboflavin, or biliverdin, hexamerins the expression of which is repressed or
enhanced by juvenile hormone, and hexamerins rich in glutamine.'>"” In many cases, the expression of
hexamerins is under developmental and tissue-specific control. Arylphorins, for example, are typically
produced in the larval fat body, accumulate in the hemolymph before larval-pupal transformation and are
thought to deliver amino acids required for the formation of the adult insect and of the sclerotized cuticle
that consumes large quantities of aromatic amino acids. Therefore, these proteins are generally described

as storage proteins, though details of their dynamics and fate are rare.”*'*'?

According to recent studies besides serving as mass resources for metamorphosis, cuticle formation and
egg development, hexamerins may also function in cellular control. In termites, two different hexamerins
rich in aromatic amino acids play a major role in caste determination in cooperation with juvenile
hormone.”®*' An arylphorin subunit, acting as a monomer, has been shown to stimulate cell proliferation
and differentiation in several species of moth both in vitro and in vivo.?*** In the wax moth, the
haemolytic and cytotoxic effects of hemolymph have been attributed to a typical hexameric arylphorin,

which may thus contribute to the insect’s immune response.”>2°

The impressive accumulation of storage proteins just before metamorphosis is readily observed when they
are associated with coloured ligands such as the blue bilins that originate from heme cleavage. A number
of such insect biliproteins have been characterized and many of them are lipocalins as judged from their
monomer sizes of ~20 kDa.?” However, definite structural assignment has only been possible for the two
biliproteins for which the crystal structures have been solved.”*** A few biliproteins can be tentatively
classified as hexamerins based on subunit size, but none of these represents a true arylphorin with a high
(~20%) content of aromatic amino acids. The four cyanoproteins of the bug, Riptortus clavatus, are true
biliproteins. They are present in eggs and hemolymph as complexes formed from two different
subunits."**° However, the proportion of aromatic amino acids present is only about 15%, significantly
lower than that of typical arylphorins possibly indicating a different role of these cyanoproteins the

expression of which is activated by juvenile hormone.



We have isolated and characterized a hexamerin-type storage protein from the larval hemolymph of a
moth, Cerura vinula. The protein is a typical arylphorin with high sequence similarity to a wide range of
arylphorins, a high content of aromatic amino acids and a low content of methionine. It occurs as a
hexameric complex formed from two different subunits with the typical quarternary structure of
hexamerins. Surprisingly, this arylphorin is also a biliprotein with a non-covalently bound biliverdin-
based chromophore conferring an intense blue colour. In addition to the physicochemical characterization
of this Cerura biliprotein (CBP) we also present electron microscopic images and a preliminary three-
dimensional (3D) structural reconstruction of the protein particles. To the best of our knowledge, this is

the first molecular study of a true arylphorin as a biliprotein.

Results

Purification of CBP

Hemolymph of C. vinula late last instar larvae contains the blue CBP as a major protein constituent.
Together with yellow carotenoproteins also present in the hemolymph, CBP produces a dark green
colouration. Based on the spectral data of samples of the isolated blue protein (see below), the purities of
CBP preparations were >60% after ammonium sulfate precipitation and >95% after chromatography on

DEAE-Sephacel. Size exclusion chromatography provided pure CBP, according to SDS-PAGE analysis.

A solution of purified blue CBP showed absorbance maxima at 277 nm, 373 nm and 666 nm and
absorbance ratios of ~1.5 for Agesnm/A3730m and of ~0.2 for Ageenm/A277am (Figure 1). The maxima at 373
nm and 666 nm are due to the association of CBP with a bilin. This was easily liberated from the
dissolved holo-protein by the addition of methanol at >50% (v/v) final concentration. The blue pigment
was isolated from the supernatant by solid or liquid phase extraction. Results so far suggest a novel
biliverdin-based structure for the CBP ligand (Kayser, unpublished data). Since this chromophore is

different from those of the known biliverdin isomers its true extinction coefficient is unknown. However,



as the UV absorption (Soret band), contrary to that in the visible range, was only slightly different in the
bound and free CBP ligand (Kayser, unpublished data) a preliminary estimate for the bilin-to-protein ratio

has been obtained as reported below.

Chromatofocusing showed CBP to be a weakly acidic protein exhibiting isoelectric heterogeneity. The
majority of the protein eluted at a pH of ~5.5, and the rest at a pH around 5 as a broad tailing peak only
partially separated from the predominant form. All fractions showed identical visible absorption spectra

characteristic of the native protein-bound bilin ligand.

The size of the native CBP complex was studied by several methods. Size-exclusion chromatography
(TSK HW 55-S) performed in 50 mM Tris/HCI (pH 7.4), consistently provided a value of ~430 kDa for
several fresh protein isolates (Figure 2). The same result was obtained using 200 mM potassium
phosphate (pH 7.00) as eluant. A single batch of CBP prepared in the same way provided a value of ~230
kDa (i.e., it behaved like catalase) in repeated experiments calibrated with seven reference proteins. The
reason for this exceptional result is unknown. Exposure of CBP to high pH (pH 9.6; 100 mM Gly/NaOH),
even over night, did not result in dissociation of the complex into its subunits as shown by size-exclusion

chromatography performed in the same buffer.

On analytical ultracentrifugation of CBP, sedimentation equilibrium runs, performed at a protein
concentration of 1.7 mg/mL, showed one major fraction with a molecular mass ~500 kDa. A
sedimentation velocity run, performed at 0.42 mg/mL, provided a sedimentation coefficient Sy, of 17.8
and a frictional ratio f/fy of 1.25. The latter is close to the value of 1.28 determined for bovine serum
albumin,’' suggesting that CBP has a spherical shape. Dynamic Light Scattering, as a supplementary

method, provided an estimate of ~570 kDa for the molecular mass of CBP.

