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Summary. DNA sequencing has revealed an in-
ternal, tandemly repetitive structure in the family
of giant polypeptides encoded by three types of Bal-
biani ring (BR) genes, in three different species of
Chironomus. Each major BR repeat can be subdi-
vided into two halves: a region consisting of short
subrepeats and a more constant region that lacks
obvious subrepeats. Comparative predictions of
secondary structure indicate that an a-helical seg-
ment is consistently present in the amino-terminal
half of the constant region in all known BR proteins.
Comparative predictions, coupled with consider-
ation of the known phosphorylation of serine and
threonine residues in BR proteins, suggest that the
a-helical structure may also extend into the carboxy-
terminal half of the constant region, possibly inter-
rupted by g-turn(s). However, it is also possible that
the structure is variable, and that a 8-strand is pres-
ent in that half in some cases. All of the constant
regions conserve one methionine and one phenyl-
alanine residue, as well as all four cysteines; these
residues presumably play roles in the packing or
cross-linking of aligned constant regions. The struc-
ture of the subrepeat region is not clear, but the
prevalence of a tripeptide pattern (basic-proline—
acidic) suggests some type of structural regularity,
possibly an extended helix. The possible significance
of these conserved molecular features is discussed
in the context of how they may serve the elasticity,
insolubility, and hydrophilicity of the fibrils and
threads formed by the BR polypeptides.
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Introduction

The Balbiani rings (BRs) are giant puffs in the poly-
tene chromosomes of the salivary glands in Chiron-
omus and related dipteran genera. These chromo-
somal sites encode secretory polypeptides of
extremely high molecular weight (M, = 10¢ daltons)
that are spun into the elastic threads that make up
the protective tube and food-gathering funnel of the
aquatic midge larva (Grossbach 1977; Edstrém et
al. 1980; Hertner et al. 1980; Rydlander and Ed-
strdm 1980; Rydlander et al. 1980).

In recent years, through molecular cloning,
Southern hybridization, and DNA sequence anal-
ysis, rapid progress has been made in the charac-
terization of BR genes and the corresponding poly-
peptides (for references, see Pustell et al. 1984). The
sequences are clearly homologous, constituting a gene
family. They show prominent internal repetitious-
ness across three hierarchical levels. First, the major
part of the translated portion in each BR gene con-
sists of tandem repeats of a fundamental unit ap-
proximately 240 bp long (range ca. 180-300 bp).
Many repeats in the same gene are highly similar or
identical copies of one or more major repeat types
(type a, type 8, etc.), minor, more variant repeats
also exist. Second, each of these repeats can be di-
vided into two portions. One consists of short, tan-
dem subrepeats (9-33 bp long); the other shows no
obvious subrepeat structure, and is called the con-
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Fig.1. Protein sequence comparisons of the constant regions of BR repeats. Wavy lines separate the constant region from the flanking

tripeptides, which are assigned to the subrepeat region (see Fig. 2). Residues are numbered from the amino-terminal end of each
constant region. Completely invariant residues are boxed in solid lines, and residues conserved in all major BR1 and BR2 (BRb and
BRc) repeats are boxed in dashed lines. Serine and threonine residues, which are thought to be phosphorylated (see text), are circled.
Gaps inserted for alignment are shown as dashes, and an incomplete sequence is terminated with dots. For multiple sequences of the
same repeat type, identical residues are shown only once. Sequences were obtained from the following publications: BR1, from top
to bottom, Degelmann and Hollenberg (1981), Wieslander et al. (1982), and Case and Byers (1983); BRb, Biumlein et al. (1982a);
BR2a, Siimegi et al. (1982); BR23, Wieslander and Lendahl (1983) and Case et al. (1983); BR2, Jickle et al. (1982); BRc, top two
lines, Bdumlein et al. (1982b), and bottom line, U. Wobus et al., manuscript in preparation; BRc¢ variant (VAR.), U. Wobus et al.,
manuscript in preparation; BR6, Galler et al. (1984). Species are abbreviated as follows: T, Chironomus tentans, TH, C. thummi; P,

C. pallidivittatus

stant region because it is substantially conserved, in
both sequence and length, between genes. Finally,
within many subrepeats a shorter, nonanucleotide
repetitiousness is evident. The hierarchically repet-
itive BR DNA sequences and their possible evolu-
tionary origin are discussed in the accompanying
paper (Pustell et al. 1984).

