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The secondary structure of seven variant surface glycoproteins (VSGs) of trypanosomes has been deter-
mined by Raman spectroscopy. They are all predominantly a-helical, the a-helix content varying between
50 and 60%. The f-strand content varies between 20 and 25%, and the content of S-turn and nonregular
structures is about 25%. For three VSGs the N-terminal domain obtained by proteolytic cleavage was found
to have essentially the same secondary structure as the complete VSGs. For three VSGs a secondary struc-
ture prediction has been performed applying the rules of Chou and Fasman. In all cases, two long a-helices
extending over about 50 residues or 80 A are predicted in agreement with the X-ray diffraction data of Frey-
mann et al. [(1984) Nature 311, 167-169] and Metcalf et al. [(1987) Nature 325, 84-86]. The region between
the two x-helical segments exhibits a high potential of f-turns, suggesting that this segment may be exposed
on the cell surface and carry major antigenic determinants.

Variant surface glycoprotein; Raman spectroscopy; Structure prediction

1. INTRODUCTION

The pathogenic African trypanosomes, ex-
emplified by Trypanosoma brucei, are covered by
a surface coat that is 12-15 nm thick. For an in-
dividual cell, the coat consists of a single species of
glycoprotein, the variant surface glycoprotein
(VSG), coded by a specific gene from a large
repertoire. Activation of different genes from this
repertoire leads to the expression of serologically
distinct VSGs at the cell surface, thereby allowing
the parasite to escape the immune response (re-
views [1-4]).

A common structural feature of all VSGs ap-
pears to be a glycan-phosphatidylinositol residue
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connected via ethanolamine [5] to the C-terminus
which anchors the protein in the cytoplasmic mem-
brane [6]. In a C-terminal domain comprising
about one-third of the molecules, different VSGs
show considerable sequence homology while there
is little homology in the remaining N-terminal two-
thirds {7]. Information on the secondary and ter-
tiary structure of VSGs is limited. Circular di-
chroism spectra suggested that the o-helix content
for several VSGs is relatively low, 28-38%, with
the exception of one VSG with an a-helix content
of 49% [8]. In contrast, Lalor et al. [9] concluded
on the basis of structural predictions that all VSGs
have a high potential to form «-helices. Because
the overall distribution of segments of «-helical
potential was highly variable, the three-
dimensional folding pattern of different VSGs ap-
peared unlikely to be the same. On the other hand,
electron-microscopic [10], hydrodynamic [11] and
X-ray studies [12,13] suggested that the few VSGs
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so far examined have a similar, rod-like shape. In
particular, the dimeric N-terminal domains of
VSG MITat 1.2 and ILTat 1.24 are 100 A long,
rod-like molecules composed of two 80-90 A long
a-helices per subunit [12,13].

The Raman-spectroscopic experiments reported
in this paper show that different VSGs share a
similar secondary structure characterized by a high
a-helix content. These results in conjunction with
structure predictions and X-ray data [12,13] lead
to the proposal of a general model for the folding
of variant surface proteins.

2. MATERIALS AND METHODS

2.1. Purification of VSGs and derived
N-terminal fragments

VSGs of the MITat serodeme were purified by
DEAE-cellulose chromatography and isoelectric
focusing [14]. For isolation of the tryptic N-
terminal fragments [15], VSGs purified by DEAE
chromatography were used. 10 mg MITat 1.2 was
incubated for 10 min at 37°C with 0.5 mg trypsin,
MITat 1.4 for 60 min at room temperature. The
reaction was stopped by the addition of phenyl-
methylsulfonyl fluoride (final concentration 2
mM) and the sample was then diluted with the gel
suspension. The N-terminal fragment of MITat 1.4
was electrofocused in a gradient from pH 5 to 9,
the fragment of MITat 1.2 in a gradient from pH
3.5to 10. After focusing at 5 W constant power at
10°C overnight VSG-containing regions were cut
out of the gel and separated from ampholines by
ultrafiltration using an Amicon PM10 membrane.
The purified proteins were lyophilized, resuspend-
ed in water and transferred to glass capillaries.

VSGs of the BOTat serodeme were purified by
affinity chromatography on concanavalin A-
Sepharose [16] and the tryptic N-terminal frag-

ment of BOTat 1 was obtained as described in [17].

2.2. Raman measurements

The Raman measurements and data analysis
were performed as described [18]. Typically, 100
scans across the region of the amide 1 band were
recorded. The fluorescence background was about
10-times higher than the amide I band, but
relatively smooth so that it could be subtracted as
a flat baseline. For the data analysis in terms of
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secondary structure we used the second method of
Williams [19] and krank = 3 (in his notation). This
implies that the error in the percentages of secon-
dary structure classes is +5% for a given protein.
However, the error in the difference between the
secondary structure of two proteins is only about
+2%.
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Fig.1. (A) Raman spectrum in the range 1500-1800 ¢cm™'

of MITat 1.2 (a) and MITat 1.4 (b). (B) l5-point
representation of the amide I band of MITat 1.2 (0) and
MITat 1.4 (O) together with a fit of the latter (+).
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2.3. Structure predictions

For the prediction of secondary structure the
rules of Chou and Fasman [20] were employed.
The hydrophobicity profile H(i) was calculated ac-
cording to Kyte and Doolittle [21] as an average of
seven neighbors.