CBP was subjected to two modes of mass spectrometric analysis. Whereas MALDI/TOF-MS produced a
relatively broad molecular ion signal in the range of 84-87 kDa (data not shown), after deconvolution

ESI-MS yielded a cluster of clearly separated molecular ion signals in the range of 85.2-85.9 kDa



confirming the oligomeric structure of CBP and unequivocally demonstrating the heterogeneity of its
subunits. The most intense molecular ion signals were detected at 85,246 Da, 85,408 Da and 85,569 Da
(Figure 3). The mass differences of approximately 162 Da suggest the presence of glycoforms differing
by hexose residues as is typical for high-mannose type structures. Weaker signals are compatible with the
presence of a second, by approximately 90-kDa larger protein bearing similar modifications (see below).
Additional minor signals were present at in the range of 42.6-43.2 kDa; these might represent doubly

charged molecular ion signals.

Under the denaturating conditions of SDS-PAGE freshly prepared samples of CBP behaved as a single
band with a M; of ~72,000. Occasionally, small amounts of a doublet protein band with a M, 240,000 and
a band with a M, of ~150,000 were also present (Figure 4). CBP pre-treated with DTT at 70°C provided
the same pattern of bands. Prolonged storage of CBP at ~5 °C (for several weeks or months) produced
more of the proteins with M, of 240,000 and additional bands in the range of M, of 20,000-25,000 (not
present in Figure 4). The visible absorption spectra of such ‘aged’ samples were identical to those of fully
native ones. Both samples also behaved identically on size-exclusion chromatography. The mechanism

underlying this change of band pattern is unknown.

Taken together, the results from the various approaches to mass determination convincingly suggested
that native CBP is a hexameric ~500 kDa-complex most likely composed of non-identical subunits with

sizes in the 85-kDa range.

Amino acid composition and ligand-to-protein ratio

A significant feature of the amino acid composition of CBP was the relatively high content of aromatic
amino acids with Tyr (9.3%) and Phe (9.6%) making up 18.9% of the total (Table 1). As further
significant features, CBP was also rich in Asx (11.9%) and GIx (12.7%) but low in Met (0.8%).
Calculated for an 85-kDa subunit, the number of Tyr residues obtained by acid hydrolysis (58.1 residues)
was in good agreement with results from spectroscopy (57.1 residues); the latter method also provided

data on the Trp content (Table 1). For the bilin-binding protein from P. brassicae, studied as a reference



by the same spectroscopic method, the residue numbers for Tyr and Trp were 16.0 and 5.1, respectively,

in perfect agreement with sequence data.*

An extinction coefficient of 167 mM™" ecm™ for 294.5 nm in 0.1 N NaOH (spectral intersection of Tyr and
Trp absorption)™ was obtained for an 85-kDa subunit of apo-CBP by calculation. This compares well
with the experimentally determined value of 155 mM™ cm™ (n = 4). Given the molar ratio of Tyr and Trp
in CBP and the change of Tyr absorption with pH, an extinction coefficient for neutral media of 120 mM~
"em™ was estimated for the apo-protein absorption maximum around 277 nm. Based on this value and the
molar Soret absorption of the biliverdin isomers the molar bilin-to-protein subunit ratio was estimated to
be 1:3. A similar value was obtained from the determination of the holoprotein concentration by the
Bradford reagent and, after precipitation of the apo-protein with methanol, the concentration of the free
bilin using both absorption peaks. This estimate of stoichiometry suggests that the hexameric CBP

complex contains two molecules of the bilin ligand.

Peptide sequences and sequence comparisons

CBP was further characterized by Edman sequencing of the intact protein and of isolated internal peptides
after cleavage by CNBr and LysC. Mass spectrometric de novo sequencing of peptide mixtures obtained
by tryptic and GluC digestion of the isolated protein preparation and of protein bands partially separated
by SDS-PAGE was performed as a complementary technique (Table 2). Two N-terminal sequences of
approximately equal concentration were detected by Edman sequencing of intact CBP: GTVPTKFN
VKandTTIKHNLKTKEVDAEFV AR Q. No significant similarity to other proteins was
found for the first sequence, probably due to the relatively low number of identified amino acids, whereas
the second sequence was found to be very similar to the N-terminus of subunits from insect arylphorins.
A large number of internal peptides were identified by Edman sequencing and/or de novo MS sequencing
after proteolytic cleavage (Table 2). It should be noted that the mass spectrometric technique applied is
not capable of distinguishing between L (Leu) and I (Ileu) residues. Therefore, in MS-derived sequences
the amino acid L stands for either L or I. The amino acid sequences obtained by the different techniques

are in excellent agreement. Database searches using FASTA or MPsrch programmes provided by EBI



(www.ebi.ac.uk) revealed that almost all peptides showed high similarity to arylphorins from various
insects, mostly from moth species. The identification of two different N-terminal sequences by Edman
sequencing suggest the presence of at least two different subunits in the hexameric CBP complex. This
was confirmed by the detection of very similar, but clearly different internal peptides by Edman as well as
MS sequencing. Finally, it should be noted that no sequences incompatible with arylphorins were

detected, excluding the presence of a single unrelated contaminating protein (Table 2).

Carbohydrate composition

The glycoprotein nature of CBP was further demonstrated by its adsorption to ConA-sepharose. Complete
desorption required the use of both a—methyl-glucopyranose and o—methyl-mannopyranose in the eluent
allowing 33% and 67%, respectively, to be recovered by successive elution. When a—methyl-
mannopyranose was used first, CBP was even recovered to 94% in the eluate. These results indicate that

mannose is the major sugar moiety of CBP.

The presence of carbohydrates was confirmed by a semi-quantitative analysis of the carbohydrate
components applying GC/MS after methanolysis and trimethylsilylation of the holoprotein. N-
acetylglucosamine, mannose and glucose were detected in a ratio of approximately 1:10:1 suggesting the
presence of high-mannose-type glycans. The total amount of carbohydrate was estimated to be

approximately 5 % of the holo-protein mass.