The repetitiousness of BR genes involves mul-
tiples of three bases, and thus corresponds to re-
petitive polypeptide substructures. Since the infor-
mation necessary for a protein to fold in its native
conformation is encoded in the primary sequence
(Anfinsen 1973), the secondary structures of BR
polypeptides must also have repetitive elements. In
principle, the main structural features of these pro-
teins can be inferred from conceptual translations
of the DNA repeat units. These inferences should
be facilitated by the availability of multiple related
sequences: Comparisons will highlight the impor-
tant features, which should be conserved within this
family of proteins with a common evolutionary or-
igin and related functions.

In this report, we compare and discuss the amino
acid sequences and possible secondary structures of
BR repeats. We have used the currently available
sequences from a variety of BR repeat units studied
by S.T. Case and collaborators; B. Daneholt, L.
Wieslander, and collaborators; J.E. Edstréom and
collaborators; and U. Wobus and collaborators.

Methods

Protein Sequences. BR protein sequences were inferred from pub-
lished DNA sequences and from sequences being prepared for
publication; references are given in the legend to Fig. 1. For
convenience and accuracy, the conceptually translated protein
sequences will be named according to the corresponding genes,
although the in vivo protein products are designated sp-Ia, sp-
Ib, and sp-Ic.

Secondary Structure Prediction. The methods used for sec-
ondary structure prediction have been described in detail by Ha-
modrakas et al. (1982a).

Molecular Modeling. Preliminary modeling of parts of the
protein structure was performed by utilizing the interactive com-
puter graphics facilities of European Molecular Biology Labo-
ratory, Heidelberg. An Evans and Sutherland Multipicture Sys-
tem was used with color and black-and-white displays, 256 kil-
owords of extended memory, and various input and output
devices. The system is served by a Digital Equipment Corp.
VAX-11/780 computer. The interactive molecular modeling pro-
gram FRODO, originated by T. Alwyn Jones and modified for
use at EMBL, Heidelberg, by H. Bosshard and C. Carlson, was
employed.

Results
Sequence Comparisons
Figures 1 and 2 present the amino acid sequences

of constant and subrepeat regions, respectively, from
three kinds of BR proteins and three different species
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Fig. 2. Protein sequence comparisons of the subrepeat regions of BR repeats. Since constant and subrepeat regions alternate in
tandem, the amino-terminal (left) tripeptide of each subrepeat region is the one shown in Fig. 1 flanking the carboxy-terminal (right)
end of the constant region. Similarly, the tripeptide at the right end of the subrepeat region is shown in Fig. 1 flanking the left end of
the constant region. Subrepeats are indicated with brackets. The tripeptide subrepeats of BR6 and some extensively disrupted subrepeats
in BRb are not marked, and some others are slightly permuted relative to those shown by Pustell et al. (1984). Typical tripeptides
[(basic—proline-acidic (serine or threonine)] are boxed with solid lines, and variant tripeptides (with glycine, threonine, or histidine
instead of proline in the second position) are boxed with dotted lines. References and species abbreviations are as in Fig. 1

of Chironomus. It is thought that the BRb and BRc¢
components of C. thummi correspond to the BR1
and BR2 components, respectively, of both C. ren-
tans and C. pallidivittatus. In BR2 of C. tentans,
two major repeat types (@ and ) are known. In BRe¢
of C. thummi, in addition to the standard repeat
type, a minor variant has been characterized (Pustell
et al. 1984; U. Wobus et al., manuscript in prepa-
ration). BR6 is a third kind of BR sequence that,
unlike the other two, is inducible by several envi-
ronmental factors, including starvation for phos-
phate. The BR1 and BR2 (or BRb and BRc) proteins
are heavily phosphorylated, primarily in serine res-
idues but also in threonines, whereas the BR6 com-
ponent lacks serine and threonine and is not phos-
phorylated (Galler et al. 1984; N.N. Kao and S.T.
Case, personal communication).

