serine proteinase inhibitors, suggest that
hirudin is a representative of a new family of
inhibitors (21).
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Calcium-Induced Peptide Association to Form an
Intact Protein Domain: '"H NMR Structural Evidence

GARY S. SHAW, ROBERT S. HODGES, BRIAN D. SYKES

The 70-residue carboxyl-terminal domain of the muscle contractile protein troponin-C
contains two helix-loop-helix calcium (Ca)-binding sites that are related to each other
by approximate twofold rotational symmetry. Hydrophobic residues from the helices
and a short three residue B sheet at the interface of the two sites act to stabilize the
protein domain in the presence of Ca. A synthetic 34-residue peptide representing one
of these sites (site III) has been synthesized and studied by H-1 nuclear magnetic
resonance (NMR) spectroscopy. In solution this peptide undergoes a Ca-induced
conformational change to form the helix-loop-helix Ca-binding motif. Two-dimen-
sional nuclear Overhauser effect spectra have provided evidence for the formation of a
B sheet and interactions between several hydrophobic residues from opposing helices
as found in troponin-C. It is proposed that a symmetric two-site dimer similar in
tertiary structure to the carboxyl-terminal domain of troponin-C forms from the
assembly of two site III peptides in the Ca-bound form.

FUNDAMENTAL ASPECT OF SUC-

cessful protein design is an under-

standing of the processes that stabi-
lize the self-assembly of proteins. Although
the correct folding of a protein is ultimately
determined by its amino acid sequence, the
most important energy contributions that
determine protein assembly are derived
from hydrophobic interactions, hydrogen
bonding, and electrostatic forces (1). In
many cases, specific information about these
interactions can be obtained from the three-
dimensional (3-D) structure of a protein as
determined by 2-D NMR spectroscopy or x-
ray crystallography.

Department of Biochemistry and MRC Group in Protein
Structure and Function, University of Alberta, Edmon-
ton, Alberta, Canada T6G 2H?7.

One approach to study the effects that
hydrophobic and electrostatic interactions
have on protein structure is to use synthetic
peptides to represent specific portions of a
protein (2). Peptides are much smaller than
proteins and generally exist in random coil
conformations. However, under suitable
conditions peptides may adopt well-defined
conformations more representative of their
structures found in the native protein (3).
We used this approach to study the effects
that metal-ion binding has on the conforma-
tional changes that occur in the Ca-binding
protein troponin-C (TnC). This muscle pro-
tein contains four highly homologous Ca-
binding sites each arranged in a helix-loop-
helix motif about 30 amino acids in length
(4). These sites are organized pairwise to
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form two two-site domains that have been
shown through x-ray crystallographic tech-
niques to each have an approximate twofold
rotational symmetry (5, 6). We have been
concerned primarily with the high-affinity
sites of TnC, sites III and IV, which are
located in the carboxyl-terminal domain of
the protein. The homology of the primary
sequences of these sites and their symmetric
relation has suggested that these sites are
probably a result of gene duplication. It has
been suggested that the short B strand pre-
sent between these two sites signifies that
folding of these two sites is interdependent
(7).

As a first step in determining the confor-
mational change that occurs upon metal-ion
binding in TnC, we have synthesized a 34-
residue peptide representing the high-affini-
ty Ca-binding site III of chicken skeletal
TnC (SCIII, Fig. 1) and have studied it by
high-resolution 'H NMR spectroscopy.
This peptide represents the E helix, Ca-
binding site III, and the F helix (residues 93
through 126), or about one half of the
carboxyl-terminal domain. We have com-
pletely assigned the NMR spectrum of the

ppm

Fig. 1. 500-MHz 'H NMR spectra of 430 uM
SCIII in D,0O, 50 mM KCl, and 30 mM imidaz-
ole at pH 7.35. The spectra show (A) apo-SCIII
and (B) SCIII and 428 wM CaCl,. 'H NMR
spectra were obtained at 30°C on a Varian VXR
500 spectrometer with a spectral width of 5200
Hz, acquisition time of 2 s, and relaxation delay of
2 s. Each spectrum is plotted on the same vertical
scale and with the same data processing. Reso-
nances marked are Y112 aromatic protons (@),
Y112 aCH (#), and 1113 «CH and D114 «CH
(V). The peak marked (*) results from the 4,5
protons in imidazole.
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Ca-saturated form in order to determine the
3-D solution structure of this peptide and
compare it to the structure of site III in the
native protein.