Glycosylation sites

Four glycopeptides were identified by mass spectrometric analysis of the proteolytic digests of the protein
(Table 2). A series of molecular ions differing by 162 mass units with characteristic fragmentation
behaviour upon collision-induced dissociation (CID) were detected that corresponded to glycopeptides
with an identical peptide backbone but different numbers of hexose residues. The very high abundance of
carbohydrate specific fragments allowed the clear identification of the carbohydrate part as high
mannose-type glycans with 8-10 hexose residues as the dominant structures. From the abundant fragment

generated by cleavage of the chitobiose linkage, the mass of the peptide plus one remaining N-



acetylglucosamine residue could be readily determined. However, amino acid sequence specific
fragments were of relatively low abundance or completely missing. Therefore, MS could not provide
peptide sequences of the intact glycopeptides. Four additional peptides were successfully obtained after
enzymatic removal of the glycans from the peptides by PNGase F, resulting in deamination of Asn, the
specific site for N-glycosylation in the tripeptide consensus sequence Asn X Ser/Thr (N X S/T), to Asp
(D). One of these was also identified by Edman sequencing (see Table 2). All peptides containing the

modified consensus sequence D X S/T showed strong similarity to insect arylphorins.

Carbohydrate structure

To obtain more information on the oligosaccharide moieties, the intact glycoprotein was enzymatically
deglycosylated and the resulting free N-glycans were isolated and analysed by MALDI-MS and ESI-
MS/MS before and after reduction and permethylation (data not shown). The MALDI mass spectrum of
the native N-glycans agreed very well with the data obtained from analysis of the glycopeptides. Three
glycans with the composition Hexs j)HexNAc, at a ratio of approximately 1:10:5 were observed,
suggesting the presence of high mannose type N-glycans with 8 or 9 mannose residues and, as a relatively
unusual structure, a glycan with nine mannose residues, one glucose and one chitobiose unit. This
structural assignment was compatible with the carbohydrate compositional analysis of the intact protein,
which showed the presence of small amounts of glucose in addition to mannose and N-
acetylglucosamine. Interestingly, the proposed structure has already been described as the dominant
glycan of the arylphorin of the Chinese oak silkworm.** To further demonstrate the identity of the isolated
N-glycans with the structures described in the literature, the glycans were reduced, permethylated and
analysed by ESI-MS/MS. The masses and fragmentation pattern were in complete agreement with the
assumed structures (Figure 5). In the case of the structure containing one glucose residue, a fragment
generated by the elimination of four hexose units was detected, which can only be explained by the
linkage of the additional hexose to the branch linked o1-3 to the inner common core mannose of the

standard Man, high mannose-type structure, as shown for the largest N-glycan described by others.**
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Electron microscopy and 3D analysis

Transmission electron microscopy (TEM) of negatively stained CBP at different concentrations (range of
0.014 to 0.5 mg/mL) revealed a fairly homogeneous fraction of single particles. According to the various
top- and side-view projections these were 13 nm in diameter and about 9 nm in height (Figure 6). A low
number (estimated <10%) of smaller particles with the same diameter but about half the height were

present in some preparations (Figure 6). Particles associated with others were also occasionally observed.

Images of unstained CBP particles recorded by scanning transmission electron microscopy (STEM) for
mass measurement, did not show the smaller class of particles, but some association was also observed
(Figure 7a). Analysis of the images provided a mass of 471 + 47 kDa (n = 1541; Figure 7a) for the
predominant particle fraction, in accordance with the results from the other methods detailed above and
confirming the hexameric nature of these complexes. STEM imaging of similarly prepared but negatively
stained grids revealed structural details of the complexes present without the application of averaging
procedures. Six domains can be distinguished on the roughly circular top-views. These form the corners
of two, centrally aligned, overlapping triangles giving the structure a 3-fold symmetry. There are also
signs of a central ring-like domain. In addition, some side-views have a clear 2-fold symmetry (Figure 7b

and c¢).

Particle projections selected from TEM images of negatively stained samples were used for preliminary
3D reconstruction. Two of the 2D averages initially generated are shown in Figure 8a. As indicated by the
STEM single-shot images, the top-view average has a triangular-to-circular cross-section and six distinct
domains organised in two sets of three. These features and the possible ring-like structure towards the
centre of the average became more pronounced on the application of D3 symmetry (data not shown). The
various side-views, one of which is shown in Figure 8a, were rectangular in shape, often with indications
of a 2-fold symmetry axis. D3 symmetry was assumed to generate the final low resolution 3D model (Fig
8c), which has a resolution of 25A. Re-projections were calculated and compared to the initial averages as
a control (Figure 8b); the two views shown are positioned immediately adjacent to the initial averages to

facilitate comparison.
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Discussion

We have identified the predominant larval blue hemolymph protein from the moth C. vinula, the Cerura
biliprotein (CBP), as a typical member of the arylphorin group of hexameric hemocyanin-related protein
complexes. This assignment is based on the physicochemical characterization of the native holoprotein
and its subunits, on the high content of aromatic amino acids and on the high similarity of the peptide

sequences to arylphorins from insects, almost all from other moth species.

CBP occurs as an oligomeric complex with a mass of ~500 kDa, as determined by several methods, and is
composed of six ~85 kDa subunits. This is in accordance with other hexamerins that have been
characterized from a diversity of insects.” Data from mass spectrometry and from sequence analyses of
cleavage peptides suggest the presence of two non-identical subunits of very similar size and sequence,
which is common in this group of proteins. Based on the monomer size(s) obtained by mass spectrometry,
around 85 kDa, the expected mass of the hexamer is 510 kDa, a value also supported by analytical
ultracentrifugation (indicated mass ~500 kDa), and STEM mass measurements of individual complexes
(indicated mass 471 + 47 kDa). A somewhat higher estimate, of 570+-30 kDa, was obtained by dynamic
light scattering. The remarkable underestimation of the CBP mass as a 430-kDa complex by gel
permeation chromatography may result from interaction of the N-glycans attached to the protein with the
Fractogel matrix. Interestingly, SDS PAGE also gave an underestimate of the molecular mass indicating a

M, of ~72,000 for the subunits, corresponding to a M, of ~430,000 for the hexameric CBP complex.