The amino acid sequence of MITat 1.4 was
taken from Boothroyd et al. [22]. The sequences of
MITat 1.2 and BOTat | were kindly provided by
M.J. Turner (Merck Sharp and Dohme Research
Laboratories, Rahway, NJ) and J.E. Donelson
(Department of Biochemistry, University of Jowa,
Iowa City), respectively.

Comparison of amino acid sequences was per-
formed by using the program ALIGN {23].

3. RESULTS

3.1. Raman spectroscopy

The Raman spectra in the range 1500-1800 cm™
of two VSGs, MITat 1.2 and MITat 1.4, are shown
in fig.1A. It is evident that the amide | bands
around 1650 cm™! of the two proteins differ,
whereas the tryptophan bands around 1550 cm™"
essentially coincide. The difference in the amide I
bands indicates a different secondary structure of
the two proteins. For the quantitative analysis, the
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amide I bands of the two proteins were fitted by a
superposition of the amide I bands of 15 reference
proteins of known three-dimensional structure
(fig.1B). The result for the secondary structure is
presented in table 1. MITat 1.2 has a total o-helix
content of about 50% and a total #-strand content
of 26%, whereas MITat 1.4 has a higher a-helix
content of 60% and a lower #-strand content of
18%. The difference in the percentages of secon-
dary structure classes between two independent
preparations of MITat 1.4 was maximally 3%
which leads to an error of +2% due to sample
preparation. This value is of the same order of
magnitude as the error for the difference of the
percentages of secondary structure of two proteins
due to the data analysis. Hence, the difference in
secondary structure between MITat 1.2 and MITat
1.4 is slightly larger than the total error from sam-
ple preparation and data analysis and, therefore, is
probably significant.

In total, seven VSGs and the N-terminal
segments of three of them were investigated by this
technique (table 1). All VSGs are predominantly a-
helical, their o-helix content varying from 49% for
MITat 1.2 to 62% for BOTat 1. The two proteins
MITat 1.2 and MITat 1.4 discussed above repre-
sent extreme cases. The N-terminal segments of

Table 1

Secondary structure of VSGs and derived amino-terminal segments determined from their
Raman amide 1 spectra

Molecular Hn Stot T+U
mass (kDa) (%) (%) (%)
VSGs
MiITat 1.2 (221) 58 49 26 25
MITat 1.4 (117) 62 60 18 22
MITat 1.5 (118) 55 19 26
MITat 1.6 (121) 53 22 25
BOTat 1 58 62 (49)* 14 (25)* 24 (26)*
BOTat 28 55 (43)* 20 (29)* 25 (43)°
BOTat 201 55 20 25
N-terminal segments
MITat 1.2 45 50 (50)° 25 25
MiTat 1.4 48 61 15 24
BOTat 1| 40 60 15 25

¢ Value in parentheses was obtained by CD measurements [8]

® Value in parentheses was estimated from X-ray diffraction data [12]

Molecular mass, as determined by SDS-polyacrylamide gel electrophoresis; Hior, total a-helix
content; S, total g-strand content; 7, #-turn content; U, undefined
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VSGs have either a slightly lower or the same «-
helix content as the complete VSGs.

3.2. Structure predictions

Fig.2 shows the structure prediction plots for the
surface coat protein of variant MITat 1.4. The
profiles of the a-helix potential P,, #-strand poten-
tial Ps, and turn potential P, (fig.2A) lead to a
structure prediction as expressed by the function S
(fig.2B): subscripts «, & and t designate prediction
of a-helix, #-strand, and turn structure, respective-
ly. The method predicts an a-helix content of 40%
and a g-strand content of 18%. The predicted 5-
strand content agrees with the result from Raman
spectroscopy, but the predicted a-helix content is
much lower than the experimental value. This im-
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plies that predicted regions of turns and undefined
structure must, in fact, be a-helical.

Two regions of a-helical structure extending
over about 50 residues can be predicted: helix I
from residue 58 to 103 and helix II from residue
245 to 288. In the middle of helix II the Chou-
Fasman rules predict a short region of 4-strand
structure corresponding to six consecutive hydro-
phobic residues (**Leu Leu Ala Val Leu Val®™!).
Accordingly, this region exhibits a very high
hydrophobicity in the Kyte-Doolittle plot (fig.2D).
Since in the Chou-Fasman analysis hydrophobic
residues such as Val, Ile and Phe have a high
potential for G-structure, any hydrophobic se-
quence is predicted to have #-structure. However,
such residues may alternatively form a hydro-
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Fig.2. Structure-prediction plots for MITat 1.4. (A) The a-helix potential P,, §-strand potential Pz and turn potential

Py, according to Chou and Fasman [20]. (B) Structural prediction of a-helix (S = «), @-strand (S = ), or turn (S = t).

