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Conformation of a T cell stimulating peptide in aqueous solution
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Using two-dimensional NMR spectroscopy and circular dichroism spectroscopy it is demonstrated that a T cell stimulat-

ing peptide corresponding to residues 132-153 of sperm whale myoglobin populates helical conformations in aqueous

solution. This finding is in accordance with proposals that immunodominant sites in T cell stimulating peptides have

a high conformational propensity. The observation of secondary structure in aqueous solutions of this and other immu-
nogenic peptides has important implications for initiation of pratein folding.
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1. INTRODUCTION

The molecular basis of recognition of protein an-
tigens by T cells is presently the subject of intense
research activity. The weight of evidence indicates
that protein antigens are not recognised in their
native three-dimensional conformations but are
processed into short peptides [1] which bind direct-
ly to an MHC protein for presentation to the T cell
receptor {2,3]. The X-ray structure of the human
class 1 MHC protein, HLA-A2, reveals a probable
peptide binding site formed by 2 antiparallel a-
helices and a region of #-sheet [4,5]. It has been
proposed [6] that structurally similar binding sites
are present also in class II MHC proteins. The
number of different MHC proteins in a given in-
dividual is limited yet each must recognise and bind
with an extremely wide range of processed peptides
derived from foreign antigens. This raises impor-
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tant guestions about the structural requirements
for T cell activation by peptides. However, to date,
there is ne experimental evidence concerning the
conformation(s) adopted by T cell epitopes in the
proposed binding site or in solution, both of which
are of course pertinent to the free energy of the
binding process. Hence, we have used nuclear
magnetic resonance (NMR} spectroscopy to in-
vestigate the conformational preferences of a pep-
tide containing the I-EY immunodominant region
of sperm whale myoglobin (residues 136-145) [7].
We show that this peptide adopts significantly
populated helical conformations in agqueous solu-
tion.

'"H-NMR spectroscopy has emerged as a power-
ful tool for examining the conformaticnal
preferences of linear peptides in solution. Using
NMR techniques we have been able to show that
several short immunogenic peptides, each capable
of inducing antibodies that bind with high affinity
to the cognate sequence in the folded protein,
adopt highly preferred conformations in aqueous
solution [8-12]. In the present work we have ex-
tended our analysis to a peptide containing an im-
munodominant helper T cell epitope. This peptide,
Mbfl, corresponds to residues 132-153 of
myoglobin, and constitutes 18 residues of the H-
helix and the 4 C-terminal residues of the native
protein.
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2. MATERIALS AND METHODS

Mbfl was prepared as described previously [13] and was
purified using reverse-phase  high  pressure  liguid
chromatagraphy. NMR samples in the concentration range 10
#M to 10 mM were prepared in 95% H,0/53% D;O or 100%
D,0, and the pH adjusted to 4.0. CD samples ranged from 2 xM
to 2 mM. Assignment of the 'H-NMR spectrum was made using
a standard strategy and will be described in detail elsewhere.
Two-dimensional double quantum filtered COSY and TOCSY
experiments were employed to assign resonances within spin
systems. These spin systems were then connected in a sequence
specific manner using two-dimensional NOESY. Mixing times
for the NOESY experiments were varied from 100 to 500 ms to
identify both shorter and longer range interproton distances,
and to assess the extent of spin diffusion. As observed previous-
ly for small linear peptides [10,11], spin diffusion was not
significant even at the longer mixing times employed.

Small linear peptides do not adopt unique conformations in
aqueous solution but sample a number of conformational
states. The problem of conformational analysis for linear pep-
tides has been discussed in [12]. The most important NMR
parameter for determination of peptide conformation is the
NOE, the rate of build-up of which is dependent on the inverse
6th power of the relevant interproton distance. Extended con-
formations are characterised [13] by NOEs between the C°H
proton of residue / and the backbone amide proton of residue
i+ 1, termed dan (0, + 1) NOFE connectivities. Helical conforma-
tions are characterised by dun(ii+1) and d.n(i,i+3) and
dosli,i + 3) NOE connectivties [13]. Whilst NOEs are highly sen-
sitive indicators of folded structures within a conformational
ensemble, it is extremely difficult to determine the populations
of these conformations from the relative NOE build-up rates.
The inverse 6th power weighting of the NOE means, for exam-
ple, that the NOEs of extended conformations, with a
dan{i,i+ 1) distance of 2.2 A [13] (cf. & dnn(i,i+ 1) distance of
2.8 A in an a-helix [13]), will be detected even if the papulation
of extended conformations is relatively small, In contrast, the
threshold population for the observation of medium-range
(f,i+ 3) NOEs characteristic of helical conformations is relative-
ly high (assuming similar correlation times for the various
populated conformations). In the present work, spectra are used
in a purely qualitative sense to identify conformations whose
populations in aqueous solution exceed the threshold value for
the observation of diagnostic NOEs.