Some arylphorins, such as calliphorin from blowfly, Calliphora vicina, have been observed to reversibly
dissociate into subunits at alkaline pH, eventually producing trimers as intermediates.'®** The CBP
complex did not dissociate under these conditions, like the arylphorin (manducin) of tobacco hornworm,

Manduca sexta.*®
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The name-giving physicochemical feature of the arylphorin class of insect hexamerins is their high
content of the aromatic amino acids Tyr and Phe, typically amounting to ~20% of the total amino acids,
and a low content of Met. Other predominant amino acids are Asx and GIx.'®*” This feature was clearly
reflected by the amino acid profile of CBP. The other major class of hexamerins are the Met-rich storage
proteins with Met amounting up to 10%.5'® Assignment of CBP to the arylphorin type of hexamerins was
confirmed by the high similarities of a fairly large number of CBP cleavage peptides, many of them
comprising more than 20 residues, to sequences from other arylphorins, almost all from other moth
species. This information is currently being used in a cloning approach to obtain the complete sequences

of the two CBP subunits.

Arylphorins are known to be glycosylated.***** The glycoprotein nature of CBP was initially indicated by
its affinity to ConA-Sepharose and was subsequently firmly established by mass spectrometry. The sugar
components were identified as high-mannose-type glycans that are well-known in insects. N-Glycans
from mammals, in contrast, are rich in galactose.” Fucose, which is frequently found in proteins
produced by insect cell lines,”” was absent in CBP. Interestingly, however, a low amount of fucose is
present in the arylphorin from the silkworm, Antherea pernyi.** In CBP, the glycans are composed of
mannose, N-acetylglucosamine and glucose with an approximate ratio of 10:1:1. The proposed structure
for the Glc;ManyGlcNAc, moiety is identical to that presented by Kim et al. for the dominant glycan of
the Chinese oak silkworm on the basis of mass and NMR spectra.3 * Moreover, the same oligosaccharide
structure (lacking the terminal glucose, however) was previously identified by NMR spectroscopy in a
glycopeptide obtained from the arylphorin from another moth, the tobacco hornworm, M. sexta.*® In the

three moth species, the carbohydrate content is in the range of 2-5% of the total protein mass.

Several glycopeptides identified in CBP showed the conserved tripeptide consensus sequence
AsnXSer/Thr with Asn as the site of glycosylation. While two to three potential Asn-linked glycosylation

sites are present in the arylphorin gene sequences from several insects,****

glycopeptides from only two
sites were found by mass spectrometry in the protein from A. pernyi, identified as Asn 196 and Asn 344.*

To locate these sites in the hexamer complex, these authors constructed a three-dimensional model of

13



arylphorin based on crystal structure data for the hemocyanins from spiny lobster, Panulirus interruptus,
and horseshoe crab, Limulus polyphemus. According to this model, Asn 196, which carries the
GlcManogGlcNAc; glycan, is buried inside the hexamer and thus protected from solvent. This
glycosylation site at a position around 200 seems to be conserved among all hexamerins,'” and probably
corresponds to the glycosylation site contained in peptides T11 and T13 from CBP. The second site, at
Asn 344 in the A. pernyi protein, linked to Mans_ GIcNAc,, is located at the hexamer surface in this
model. Hence, it may represent a processed glycan. As this site is apparently not present in any of the
identified peptide sequences from CBP the actual number of sugar moieties in this arylphorin remains

open at present.

Except for a few hemocyanins, no crystal structure from any other hexamerin is available at present.
However, the conserved physicochemical features and sequence similarities among hexamerins, including
the hemocyanins, suggest that the overall structures of the subunits as well as their hexameric complexes

are also conserved.

On this conceptual basis, a preliminary model of the arylphorin hexamer from blowfly has been deduced
and supplemented by an electron microscopic study of the morphology of negatively stained protein
particles.*® These particles exhibited a triangular-to-circular profile in top views with a diameter of 12 nm
and a rectangular shape in side views, indicating a height of 10 nm. The arylphorin CBP particles are of
comparable shape in the two views and of similar size, having a diameter of 13 nm and a height of 9 nm
(Figures 6 and 7). Moreover, the presence of six distinct domains and the symmetry of the CBP complex
revealed by STEM single-shot images (Figure 7) and TEM single particle analysis and 3D reconstruction
(Figure 8) are compatible with structural information available for other hexamerins, such as the

arylphorin from the blowfly Calliphora vicina and the hemocyanins from the lobsters

. { Geldscht:

In addition to this major population of particles, the preparation of CBP also contained a small number of

particles with the same diameter but about half the height. As these must also have half the mass they are
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probably trimers formed by the partial dissociation of the native hexamer. If this interpretation is correct,
the CBP complex must be a dimer of trimers. Markl et al. arrived at the same conclusion in their study of
the blowfly arylphorin.*® In contrast to the blowfly protein, however, specific higher aggregates of CBP

were neither detected by electron microscopy nor by gel permeation chromatography.