In the absence of Ca, the 'H NMR
spectrum of SCIII is characteristic of an
unstructured random coil conformation
(Fig. 1). There are no resonances downfield
of the residual HDO signal and all of the
vCH; and 3CHj; groups of Ile and Leu
form a series of large unresolved resonances
centered at ~0.85 ppm. Upon addition of
Ca to SCIII, changes occur throughout the
spectrum, such as the shifting of the «CH

resonances of Y112, 1113, and D114 (8) to
a much lower field (5.2 to 5.3 ppm) and the
shifting of the 8CHj groups of 1113, 1121,
and yCHj3 groups of 1104 and 1121 (0.2 to
0.5 ppm). Further, the linewidths of many
of the resonances become visibly broader in
the Ca form than in the apo form. These
observations are indicative of a significant
structural change of the peptide as well as
tight Ca binding (9). The complete sequen-
tial resonance assignment of Ca-saturated
SCIII was accomplished with 2-D 'H NMR
techniques, and the secondary structure of
the peptide was determined from an analysis

93 100 110 120 126
Ac-KSEEELANAFRIFDKNADGYIDIEELGEILRAT G-amide
d(xN(/;i+1) T — —-———un e - N
ANNi +1) - e —— T —
— E— — E—
daN(i,i +3) S — S — —
. | —

wenma—— ——
dOLB(i:i +3) —
Secondary | Helix ] [ Helix ]
structure

Loop

Fig. 2. Summary of the sequential connectivities involving NH, «CH, and BCH protons for SCIIIL.
Abbreviations such as d,n(i,j) correspond to an observed nOe between the «CH proton at position i
and the NH proton at position j. The thickness of the lines corresponds to the intensity of the observed
nOe (10). The secondary structural elements defined by the nOe connectivities are also indicated

(bottom).
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Fig. 3. (A) A portion of the 300-ms NOESY
spectrum of 4.0 mM SCIII in 80% H,0-20%
D,O at pH 7.3, 15°C, acquired at 500 MHz (19).
The spectrum shows nOe cross peaks arising
between the aromatic side chains of F102 and
F105 (along F2) of SCIII and the methyl side
chains of I115' and L118’ (along F1) from
SCIII'. (B) Portion of a NOESY spectrum under
the same conditions as (A) but in D,O and with a
200-ms mixing time. The spectrum shows the
Y112 aCH, 1113 aCH, and D114 «CH diagonal
peaks and the Y112 «CH, D114’ aCH cross
peaks characteristic of the involvement of these
residues in a B sheet. The spectra were unsymme-
trized and processed with 4 K by 4 K data points.
In spectrum (B) splitting of the Y112 «CH diag-
onal peak and cross peak occurs in the F2 dimen-
sion due to greater resolution in that dimension.

F2 (ppm)
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of the short-range nuclear Overhauser ef-
fects (nOes) (10). A summary of these con-
nectivities is found in Fig. 2. Several strong
dan(isi + 3) or dog(isi + 3) cross peaks, in-
dicative of « helix, are present from residues
96 to 106 and from residues 113 to 123.
This result clearly indicates that two separate
well-defined helices are present. An intense
stretch of dyn(i,i + 1) cross peaks is found
spanning residues 101 to 112. The lack of
dan(isi + 3) or dyg(iyi + 3) cross peaks for
residues 106 to 112 shows that this portion
of the peptide is not a helical. The
dnn(isi + 1) cross peaks suggest that these
residues are arranged so that the amide
protons of each residue are all relatively
close in space (11). This result would be
expected if a Ca-binding loop were formed
similar to that found in x-ray analyses of
TnC (5, 6). It is clear from this interpreta-
tion that the peptide has formed the essen-
tial helix-loop-helix motif required for Ca
binding as is found in the crystal structures
of several Ca-binding proteins (12).

Fig. 4. (A) Proposed ar- B
rangement of SCIII and
SCIII' peptides forming a
head-to-tail dimer (a-car- w
bon backbone shown) as de-
termined from NMR data.
The dimer model was gener-
ated with x-ray coordinates
from turkey TnC for resi-
dues 93 to 126 and 129 to

SCIII

SCIII' HzN G TA
126"