::1. RESULTS AND DISCUSSION

Regions of a NOESY spectrum of Mbf1 contain-
ing the dun(i,i+ 1) and d,n(i,i+ 1) NOEs and the
intraresidue dn.(i,7) NOEs are shown in fig.1. One
immediately striking feature of this spectrum is
that the ratio of the itensity of duw(ii+1) to
don(i,i+ 1) NOEs is uncommonly large in this pep-
tide compared with many peptides corresponding
to secondary structural elements (including helices)
from other proteins [10,11]. The NOEs observed
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Fig.1: Two regions of a NUESY specerum ot Mbfl showing
above, d,n NOE connectivities, and below, dny NOE
connectivities plotted at the same contour levels. The crosspeaks
are identified by the amino acid residue number measured in the
«w; dimension followed by that measurement in the ws
dimension. For example, in the upper region the crosspeak
denoted 133/134 is the dan (i,i + 1} NOE between the C"H of
K133 and the backbone amide proton of Al34, and the
crosspeak denoted 1313 is the d,~(Z, §) NOE within residue K133,
In the lower region, the crosspeak denoted 133/134 is the
dnnli,i+ 1) NOE between the backbone amide protons of K133
and A134. The spectrum shown was acquired using an 11 mM
solution of Mbf1 in 90% H,0/10% D0 at pH 4.0 and 278 K.
The mixing time (ry,) was 200 ms. Similar NOESY data sets were
obtained at concentrations ranging from 1 to 6 mM, and no
changes in the relative NOE intensities were abserved,

for Mbfl are summarized in fig.2 and are

characteristic of both helical and extended () con-
formations. A significant population of helical
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Fig.2. Amino acid sequence of Mbf1 (residues 132-153 of sperm
whale myoglobin) showing the region which adopts helical
conformations and the location of the T cell epitope. The
observed NOE connectivities are also shown. Sequential (5, + 1)
NOESs are represented by filled blocks under residues ;. The
height of the block is an approximate measure of NOE intensity
after a mixing time of 200 ms. In cases where resonance overlap
prevents the unambiguous observation of an NOE a line is
present under residue /. Where no NOE is observed the space is
left blank. Medium range (;,i+3) and (i,i+4) NOEs are
represented by bars connecting the appropriate residues.

conformations is indicated by the sequence of
dwn{i,i+ 1) NOE connectivities between con-
secutive residues (see fig.1) and by the medium
range dge(i,i+3) and d,n{i,i+3) NOE connec-
tivities [13}. The region of a NOESY spectrum of
Mbfl containing d.s(i,i+3) NOEs is shown in
fig.3. The d,g(i,i + 3) NOE between D141 C*H and
Al44 CPH; is particularly intense, building up at
approx. 1/5th the rate of the intraresidue d.s(i,7)
NOE of D141. Indeed, in a helical conformation,
the maximum d,z(/,i+3) distance is shortest
(2.5-3.1 A) [13] when the C°H; group of alanine is
involved.

The observed dyn(i,i+ 1) and the medium range
(i,i +3) NOE connectivities (fig.2) indicate that the
peptide populates helical conformations between
residues 133 and 149. This conclusion is supported
by the distribution of dgn (5,i+ 1) NOEs (fig.2),
which are a consequence of (but not exclusive to)
helical conformations [13]. In addition of the NCE
connectivities characteristic of helical conforma-
tions, dyn{i,i + 1) NOE connectivities characteristic
of extended chain conformations [13} are observed
throughout the peptide. These d.n(i,i+ 1) NOEs
build up at a rate on average only approx. twice
faster than the dwn(i,i+ 1) NOEs. NOEs charac-
teristic of extended conformations normally
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Fig.3. The dag NOE region of 2 NOESY spectrum run under
identical conditions to that shown in fig.2., but using a 1.5 mM
sample and a mixing time of 400 ms. Indicated are the resolvable
dos(i,i+3) connectivities, i.e. those characteristic of helical
conformations. The NOE K145 C"H/E148 C*H is only just
visible at the contour level plotted, and the NOE F138
C“H/D141 C*H is only resolvable from the NOE D141
C®H/D141 C’H using high resolution window functions in the
F2 dimension, and at higher temperatures. The presence of the
dep(i,i+3) NOEs at concentrations ranging from 0.5 to 11 mM
was confirmed using truncated-driven NOE difference spectra.
Pseudo-2D truncated-driven NOESY experiments [29] were
employed where resonance overlap was a problem.