CBP is an interesting variant of the arylphorin-type of hexamerins as it is associated with a tetrapyrrol
ligand of unknown structure and function. CBP shares the latter aspect with other insect biliproteins that
are synthesized according to developmental and tissue-specific programs.”™*” As the ligand is clearly not
present at an equimolar ratio to the hexamer subunits, but rather at a ratio of 1:3, the location and mode of
binding within the presumed trimeric subcomplex is rather speculative at present, calling for crystal
structure analysis of this arylphorin. The novel biliverdin-based chromophore, though non-covalently
associated with the protein, is obviously bound in a most specific way that induces high optical activity in

the ligand, which is optically inactive in its free state.*®

Materials and Methods

Protein purification

CBP protein was isolated from the dark green hemolymph of late last instar larvae of the moth Cerura
vinula (Notodontidae) entering the wandering stage. Hemolymph was obtained by bleeding from an
abdominal leg and mixed with in the same volume of cold 50 mM Tris/HCI buffer (pH 7.4) supplemented
with a few grains of N-phenyl thiourea to prevent blackening by phenoloxidase activity. After clearing
the buffer-diluted hemolymph by centrifugation at 10,0009 and 5 °C for 10 min (Sorvall RC-5C with
rotor SS-34), CBP was obtained as a blue or blue-green precipitate by the addition of solid ammonium
sulphate in the saturation range of 50-60 % (at 0 °C). The precipitate was collected by centrifugation at
20,0009 for 30 min and then re-dissolved in Tris buffer. The bulk of yellow carotenoprotein(s) remained
in the supernatant, which was discarded. The dissolved pellet containing the blue CBP and some yellow

protein(s) were concentrated and intensively dialysed against the 50 mM Tris/HCI buffer containing 30
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mM NaCl, pH 7.4, using Centriprep 50 centrifugation units (Amicon-Millipore). CBP was further
purified by chromatography on a column of DEAE Sephacel (2.5 x 34 cm) applying a linear gradient of
NaCl (30-400 mM) in 50 mM Tris/HCI buffer, pH 7.4, at a flow rate of 1.8 mL/min and monitoring at
280 nm. Fractions were collected and spectrally characterized by the absorbance ratios of Agssnm/A3730m
and Agsenm/A27snm, respectively. Spectra were recorded in the range of 250 to 750 nm using a Perkin Elmer
Lambda 15 UV/VIS spectrophotometer and quartz cuvettes of 10 mm or 2 mm light path. Fractions were
pooled according to purity and concentrated for either re-chromatography on DEAE Sephacel (eventually
of non-peak fractions) or for size-exclusion chromatography on a Fractogel TSK HW 55-S (Merck)
column (2.5 x 36 cm) run with 0.05 M Tris/HCI buffer, pH 7.4, at a rate of 0.8 mL/min. The fractions
were spectrally examined for CBP, eventually pooled and concentrated as above. Protein was quantified

using the Bradford reagent (Bio-Rad) and bovine serum albumin fraction V (Serva) as a standard.

Chromatofocusing

A column (1 x 50 cm) of Polybuffer exchanger PBE 94 (Pharmacia) was equilibrated with 25 mM
histidine x HCI, pH 6.1. Elution was performed with Polybuffer 74 x HCI of pH 4.0 at a flow rate of 0.8
mL/min. Approximately 5 mL of elution buffer was applied to the column prior to the sample, as
recommended by the manufacturer. Elution was monitored at 280 nm. The collected fractions were

characterized by their pH values and full range-absorption spectra.

ConA-Sepharose chromatography

A small volume (approximately 1.5 mL) of ConA-Sepharose (Pharmacia) equilibrated with 10 mM
Tris/HCI containing 500 mM NaCl, 1 mM MnCl, and 1 mM CaCl,, pH 7.5, was incubated with
approximately 0.3 mL of CBP in Tris/HCI buffer, pH 7.4, overnight in a 3-mL filtration column (Isolute).
Elution was sequentially performed with 0.5 M a-methyl-glucopyranose and 0.5 M a-methyl-
mannopyranose, both dissolved in equilibration buffer, and monitored at 280 nm to assure complete
elution by each displacing sugar. The relative concentrations of CBP in the eluates were calculated on the

basis of the absorbances at 280 nm.
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Analytical size exclusion chromatography

Size exclusion chromatography on a TSK HW 55-S column (2.5 x 34 cm) was also used to estimate the
molecular mass of native CBP. The standard running buffer was 0.05 M Tris/HCI, pH 7.4. In some
experiments 200 mM potassium phosphate, pH 7.0, and 100 mM Gly/NaOH, pH 9.6, respectively, were
used. The reference proteins (Pharmacia, Bio-Rad) were thyroglobulin (669 kDa), ferritin (440 kDa),
catalase (232 kDa), bovine y-globulin (158 kDa), bovine serum albumin (67 kDa) and chicken ovalbumin
(44 kDa), used in various combinations. In addition, the Pieris bilin-binding protein (19.8 kDa) from

. 2
earlier work was used.”®

Dynamic light scattering
A DynaPro Plate Reader (Wyatt Technology Corp., Santa Barbara, USA) was used for mass

determination of CBP in 0.05 M Tris/Cl-buffer, pH 7.4, at several dilutions.

Analytical ultracentrifugation

Analytical ultracentrifugation was performed in a Beckman XL-A analytical ultracentrifuge at 20 °C.
CBP was dissolved in 25 mM Tris/HCI buffer pH 7.4 containing 150 mM NaCl. Sedimentation velocity
runs were performed in a 12 mm double-sector cell at a protein concentration of 0.42 mg/mL and at
50,000 rpm; the scanning wavelength was 280 nm. Sedimentation equilibrium runs were performed for
different protein concentrations at 4400 rpm and 4500 rpm in double-sector cells of different thickness (3
mm, 4 mm and 12 mm). The data were analysed using the SedFit software >’ for sedimentation velocity
runs and the SEGAL program ® for sedimentation equilibrium runs. The partial specific volume of CBP
was 0.73 cm®/g and the solution density was 1.005 g/cm’. A solution viscosity of 1.03 centipoises was

taken for the conversion of S to Syow. The total conversion factor including the solution density was 1.05.