The exact borders between constant and subre-
peat regions are somewhat arbitrary, and these two
regions may be separated by short transitional se-
quences (Pustell et al. 1984). As shown in Fig. 1, we
have chosen to define the constant regions so as to
exclude on ecither side nearly invariable proline res-
idues embedded in characteristic tripeptides (see be-
low). As defined, the constant regions are almost
devoid of prolines, whereas the subrepeat regions
are proline rich.

The conservative nature of the constant region is
evident in Fig. 1. All the sequences can be aligned
unambiguously. Most are 32 residues long, of which
the first 30 suffer no deletions or insertions. Thirteen
residues are invariant in all the major BR1 and BR2
(or BRb and BRc¢) repeats examined; of these, six
(all four cysteines, the single methionine, and a
phenylalanine) are completely invariant, also oc-
curring in the much more distantly related BRc vari-
ant and BR6 sequences.

In contrast, subrepeats are rich in proline, charged
amino acids, and serine; vary in length; and cannot

be aligned unambiguously (Fig. 2). Much of their
sequence can be described in terms of a tripeptide
pattern corresponding to the nonanucleotide repe-
titiousness: Typically a proline is flanked on the
amino-terminal side by a basic residue (lysine or
arginine) and on the carboxy-terminal side by serine,
threonine, or glutamate. It has been pointed out that
since most serines and many threonines are phos-
phorylated in BR sequences, this pattern of residues
is fundamentally basic—proline-acidic (Galler et al.
1984). Similar tripeptides with glycine, threonine,
or histidine rather than proline in the central po-
sition are found more rarely. The tripeptides are
embedded in subrepeats varying in length up to 11
residues. In most cases, typical tripepetides imme-
diately flank the constant region and have helped to
define the constant/subrepeat region borders (Fig.

1).
Secondary Structure Predictions

We predicted the secondary structures of all known
constant regions plus the immediately flanking tri-
peptides, using computer programs based on six dif-
ferent predictive methods (Hamodrakas et al. 1982a).
Figure 3 presents typical results that span the range
of variations observed. For each polypeptide, in-
dividual predictions of a-helices, 3-pleated sheets
and B-turns were made by each method separately;
predicted structures are indicated by corresponding
horizontal lines (Fig. 3). Joint prediction histograms
were then constructed, since these are more de-
pendable than individual predictive schemes (Schulz
etal. 1974; Argos et al. 1976). In Fig. 3, the structure
predictions are shown above the primary sequences.

The first half of the constant region invariably is
dominated by an a-helix; this prediction is strongest
and most consistent for the segment between me-
thionine-6 and cysteine-14, and extends for variable
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Fig. 3. Secondary structure predictions for the constant regions of selected BR sequences. For each sequence, individual predictions
for a-helices (H), B-sheets (E), or 8-turns (T), as derived according to the methods of Nagano (1977a, b) (N), Garnier et al. (1978)
(G), Burgess et al. (1974) (B), Chou and Fasman (1974a, b) (F), Lim (1974a, b) (L), and Dufton and Hider (1977) (D), are shown by
horizontal lines. Joint prediction histograms, constructed by tallying the individual predictions, are also shown. The most probable
structures (those predicted by three or more methods) are indicated by shaded areas. Sequences are from the references in the legend
to Fig. 1. For BR1 and BR2q, predictions are also shown for sequences in which glutamate is substituted for serine and threonine to

account for the presumed phosphorylation of the latter (see text)

distances on either side. Surprisingly, the second
half of the constant region does not yield consistent
predictions, except for a likely 8-turn centered at
about residue 18 (usually asparagine); the rest is
variously predicted as g-strand (BR1, BR2, BRc),
«-helix (BR6 and, to a lesser extent, the BRc vari-
ant), and coil or turn (ail).