dominate the NOESY spectra of unfolded {‘ran-
dom coil’) peptides in aqueous solution [10-12],
The NMR experiments by themselves cannot
distinguish between single isolated helical turns and
helices involving several turns. However, according
to the helix-coil transition theory [14,15], it is
unlikely that isolated helical turns would be suffi-
ciently stable to account for the observed NOE
connectivities. Evidence for a small population of
helix was obtained from circular dichroism (CD)
measurements. The CD spectra of Mbfl in
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aqueous solution show negative ellipticity at 222
nm (fm = — 2800 deg-cm®.dmol ') but no pro-
nounced minimum, in accord with previous studies
[16,17]. However on addition of 9 M guanidinium
hydrochloride #, increases to + 2400 deg-cm?
-dmol~!, suggesting the presence of a small but
significant population of helix in water solutions of
Mbfl. On substitution of Tyr 146 by lysine and
acetylation of the N-terminus the CD spectrum
shows a characteristic minimum at 222 nm
(fm = —10700 deg-cm®-dmol™!) indicative of
helix, although no discernible changes in NOE
build-up rates were observed relative to the native
Mbf1 peptide. We conclude from the NMR and
CD results that both Mbfl and the Lys 146
analogue adopt helical conformations (between
residues 133 and 149) which are in rapid exchange
with unfolded states, We note that carly im-
munological studies of Mbf1 also suggested a small
population of helical conformations [18]). Mbfl is
one of only a very few peptides which have been
shown to adopt helical conformations in aqueous
solution [11,12,15].

The CD and NMR spectra of Mbf1 are concen-
tration independent over a wide range (2 M to 1.5
mM for CD, 10 uM to 1.5 mM for NMR). The pep-
tide adopts helical conformations at these concen-
trations and gel filtration experiments using Biogel
P6 columns show that it is monomeric. This is con-
firmed by measurement of the linewidths of
backbone NH, C“H and aromatic ring proton
resonances which, together with correlation times
calculated from NOE build-up rates, are com-
parable to those of monomeric melittin (A, 2840,
compared to M, 2553 for the monomer of Mbfl)
and are very much smaller than those of tetrameric
melittin or bovine pancreatic trypsin inhibitor (M,
6512). At concentrations higher than 1.5 mM,
some changes in chemical shifts and small increases
in resonance linewidth suggest that some inter-
molecular association is occurring. Of great impor-
tance, however, the NOEs characteristic of the
helical conformations are not measurably changed
in relative intensity over the concentration range
0.5-11 mM. Thus intermolecular assaciation is not
the driving force for helix formation.

In addition to the NOEs reported above, a
number of medium range sidechain-sidechain
NOEs are observed within the helical region of the
peptide (see fig.2). These include a family of NOEs
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that connects the &-protons of hydrophobic
residvues with both (,i+3) and (i,i+4) relation-
ships. The presence of these NOEs emphasises the
close packing of hydrophobic sidechains ¢reated by
helix formation.

4. CONCLUSION

On the basis of statistical analysis it has been
suggested that immunodominant sites in T cell
stimulating peptides have a high conformational
propensity [19] and several workers have proposed
that the ability to form secondary structure is im-
portant for antigenicity [20-26]. In particular, Ber-
zofsky and co-workers [27} have shown that 18 out
of 22 known immunodominant helper T cell
epitopes correspond to sequences that are predicted
to form stable amphipathic helices. This paper
presents direct evidence that one of these epitopes,
comprising residues 136-146 of sperm whale
myoglobin, has such a high propensity to adopt
helical conformations that it does so in aquecus
solution. While these observations lend support for
the proposed role of amphipathic helix formation
in T cell immunogenicity, it must be emphasized
that not all known T cell epitopes are predicted to
form amphipathic helices and other structurat
characteristics may in some cases be important.

We have proposed elsewhere [8,12,28] that there
is a relationship between B cell immunogenicity
and peptide folding and have suggested [8,10,11]
an immunological approach to identification of
protein folding initiation sites. The present results
are strikingly analogous and suggest that this ap-
proach may extend also to T cell immunogens. Fur-
ther experiments are being carried out to in-
vestigate the factors which stabilise helical struc-
tures in the Mbfl peptide. NMR experiments on
immunogenic peptides are providing new insights
into the role of the amino acid sequence in
stabilization of secondary structures in peptide
fragments of proteins. Such structures may play a
fundamental role in initiation of protein folding
and direction of folding pathways [12].

Acknowledgemenis: We would like to thank Linda Tennant for
technical assistance and Lonnie Harvey for preparing the
manuscript. This work was supported by grants GM38794 and
CA27489 from the National Institutes of Health.

403



Volume 250, number 2

REFERENCES

[1] Shimonkevitz, R., Kappler, I., Marack, P. and Grey, H.
(1983) I. Exp. Med. 158, 303-116.