Polyacrylamide gel electrophoresis (PAGE)
PAGE in the presence of SDS was performed with pre-cast NuPAGE Novex Bis-Tris 10% and 4-12%
gels run with MES or MOPS buffers. In some experiments the protein samples were heated to 70 °C for 5

min in the presence of 2 mM DTT before loading. The SeeBlue Plus2 mixture was used as molecular
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weight markers. Proteins were stained with SimplyBlue™ SafeStain. Operation conditions were as

recommended by the manufacturer (Invitrogen).

Preparation of apo-CBP and isolation of the bilin ligand

Methanol was added to a buffer solution of native holo-CBP to a final concentration of >50% (v/v) to
achieve immediate and complete precipitation of the apo-protein and extraction of the bilin. After storage
in the cold for several hours and centrifugation, the bilin ligand was isolated by passing the blue
supernatant, after dilution with water to about 20% methanol, through a Sep-Pak C18 cartridge (Waters),
washing with 1 mL 20% (v/v) methanol followed by elution of the blue pigment with 100% methanol.
The bilin concentration was estimated by assuming a millimolar extinction coefficient of 50 mM™" cm™
for the Soret absorption maximum around 373 nm of both the protein-bound and the free pigment and a
value of 15 mM™' cm™ for the absorption maximum around 630 nm for the free bilin.*’ Alternatively, the
bilin was extracted from the supernatant with chloroform after dilution with water and acidification to pH
<3 with citric acid. The apo-CBP pellet was lyophilised and re-dissolved as required for further studies

(see below).

Amino acid composition

The amino acid composition of (holo-)CBP was analysed in duplicate on a Biotronic LC 3000 analyser
after hydrolysis in 6 M HCI at 110 °C for 24 h.*® The content of Tyr was also determined by pH-
difference spectroscopy of apo-CBP from the extinction difference at 295 nm of the solution in 0.1 N
NaOH/4 M urea minus that in 0.1 N HCI using an extinction coefficient of 2.33 mM™ cm™.>' From these
results, the content of Trp relative to that of Tyr was spectroscopically obtained in 0.1 N NaOH.™ As a
reference, the aromatic amino acids of the Pieris bilin-binding protein ** were quantified with the same
spectroscopic methods. The extinction coefficient of apo-CBP in 0.1 N NaOH/4 M urea was calculated

according to Goodwin and Morton. >
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Protein cleavage, peptide isolation and sequence analysis

The proteins were reduced and pyridylethylated as described.”® CNBr cleavage was performed in 70 %
(v/v) formic acid by addition of a small crystal of CNBr and incubation at 23 °C for 24 h in the dark. The
fragments were suspended in 0.1 % trifluoroacetic acid containing 25 % (v/v) acetonitrile. The insoluble
material was removed by centrifugation and the soluble fragments were separated using a Superdex
Peptide column HR 10/30 (Amersham Biosciences) in the same solvent at a flow rate of 0.3 mL/min and
by C18 reversed phase HPLC.>® The pellet of fragments insoluble in trifluoroacetic acid/acetonitrile was
dissolved in 0.1 M ammonium acetate, pH 5, containing 4 M guanidinium hydrochloride, and separated
using a Superdex 75 (10/300; Amersham Biosciences) column in the same solvent at a flow rate of 0.3
mL/min. The fractions were acidified to pH ~1 with trifluoroacetic acid and desalted using a short
reversed phase column (HD-Gel-RP-7s-300, 4 x 40 mm; Grom, Rottenburg, Germany) with a gradient of
15-65 % (v/v) acetonitrile in 0.1 % trifluoroacetic acid over 20 min at a flow rate of 0.5 mL/min.
Cleavage with Achromobacter lysyl endopeptidase (WAKO Chemicals, Neuss, Germany) was done in
0.1 M ammonium hydrogen carbonate containing 4 M urea at an enzyme to substrate ratio of 1:100 at 23
°C for 16 h. The peptides were separated using a Superdex Peptide column and reversed phase HPLC as
above. N-terminal amino acid sequence analysis and sequencing of peptides was performed using the

Procise 492 sequencer (Applied Biosystems).

Carbohydrate compositional analysis
Monosaccharides linked to CBP were analyzed on a Finnigan GCQ GC/MS system after methanolysis,
N-reacetylation and trimethylsilylation, as the corresponding methyl glycosides on a 30 m DBS capillary

column.”

Enzymatic liberation of N-glycans

For the liberation of N-glycans, a 100-300 pg sample of holo-CBP was incubated with 25 mU of
recombinant PNGase F (Boehringer Mannheim) over night at 37 °C. Complete digestion was monitored
by the specific mobility shift of the protein on SDS-PAGE. The released N-glycans were recovered in the

supernatant after precipitation with four volumes of 100% ethanol at —20 °C and centrifugation at 18,0009
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for 10 min at 4 °C. The resulting pellet was washed three times with 1 mL of 80% (v/v) ethanol. The
pooled supernatants containing the oligosaccharides were dried in a vacuum centrifuge (Speed Vac
concentrator, Savant Instruments Inc., USA). The glycan samples were desalted using Hypercarb
cartridges (100 mg). Prior to use, the columns were washed three times with 500 pL 80% (v/v)
acetonitrile in 0.1% (v/v) trifluoroacetic acid followed by three washes with 500 pL water. The samples
were diluted with water to a final volume of 300 pL before loading onto the cartridges. The loaded
cartridges were washed rigorously with water. Oligosaccharides were eluted with 1.2 mL 25% (v/v)
acetonitrile containing 0.1% (v/v) trifluoroacetic acid. The eluate was neutralized with 2 M NH,OH and

dried in a Speed Vac concentrator.

Reduction and permethylation of the liberated N-glycans
N-glycans were reduced using NaBH, and permethylated.”* The permethylated sample was used for

MALDI/TOF-MS and ESI-MS/MS analysis.