Predictive methods fail for sequences that include
short precise subrepeats (Chou and Fasman 1978).
Thus, we attach no significance to predictions (most-
ly random coil or 8-turn) obtained for the subrepeat
region by the same programs as were used for Fig.
3. The tripeptide pattern (basic—proline—acidic) that
dominates the subrepeats suggests the likely exis-
tence of some type of regular structure. a-Helical

structure might be excluded by the prevalence of
proline residues; however, in screening the protein
data bank of crystallographically characterized pro-
teins (Bernstein et al. 1977; Levitt and Greer 1977),
we have noted that the tripeptides typical of BR
subrepeat regions frequently occur within a-helical
segments (data not shown). A more likely possibility
is an extended, collagenlike helix with the side chains
of the first and third residues alternating in direc-
tions away from the main chain (as in Fig. 4). This
would generate curved, oppositely charged “faces”
that might be neutralized, with formation of inter-
molecular ionic bonds, if the polypeptides were

_properly packed in parallel alignment. Alternative-

ly, the oppositely charged side chains might interact
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Fig.4. Two subrepeats of BR2« from C. rentans (Stimegi et al.
1982; see Fig. 2) modeled in a hypothetical conformation con-
sisting of an extended, collagenlike, left-handed helix (¢ = —60°,
¥ = +140°. The sequence is KPSKHSKPSKHS, from bottom
to top. Note that the lysine and serine side chains point away
from the polypeptide backbone, in opposite orientations, and
form two oppositely charged, curved “faces” (assuming that the
serines are phosphorylated)

intramolecularly, resulting in a more “closed” con-
formation.

Discussion

Although the amino acid sequence dictates native
conformation, secondary structure predictions based
on primary sequences should be undertaken with
full awareness of their limitations. Even in the case
of globular proteins, for which they were initially
developed and applied, the accuracy of predictive
methods is limited (Chou and Fasman 1978). The
methods fail altogether when short precise repeats
are present, and thus have been applied only rarely
to structural proteins, in which internal repeats are
widespread. However, comparisons of evolution-

arily related sequences or of imprecise internal re-
peats are invaluable in overcoming these limita-
tions: Limited variation should reduce the “noise”
and help identify consistent structural features. This
approach has been applied successfully to the central
domains of silkmoth chorion proteins, for which
comparative secondary structure predictions and the
observation of periodicities corresponding to im-
precise internal repeats have led to the identification
of B-sheet strands alternating with S3-turns as the
predominant structure (Hamodrakas et al. 1982a;
S.J. Hamodrakas and F.C. Kafatos, manuscript in
preparation); these predictions have been supported
by both experimental measurements (Hamodrakas
et al. 1982b) and model-building (S.J. Hamodrakas
and F.C. Kafatos, manuscript in preparation). Sim-
ilarly, a repetitive secondary structure in the adeno-
virus fiber protein has been elucidated on the basis
of internal periodicities corresponding to imprecise
repeats (Green et al. 1983).

Since a-helical structure is consistently predicted
in the first half of the BR constant region, there
seems little doubt about its reality. Other predicted
structures are less consistent and therefore less cer-
tain. @-turns are predicted on either side of the a-hel-
ical segment, although not always at the same lo-
cation (cf. the BRc variant). For the major BRI,
BR2, and BRc sequences, a short 8-strand is con-
sistently predicted in the second half of the constant
region, flanked by or overlapping with 8-turns. These
features would suggest a globular supersecondary
structure for the constant region. However, the BR6
sequence and, to a lesser extent, the BRc variant
yield predictions of an a-helical structure extending
into the second half of the constant region. Although
this discrepancy may be real, corresponding to di-
verse polypeptide structures and functions, we favor
the alternative possibility, that the discrepancy is
only apparent.