[2] Babbiit, B., Allen, G., Matsueda, E., Haber, E. and
Unanue, E. (1985) Nature 317, 359-361.

[3] Buus, S., Colon, 8., Smith, C., Freed, J.H., Miles, C. and

Grey, H.M. (1986) Proc. Natl. Acad. Sci. USA 83,

3968-3971.

Bjorkman, P.J., Saper, M.A., Samraoui, B., Bennett,

W.S., Strominger, J.K. and Wiley, D.C. (1987) Nature

329, 506-512.

Bjorkman, P.J., Saper, M.A., Samraoui, B., Bennett,

W.S., Strominger, J.L. and Wiley, D.C. {1987) Nature

329, 512-518.

[6] Brown, J.H., Jardetzky, T., Saper, M.A., Samraoui, B.,
Bjorkman, P.I. and Wiley, D.C. (1988) Nature 332,
845-850.

[7]1 Berkower, 1., Buckenmeyer, G.K. and Berzofsky, J.A.
(1986) 1. Immunol. 136, 2498-2503.

[8] Dyson, H.I., Cross, K.J., Houghten, R.A., Wilson, LLA.,
Wright, P.E. and Lerner, R.A. {(1985) Nature 318,
480-481.

[9] Wright, P.E., Dyson, H.I., Rance, M., Houghten, R.A.
and Lerner, R.A. (1987) Protides Biol. Fluids 35, 477-480.

[10] Dyson, H.1., Rance, M., Houghten, R.A., Lerner, R.A.
and Wright, P.E. (1988) J. Mol. Biol. 201, 161-200.

[11) Dyson, H.J., Rance, M., Hougten, R.A., Wright, P.E.
and Lerner, R.A. (1988) J. Mal. Biol. 201, 201-217.

[12] Wright, P.E., Dyson, H.J. and Lerner, R.A. (1988)
Biochemistry 27, 7167-7175.

(13] Wiithrich, K., Billeter, M. and Braun, W. (1984) J. Mol.
Biol. 180, 715-740.

[14] Zimm, B.H. and Bragg, J.K. (1959) J. Chem. Phys. 31,
526-535.

[4

—_

[5

——

404

FEBS LETTERS

July 1989

[15] Schoemaker, K.R., Kim, P.S., Brems, D.N., Marqusee,
8., York, E.JI., Chaiken, .M., Stewart, J.M. and Baldwin,
R.L. (1985) Proc. Natl. Acad. Sci. USA 82, 2349-2353.

[16] Epand, R.M. and Scheraga, H.A. (1948) Biochemistry 7,
2864-2872

[17] Hermans, J. and Puett, D. (197i)c Biopolymers 10,
895-914.

[18] Hurrell, J.G.R., Smith, J.A. and Leach, S.1. (1977)
Biochemistry 16, 175-185.

[19] Spouge, J.L., Guy, H.R., Cornette, I.L., Margalit, H.,
Cease, K., Berzofsky, J.A. and De Lisi, C. (1987) J.
Immunol. 138, 204-212.

[20] Pincus, M.R., Gerewitz, F., Schwartz, R.H. and Scheraga,
H.A. (1983) Proc. Natl. Acad. Sci. USA 80, 3297-3300.

[21] Wartts, T.H., Gariepy, J., Schoolnik, G.K. and
McConnell, H.M. (1985) Proc. Natl. Acad. Sci. USA 82,
5480-5484.

[22] De Lisi, C. and Berzofsky, J.A. (1985) Proc. Natl. Acad.
Sci. USA 82, 7048-7052.

[23] Rothbard, J.B. and Taylor, W.R. (1988) EMBO J. 7,
93-100.

[24] Alien, P.M., Matsueda, G.R., Evans, R.I., Dunbar, J.B.
jr, Marshall, G.R. and Unanue, E.R. (1987) Nature 327,
713-715.

[25] Reyes, V.E., Chin, L.T. and Humphreys, R.E. (1988)
Mol. Immunol. 25, 867-871.

[26] Sette, A., Buus, S., Colon, 8., Smith, J.A., Miles, C. and
Grey, H.M. (1987) Nature 328, 395-369.

[27] Margalit, H., Spouge, J.L., Cornette, J.L., Cease, K.B.,
De Lisi, C. and Berzofsky, J. (1988) J. Immunol. 138,
2213-2229.

[28] Dyson, H.J., Lerner, R.A. and Wright, P.E, (1988) Annu.
Rev. Biophys. Biophys. Chem. 17, 305-324.

{29] Waltho, J.P., Cavanagh, I. and Williams, D.H. (1988) J.
Chem. Soc. Chem. Commm., 707-709.