129 134 138 148 151 154 158
HVTEEDIEDLMKDSDKNNDGRIDFDEFLKMMEGVQ

93 98 102 1
AcCK S EEE ANAFRIFDKNADGYIDIEETLG

122

The most dramatic observation in the
NOESY spectra of the Ca-bound form of
SCIII is the inordinate number of nOe cross
peaks made by the F102 and F105 aromatic
ring residues of the E helix to other residues
(Fig. 3A). Upon analysis of these cross
peaks it became apparent that many of these
interactions were to side chains of several
hydrophobic residues from the F helix. Spe-
cifically, interactions and therefore close in-
ternuclear distances were noted between
L98 and G119, A99 and 1115, A101 and
L118, and F102 with both I115 and L118.
These long-range nOes appeared at first
sight to be inconsistent with the conclusion
that the SCIII peptide had a similar tertiary
structure to that found in the native protein.
Several strong long-range nOes representing
distances (r) of 3.5 to 4.5 A were present
between these residues. In the x-ray struc-
ture of TnC these distances range from 13
to 17 A and would be unobservable by nOe
experiments since the nOe cross peak inten-
sity is related to distance by a factor of 1//5.
However, these observed nOes could be
explained if the peptide had formed a dimer
in solution identical in structure to the head-
to-tail arrangement of sites III and IV in
TnC (Fig. 4A). In this case, one SCIII
(residues 93 to 126) peptide would have
dimerized with a second identical molecule
(SCIII') representing site IV of TnC and
comprising residues 129 to 162 (Fig. 4B).
As in TnC, this assembly would require the
hydrophobic interaction of residues from
two pairs of helices and the formation of a
short three-residue B sheet between the two
Ca-binding sites. We have used these two
criteria to show that SCIII is forming a
symmetrical two-site dimer similar in struc-
ture to the carboxyl-terminal domain of
TnC.

X Y Z -Y -X -2

11 118

93 98 102 112 5 122 126
IIT KSEEELANCFRIFDKNADGFIDIEELGETILRATGE

162

12 115 118 122 126
ETLRATG NH2

FANALEEESKAc
118" 115" 112 102* 98" 93!

162 (5). The program MUTATE (written by R. Reid) was used to correct the amino acid sequence in
each case. The x-ray interchain distance for F102 yC to I115 8CH; (16.3 A) is compared to the much
shorter interchain distance for F102 yC to 1115 8CHj (5.4 A) in agreement with the nOe data; Ca ions
are shown as spheres. (B) The primary amino acid sequences (8) of sites III and IV of chicken skeletal
TnC (20) and the sequence for the synthetic site III peptide SCIII are shown on the top three lines
(SCIIT' is identical to SCIII). Peptide SCIII is amino terminal—acetylated and carboxyl terminal—
amidated. The positions +X, +Y, and +Z correspond to the metal-ion coordinating ligands. The four
helices for the two sites in TnC encompass the following residues; helix E, 95 to 105; helix F, 115 to
125; helix G, 131 to 141; and helix H, 151 to 162 (12). The bottom two lines show the head-to-tail
arrangement of SCIII and SCIII" in the dimer. The sequence of SCIII' is reversed (that is, from the
carboxyl-terminal end to the amino-terminal end) to more clearly show the interactions and to more
closely represent the alignment of residues as found for sites III and IV in the TnC x-ray structures (5,
6). The interchain nOes showing some of the interactions between SCIII and SCIII" are indicated by

the solid and dotted lines.
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The x-ray structures of TnC and several
other Ca-binding proteins (12) have re-
vealed that the residues at the interface of
two adjacent helix-loop-helix subunits inter-
act favorably to form a highly conserved
hydrophobic core (13). In TnC, hydropho-
bic residues at the interface of helix E of site
III form a largely aromatic cluster with
residues from helix H of site IV. Similarly,
an aliphatic core is formed between helix F
and helix G of the two sites. Strynadka and
James (12) have shown that the predomi-
nant hydrophobic interactions occur be-
tween the side chains of F102 with F151
and F154 and of L.98 with F154 at the E-H
helix interface. At the F-G helix interface,
L118 and 1115 interact primarily with 1134
and M138. For SCIII, the formation of a
symmetric dimer would necessitate that resi-
dues 1134, M138, F151, and F154 of site
IV would be coincident with residues 1.98',
F102', 1115’ and L118' of SCIII' (Fig.
4B). In consonance with the x-ray studies,
intense nOe cross peaks were found between
the aromatic side chain of F102 and the
aCH, yCH3, and 8CH3 groups for 1115’
(Figs. 3A and 4B) and the BCH,, 8CHj,
and 3CHj: groups of L118'. Furthermore,
nOe cross peaks were also observed between
the 8CHj groups of L98 of SCIII and the
BCH, and NH protons of L118' and the
NH protons of G119’ of SCIII'. In addi-
tion, interactions were also noted for: A99
aCH with I1115" 8CH3; A99 BCH; with
L122' and L118' 8CHj3 groups; A101 NH
and BCH; with L118' 8CH; groups; and
A101 BCHj; with L122’ 8CHj groups (Fig.
4). All of these interactions are hydrophobic
in nature and are consistent with x-ray find-
ings for TnC, suggesting that the assembly
of two SCIII peptides has occurred to form
a symmetric two-site dimer.