(C) Position-dependent turn potential py, according to Chou and Fasman [20]. (D) Hydrophobicity A, according to Kyte
and Doolittle [21].
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phobic or amphipathic a-helix. For example, the
hemagglutinin of influenza virus has a long a-helix
of about 50 residues as determined by X-ray dif-
fraction [24], which includes a segment of five
hydrophobic residues. The Chou-Fasman analysis
wrongly predicts @-structure for this region.
Analogously, the VSG segment around residue 270
may actually be part of a long a-helix.

The plot of the position-dependent turn poten-
tial p, (fig.2C) predicts turns at the ends of each
long a-helix. This plot, furthermore, shows that
turns occur with high frequency in the region be-
tween residues 100 and 200.

0=C—NHCH,~CH, {;
to__l
g g MEMBRANE

Fig.3. Schematic model for the folding of VSGs as ex-
emplified for MITat 1.4. Two long a-helices are
represented as cylinders, the zig-zag line on top in-
dicating the region of predominant turn structure sup-
posed to provide the major antigenic determinants. The
long arrow indicates the major tryptic cleavage site
specifying the N- and C-terminal fragments; CHO
denotes carbohydrate chains linked to the protein or as
part of the C-terminal glycolipid which anchors the pro-
tein in the cytoplasmic membrane.
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Structure predictions were also performed for
MITat 1.2 and BOTat 1 (not shown). For both
proteins, two «-helices, about 50 residues in
length, can be predicted. For MITat 1.2, they ex-
tend from residues 26 to 75 and 228 to 267, and for
BOTat 1 from residues 23 to 77 and 277 to 330.

3.3. Homology determination

The three VSGs MITat 1.2, MITat 1.4, and
BOTat 1 show some amino acid sequence
homology in a domain of about 100 residues at the
C-terminus. In the remaining N-terminal region of
about 350 residues essentially no homology is
found, except for four conserved cysteine residues
at positions 15, 121, 140 and 182 (numbers for
MITat 1.4 with slight alteration for the other two
proteins) and two conserved prolines at positions
137 and 157. For MITat 1.4, disuifide bridges have
been shown to connect residues 15 with 140 and
121 with 182 [25]. Thus, the conservation of these
residues suggests conservation of S-S bridges
which together with the conservation of the proline
residues is indicative of a similar tertiary structure
of the VSGs.

4. DISCUSSION

The results of our Raman measurements show
that the VSGs of trypanosomes comprise a family
of proteins with similar secondary structure in
spite of the fact that, apart from a segment of
about 100 amino acids at the C-terminus, their
primary sequences show littly homology. Their
predominant structural motif is the a-helix, in con-
trast to the results of Duvillier et al. [8]. A high «a-
helix content is also expected by the application of
structure-prediction methods. This has been
recognized previously [9].

Another characteristic feature of VSGs is the
conservation of the pattern of cysteine residues,
not only in the C-terminal segment but also in the
N-terminal segment. Although the intramolecular
linkage of these cysteine residues to form disulfide
bridges has been determined only for MITat 1.4
{25], they may be of decisive importance for a
similar three-dimensional folding of VSGs.

In an attempt to propose general features of
VSG structure by combining the experimental
results and the structure predictions, we have been
guided by the X-ray result for MITat 1.2 of
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Freymann et al. [12]. The salient point of this
structure is a bundle of four long a-helices in the
dimeric N-terminal domain. Bundles of «-helices
are likewise found in other surface proteins such as
hemagglutinin [24]. Fig.3 shows a schematic model
for the folding of VSGs as exemplified for MITat
1.4. The two cylinders are «-helical segments
which are predicted from the primary sequence.
The approx. 100 residues between the two helices
may form the globular head of VSGs. A globular
domain at the end of a rod-like structure has been
demonstrated by electron microscopy [10]. This
segment between the two a-helices is rich in #-turn
potential and thus well suited to provide the im-
munological epitopes. Recently, an epitope of
lysozyme was found to be formed by F-turns
creating a planar surface region [26]. It is proposed
that the two a-helices provide a common structural
motif for the three-dimensional structure of all
VSGs although the peptide segments forming these
a-helices will vary both in sequence and in the
relative location along the chain. The helices may
form a rigid core around, above and below which
the rest of the polypeptide chain as well as the car-
bohydrate is arranged. The a-helices will dictate an
elongated shape to the entire molecule which may
be advantageous for lateral packing in the surface
coat.

Even if the overall shape of different VSGs is
similar, their detailed surface topology may never-
theless not always allow a sufficiently dense pack-
ing at the cell surface to exclude access of lytic high
molecular mass components to the cell membrane.
Therefore, it is expected that in the mammal
trypanosomes with a porous coat due to improper
packing of VSGs will be readily eliminated. How-
ever, such cells may well be viable in vitro. This
leads to the prediction of a class of variants which
can be propagated in vitro but are not infective to
the mammalian host.
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