In-gel tryptic digestion

Samples (ca. 20 ug) of CBP holoprotein were separated on 15% polyacrylamide gels and stained by
Coomassie Brillant Blue. Selected gel areas corresponding to the protein bands were excised and washed
twice with 500 uL 50 mM NH4HCO;, and twice with 500 pL 50% (v/v) acetonitrile containing 0.1%
(v/v) formic acid. Gel pieces were dried in a Speed Vac concentrator and re-hydrated after adding 100 pL
of a trypsin solution (2 pg/mL in 50 mM NH,HCOs) followed by a second addition of 100 uL of the same
trypsin solution after 2 h. After incubation for 7 h at 37 °C, the supernatants containing the tryptic
peptides were transferred to a centrifuge tube. Gel pieces were washed twice with 500 pL 50 mM
NH;HCO; and twice with 500 pL 50% acetonitrile/0.1% formic acid, as above. Washes were pooled and
dried in vacuum. Peptide mixtures were re-dissolved in 50 pL water and samples were divided into two
equal parts. One part was subjected to PNGase F digestion as described above; the other part served as
control. Trifluoroacetic acid at 0.1% (v/v) was added to the samples and tryptic peptides with and without

PNGase F treatment were purified using ZipTip pipette tips (Millipore) containing C18 reversed-phase
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material, according to the manufacturer’s instructions. After washing with 0.1% (v/v) formic acid, elution

of peptides was performed with 10 pL 0.1% (v/v) formic acid in 60% (v/v) acetonitrile.

Enzymatic deglycosylation of glycopeptides for MS peptide sequencing

Approximately 1 nmol of the tryptic digest was dissolved in 50 pL of 50 mM sodium phosphate buffer,
pH 7.5, containing 10 mM EDTA and 0.02% NaNj;. Two units of recombinant PNGase F (Roche
Diagnostics GmbH, Mannheim, Germany) were added and the mixture was incubated for 12 h at 37 °C.
After desalting, the deglycosylated peptides were analyzed as described below. All glycopeptides
contained the glycosylation sequence Asn X Ser/Thr with Asn being converted to Asp by the action of

PNGase F.

MALDI-TOF MS

Enzymatically liberated oligosaccharides were analyzed in the positive ion mode on a Bruker Ultraflex
time-of-flight (TOF/TOF) instrument using the reflectron with 2,5-dihydroxybenzoic acid containing
approximately 5 uM NaCl as matrix. Reduced and permethylated glycans were similarly studied using a
matrix of a-cyano-4-hydroxy-cinnamic acid. Samples of 1 pL at a concentration of 1-10 pmol/uL were
mixed with equal amounts of matrix solution. This mixture was spotted onto a stainless steel target and

dried at room temperature before analysis.

Electrospray MS/MS

The (glyco)-peptides were analysed by ESI-MS/MS as described.” Briefly, the sample (~3 pL dissolved
in methanol/water 2:1 (v/v) with 1% formic) was placed in a gold-coated nanospray glass capillary
(Protana, Odense, Denmark) and the tip of the capillary was placed orthogonally in front of the entrance
hole of a quadrupole time-of-flight (Q-TOF 2) mass spectrometer (Micromass, Manchester, UK)
equipped with a nanospray ion source. A voltage of ~1000 V was applied. The intact protein was studied
in a similar way, dissolved in 2:1 (v/v) water/methanol containing 1% formic acid. The resulting
spectrum, showing multiple charged protein ions, was deconvoluted using the Max.Ent.1 algorithm

(Micromass). For collision induced dissociation (CID) experiments, parent ions were selectively
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transmitted from the quadrupole mass analyser into the collision cell. Argon was used as the collision gas
and the kinetic energy was set to 20-40 eV for fragmentation of the protonated (glyco)-peptides, whereas
for the reduced and permethylated N-glycans detected as sodium adducts, a significant higher voltage of
60-90 eV was necessary to induce dissociation. The resulting daughter ions were then separated by an
orthogonal time-of-flight (TOF) mass analyser. The acquired MS/MS spectra of proteolytic peptides were
enhanced (Max. Ent. 3; Micromass) and used for manual de novo sequencing. Database searches *® for

similar proteins were performed using the fasta33 algorithm (http://www.ebi.ac.uk/fasta33/).

Transmission electron microscopy

Five uL of CBP solution in 50 mM Tris/HCI buffer, pH 7.4, was adsorbed onto the fresh glow-discharged
copper grid (mesh 200) coated with parlodium/carbon film for 30 s, washed three times with quartz
double-distilled water and once with 1% freshly diluted uranyl acetate; the uranyl acetate solution was
filtered through a 0.2 um filter before use. Samples were stained in 1% uranyl acetate for 10 sec. Excess
stain on the grids was blotted and subsequently air-dried. The grids were examined in a transmission
electron microscope Hitachi 7000 operated at 100 kV. Images were recorded at nominal magnifications of
50,000x to 100,000x on Kodak SO163 photographic film. The negatives were scanned into a computer
using a Primescan D 7100 (Heidelberger Druckmaschinen AG, Heidelberg, Germany) for further

processing.

Scanning transmission electron microscopy (STEM) and mass measurements

A HB-5 scanning transmission electron microscope (Vacuum Generators, East Grinstead, UK) interfaced
to a modular computer system (Tietz Video and Image Processing Systems, Ganting, Germany) was used
for imaging. Samples were prepared on 200-mesh-per-inch gold-plated copper grids, as previously.*
Grids were washed on 4 droplets of quartz double-distilled water and either negatively stained (2% uranyl
acetate) for structural examination or plunge frozen and freeze-dried for mass measurement. Grids were
imaged at recording doses of 395 to 510 electrons/nm? for the mass measurements (pixel size 0.908 nm)
and doses of 7810 to 10200 electrons /nm? for the negative stain microscopy (pixel size 0.326 nm). Beam-

induced mass-loss was experimentally determined by repeatedly scanning of selected grid regions and
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corrections. Tobacco mosaic virus (kindly supplied by R. Diaz-Avalos, Institute of Molecular Biophysics
at Florida State University) was used for absolute mass calibration. Mass analysis was carried out with the
IMPSYS program package.” In the final step, the mass values were corrected for beam-induced mass-
loss, scaled as indicated by the mass standard, binned into a histogram and fitted with a single Gaussian
curve. The illustrations included in Figure 7 b (insets) and c, were generated by imposing a Gaussian blur

on the images and adjusting the contrast.