We have noted that the complete constant region
sequences of major BR1, BR2, and BRc repeats show
significant numbers of serines and threonines (four
to six), whereas these residues are more rare or ab-
sent in the BRc¢ variant and BR6 sequences (two and
zero, respectively). Most serines and many threo-
nines are phosphorylated in the BR polypeptides
(Galler et al. 1984; N.N. Kao and S.T. Case, per-
sonal communication). Phosphorylation would tend
to make these residues conformationally equivalent
to glutamate, as they apparently are in the tripep-
tides of the subrepeats (Fig. 2; Galler et al. 1984).
If so, formation of an «-helix would be promoted
[glutamate is a strong helix-former, whereas serine
and threonine are neutral or unfavorable to helix
formation (Chou and Fasman 1978)]. This is illus-
trated by the predictions for ‘“‘substituted” se-
quences in Fig, 3: If the putative phosphoserines



and phosphothreonines are considered equivalent
to glutamate, a-helical predictions are enhanced at
the expense of @-strand and 8-turn predictions, and
the inferred structures for the second halves of major
BR1,BR2, and BR¢ repeats become reasonably sim-
ilar to those for BR6. Furthermore, in considering
replacements in all of the available constant region
sequences, we have noted that serines and threo-
nines tend to be replaced by helix-formers (Fig. 1).
Of 51 replacements of serine or threonine, 34 are
by strong or reasonably strong helix-formers (13 al-
anines, 4 glutamates, 11 lysines, 3 valines, 2 phenyl-
alanines, and 1 isoleucine), 10 are by neutral or weak
helix-formers (3 aspartates and 7 arginines), and
only 7 are by helix-breakers (4 asparagines, 2 gly-
cines, and 1 proline). Such replacement frequencies
are not typical of other proteins (Schulz and Schirm-
er 1978), but are consistent with the interpretation
that after posttranslational modification the serines
and threonines become helix-formers. Thus, the
possibility must be seriously considered that an
a-helix, perhaps punctuated by g-turn(s), is domi-
nant throughout all BR constant regions. We favor
this possibility because the extended a-helical pre-
diction is reasonably strong for the BR6 protein:
Under phosphate starvation, this component sub-
stitutes for BR1 and BR2 (Edstrém et al. 1980), and
we consider it likely that it needs similar structural
features to serve equivalent functions.

Figure 5 presents a hypothetical model of a BR
constant region as a continuous a-helix shown in
radial projection (Crick 1953). This model is ten-
tative and may well require refinement. For ex-
ample, the consistent prediction of a 8-turn centered
around residue 18 may indicate that the a-helix is
interrupted (but see the BRc variant in Fig. 3). If
uninterrupted, the a-helix would be unusually long
compared with helices encountered in globular pro-
teins (Schulz and Schirmer 1978); however, long
a-helices are known in such structural proteins as
tropomyosin (McLachlan and Stewart 1976) and
hard keratins (Fraser and McRae 1973).

The main value of the model in Fig. 5 is that it
suggests how the constant regions may be packed
with neighboring constant regions, helping to build
higher-order structures. It should be noted that the
number of hydrophobic residues is unusually small,
both in the unequivocally a-helical first half and in
the second half. Therefore, the packing of BR pro-
teins cannot depend exclusively on hydrophobic
surface patches such as are typically used for packing
a-helices (Lim 1974a). We note that the BR-encod-
ed proteins function under water, a circumstance
that may force greater reliance on hydrophilic resi-
dues for packing. If the serine and threonine residues
are phosphorylated and therefore negatively charged,
then the charged residues would appear to be clus-~
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Fig. 5. The sequence of a typical BRc repeat (Biumlein et al.
1982b), presented in a double radial projection (Crick 1953) of
a hypothetical continuous a-helix, The equivalent of one helix
is outlined. The invariant M, F, and C residues, which may be
involved in packing and cross-linking, are shown on a black
background; basic residues (K and R) are shown on a stippled
background; and acidic residues (E, D, S, and T, assuming phos-
phorylation) are shown on a hatched background. Note the for-
mation of two characteristic “patches” consisting of charged vs
polar uncharged and hydrophobic nonpolar residues (see text)