The second criterion used to verify the
assembly of a SCIII dimer was the forma-
tion of a B sheet between two SCIII pep-
tides. In the x-ray structures of TnC an
antiparallel B sheet has been identified be-
tween residues 112 to 114 of site III and
148 to 150 of site IV (5, 6). In a SCIII
dimer, the analogous residues would be
Y112, 1113, and D114 of SCIII and Y112',
1113, and D114’ of SCHI' (Fig. 4B).
Evidence that a 8 sheet was forming be-
tween these residues was derived from three
characteristic NMR phenomena (14): (i) the
low-field NH resonances of residues in a 8
sheet arising from hydrogen-bonding pat-
terns; (ii) the low-field aCH resonances
resulting from the preferred conformation
of residues in a B sheet; and (ii1) the pres-
ence of a single nOe between two aCH
residues on opposite strands that are
uniquely close in space. The presence of all
three of these criteria strongly suggest that
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the residues are involved in a B-sheet struc-
ture. In SCIII there are four amide reso-
nances found at very low field: G111 NH
(10.4 ppm); Y112 NH (8.0 ppm); 1113
NH (9.4 ppm); and D114 NH (8.8 ppm).
These latter three residues, Y112 to D114,
also have significantly shifted «CH reso-
nances located at 5.2 (Y112) and 5.3 ppm
(1113 and D114). All of these 'H NMR
assignments for SCIII are in excellent agree-
ment with those of Ca-bound rabbit TnC
(15). In x-ray studies of TnC, the «CH
protons of D114 and R148 and F112 and
D150 of the B sheet are proximate, and in
solution an nOe is present between these
two protons (15). For SCIII, the analogous
contact would be between D114 and Y112’
(and Y112 and D114’). An nOe between
these protons was observed (Fig. 3B), indi-
cating that the B sheet is present between
SCIII peptides in solution (16).

In this report we present conclusive 'H
NMR evidence that two 34-residue site III
peptides from TnC have assembled only in
the presence of Ca to form a symmetric
dimer in solution (17). The nOe results also
suggest that the structure of the dimer is
similar, if not identical, to that for the
carboxyl-terminal domain of TnC. These
results substantiate the use of synthetic pep-
tides to study the folding and assembly of
proteins and allow fundamental studies for
protein design to be explored with this
synthetic protein. Of particular interest for
this study is the energetics of the hydropho-
bic interactions between helices of the SCIII
peptides. In effect, we have simplified the
70-residue carboxyl-terminal domain of
TnC to 34 residues without sacrificing ter-
tiary structure. This should allow the inter-
action of drugs and other components of the
troponin complex (18) to be efficiently stud-
ied with this peptide alone as the carboxyl-
terminal half of TnC.
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Characterization of Naturally Occurring Minor
Histocompatibility Peptides Including H-4 and H-Y

O1rAF ROTZSCHKE, KIRSTEN FALK, HANS-JOACHIM WALLNY,
STEFAN FAATH, HANS-GEORG RAMMENSEE*

Minor histocompatibility (H) antigens can be peptides derived from cellular proteins
that are presented on the cell surface by major histocompatibility complex (MHC)
class I molecules. This is similar to viral antigens, because in both cases cytotoxic T
lymphocytes (CTLs) recognize artificially produced peptides loaded on target cells.
Naturally processed minor H peptides were found to be similar to those artificial CTL-
epitopes, as far as size and hydrophobicity is concerned. The peptides studied were
isolated from a transfectant that expressed a model CTL-defined antigen, B-galacto-
sidase, from male cells that express H-Y, which has been known operationally since
1955, and from cells that express H-4, known since 1961.

HC crass I-rResTRICTED CTLs
are essential for immunity to in-
tracellular pathogens (7). In addi-
tion, CTLs are also involved in rejection of
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transplanted foreign tissues. If tissue donor
and recipient are matched for MHC genes,
but not for other genes, recipient CTLs may
recognize donor minor H antigens (2).
CTLs are thought to recognize complexes of
MHC class I molecules and peptides derived
from cellular proteins, since MHC-restricted
CTLs can recognize artificially produced
peptides on suitable target cells and since
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