Single particle analysis and 3D reconstruction

A total of 680 variously oriented, negatively stained CBP particles were manually selected from the
digitised TEM micrographs using the Boxer software of the EMAN program package.® Selected particles
were aligned, classified by multi-variate statistical analysis and averaged (onto which no symmetry was
imposed) for subsequent single particle reconstruction and 3D analysis. Determination of the symmetry
of the CBP particle, initial model generation and the subsequent refinement of 3D model were performed
using the EMAN software package. For 3D reconstruction several initial 3D models — 3-fold symmetry
(C3), 6-fold symmetry (C6), dihedral (double 3-fold) symmetry (D3) and without any symmetry (non-
symmetry) were generated. For all 3D models several cycles of iterative refinement were performed.
Dihedral (D3) rotational symmetry provided the best convergence and was therefore used to obtain a
starting model for the refined final 3D model. The 2D projection images generated on re-projection of this
model served as reference images for particle classification. After classification the particles were
manually aligned and averaged to generate the refined 3D model. This procedure was iteratively repeated
8 times. The final 3D model of CBP was based on 80 class averages. 3D rendering and manipulation of

the model were performed using the Chimera software.®!
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Figure legends

Figure 1. UV/VIS absorption spectrum of CBP. The absorbance maxima at 373 nm and 666 nm are due

to association of the protein with a biliverdin-based novel ligand.

Figure 2. Size-exclusion chromatography of CBP on TSK HW 55-S with 50 mM Tris/HCI (pH 7.4).
Open symbols represent protein standards: 1, thyroglobulin; 2, ferritin; 3, catalase; 4, aldolase; the filled

symbol marks CBP, which behaved as a 430-kDa protein.

Figure 3. Deconvoluted ESI mass spectrum of CBP. The heterogeneity of the protein is clearly visible.
The mass increments of approximately 162 Da between the dominant peaks suggest the presence of

glycoforms.

Figure 4. Analysis of CBP by SDS-PAGE using a 10 % gel and MES buffer. Lanes 1-4: samples from
different fractions from chromatofocusing followed by gel permeation chromatography. The arrow
indicates the position of the CBP band. Sample loads ranged between 13 and 18 pg. Lane 5: protein

standards.

Figure 5. MALDI mass spectrum of the enzymatically liberated native glycans of CBP. The molecular
ions (sodium adducts) are compatible with monosaccharide compositions of Hexg joHexNAc, strongly
suggesting the presence of high-mannose type glycans. The most likely structures of individual glycans,
confirmed by carbohydrate compositional analysis and MS/MS analysis after reduction and
permethylation, are presented. Red squares, N-acetylglucosamine; green circles, mannose; blue rhombs,

glucose.

Figure 6. TEM images of negatively stained CBP at concentrations of 0.04 mg/ml (a) and 0.014 mg/ml
(b). The round and rectangular projections arising from the main particle population correspond to top

and side views of the complex, respectively, indicating that it is about 13 nm in diameter (top views and
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length of the rectangles) and 9 nm high (width of the rectangle). A fraction of smaller projections
document the presence of particles with the same diameter but only half the height (probably trimeric
half-CBP). (c) Enlarged views showing some structural details and one of the smaller projections

(bottom). The scale bar corresponds to 100 nm in (b), and to 10 nm in (c).

Figure 7. STEM analysis of CBP. (a) STEM dark-field image of the unstained protein particles and
histogram displaying the mass distribution obtained from the sample. The Gaussian indicates a mass of
471 + 47 kDa (n = 1541) for the main population of complexes. (b) Single-shot, STEM dark-field image
of negatively stained CBP showing both rectangular side-views and more circular top-views of the
particles. Insets: the adjacent particle displayed to enhance the main features. (c) Four side- and one top-
view image of the CBP complex recorded at a magnification of 1000,000x. Six domains arranged in two
triangles of equivalent regions can be distinguished in the latter. The view lower right, prepared as the
insets in (b), aids their identification. The scale bar corresponds to 50 nm in (a), 20 nm in (b) and the

boxes are 20 nm wide in (c).

Figure 8. 3D reconstruction of the hexameric CBP complex. Projections from 680 manually collected
single complexes were aligned, classified, averaged and used to generate a 3D model. (a) Top-view (left
panel) and side-view (right panel) from class averages. (b) Corresponding re-projections of a top and a
side view of the final model for comparison. (¢) 3D model generated from the average projections. The

scale bar corresponds to 10 nm.
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Table 1. Amino acid composition of CBP. Data of acid hydrolysates represent mean values from
duplicate analyses. Trp was determined by spectrophotometry (n = 4). Numbers of residues were

calculated for a subunit mass of 85 kDa, as obtained by mass spectrometry.

Amino acid Mol% Mol / subunit

(nearest integer)

ASX 11.9 74
THR 5.0 31
SER 43 27
GLX 12.7 79
GLY 4.2 26
ALA 4.7 29
VAL 5.8 36
MET 0.8 5

ILE 3.7 23
LEU 6.4 40
TYR 9.3 58
PHE 9.6 60
HIS 24 15
LYS 7.2 45
ARG 4.6 29
PRO 5.2 32
TRP 2.0 13

Total 99.9 622
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