tered within an enlongate patch, with frequent and
almost periodic ““doublets” of basic residues usually
juxtaposed with glutamate or phosphoserine and
phosphothreonine residues (Fig. 5). Formation of
intramolecular ion pairs between these juxtaposed
residues might alter the surface properties of the
helix sufficiently to promote packing without inter-
fering with hydration. Alternatively, packing might
be promoted by electrostatic interactions between
the charged patches of different molecules. A second
elongate and almost uninterrupted patch on the sur-
face of the helix consists of the polar uncharged and
hydrophobic nonpolar residues (alanine, aspara-
gine, cysteine, glycine, methionine, and phenylala-
nine); this patch may also serve in packing, with
perhaps a special role for the invariant methionine,
phenylalanine, and cysteine residues. Although the
replacements (Fig. 1) affect the shapes of these two
types of patches, clustering of residues as in Fig. 5
is a consistent feature of a-helical models for the
constant regions. We presume that the packing of
the helices is completed by the formation of inter-
molecular disulfide bonds between the invariant
cysteine residues. In the model of Fig. 5, the cys-
teines are distributed in a manner that would pro-
mote cross-linking in multiple directions.
Although it would clearly be premature to pro-
pose a detailed model of BR-encoded threads, bi-
ological considerations, plus the inferred structural
features, permit some speculations that may have
heuristic value. The long BR threads are known to
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be made of 45-A fibrils (Grossbach 1977). These
structures must be elastic, insoluble, and yet hy-
drated, otherwise they might impede the flow of
water and hence the capture of prey in the net. We
consider it likely that the giant BR proteins are
packed within the 45-A fibrils with their long axes
parallel to the fibril axis. The giant size of the poly-
peptides and their repetitive structure may lead to
a staggered alignment of the polypeptides, and there-
fore to long, uninterrupted fibrils. Although the stag-
gered alignment may tend to be stochastic, it should
be constrained so that the a-helical segments (con-
stant regions) are packed in parallel, cross-linked
“bands” alternating with non-cross-linked segments
(subrepeat regions). In that orientation, the a-helical
segments would impart the required considerable
elasticity to the structure, within the constraints of
the cross-links. Although the structure of the sub-
repeat regions is not clear, we consider it likely that
they also make a major contribution to the elasticity
of the fibrils and threads. The lack of cross-links and
the variable lengths of these regions may be impor-
tant in this respect. Even if the inherently most fa-
vorable conformation of the subrepeats is that of an
extended helix, as portrayed in Fig. 4, if the aligned
subrepeat regions differ in length, some of them
would be forced into nonoptimal conformations by
the cross-linking of the flanking constant regions;
this might facilitate elastic responses over a wider
range of stretching.

The necessary insolubility would be ensured by
the postulated intermolecular cysteine cross-links
between BR proteins packed in parallel alignment.
Furthermore, the giant size of the proteins would
ensure instantaneous insolubilization as soon as
cross-links began to form —a matter of obvious im-
portance, since the threads are spun under water.

Finally, hydration would be ensured by the pre-
ponderance of charged residues and by the greater
dependence on ion pairs than on hydrophobic
patches for stabilization of the structure. These ideas
should now be tested by direct analysis of molecular
and supramolecular structure in the BR-encoded se-
cretory threads of Chironomus.
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