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ABSTRACT: Human CD2, a glycosylated transmembrane receptor found on all T-lymphocytes, plays a key
role in facilitating cellular adhesion between T-cells and target cells or antigen-presenting cells by binding
to its counter receptor CD58 (LLFA-3) present on the surface of those cells. All CD2 adhesion functions
are localized within the amino-terminal 105-residue domain, which contains a single high mannose N-glycan
required for maintaining both the conformational stability and CD58 binding properties of the glycoprotein.
In order to better understand the structural basis for CD2-CD58-mediated adhesion and the critical role
of the carbohydrate moiety in maintaining the functional stability of the molecule, we have determined the
secondary structure of the N-glycosylated adhesion domain of human CD2 (hu-sCD2,¢;5) using NMR
spectroscopy. Most of the 'H resonance assignments have been obtained from !H-!H homonuclear 2D
NMR spectra, which were further extended by applying 'H-!°N heteronuclear 2D experiments-on a hu-
sCD2,0s sample selectively labeled with [!SN]lysine. Thus, 98% of all backbone 'H resonances and over
80% of all side chain 'H resonances have been assigned. An overall topology characteristic of an
immunoglobulin variable domain is observed, which consists of two $-sheets comprised of three (residues
16-20,67-71,and 60—63) and five (residues 94-103, 80-86, 32-37,45-47,and 53-55) antiparallel 8-strands,
respectively, with a hydrophobic core sandwiched between them. A ninth 8-strand (residues 7-12) makes
parallel contacts to the carboxy-terminal 3-strand. NOEs between the N-linked glycan and the protein have
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tentatively been identified.

The ability of the immune system to detect and respond to
the presentation of foreign antigens is dependent upon a distinct
array of cell surface receptors that regulate both cell-cell
adhesion and subsequent activation of the immune response.
The initial adhesion of T-lymphocytes to target cells and
antigen presenting cells (APCs)! in humans is mediated by
CD2 (T11), an invariant 50-55-kDa transmembrane glyco-
protein that regulates primary cell-cell adhesion between these
cells [reviewed in Moingeon et al. (1989a) and Bierer et al.
(1989)]. In humans, CD2 binds specifically to CD58 (LFA-
3) present on the surface of target cells and APCs (Shaw et
al.,, 1986; Selvaraj et al., 1987). CD2-CDS58 mediated
adhesion facilitates T-cell recognition of foreign antigens by
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I Abbreviations: APC, antigen-presenting cell; CD2, cluster of
differentiation 2; CHO cells, Chinese hamster ovary cells; COSY,
correlated spectroscopy; DSS, sodium 2,2-dimethyl-2-silapentane sul-
fonate; EASY, ETH Automated Spectroscopy; GlcNAc, N-acetylglu-
cosamine; HMQC, heteronuclear multiple-quantum correlation; Ig V
domain, immunoglobulin variable domain; LFA-3, lymphocyte function-
associated antigen-3; Man, mannose; MHC, major histocompatibility
complex; NMR, nuclear magnetic resonance; NOESY, nuclear Over-
hauser enhancement spectroscopy; ppm, parts per million; r-sCD2gs,
nonglycosylated adhesion domain of rat CD2; r-sCD2,77, two-domain
extracellular segment of rat CD2 with the N-linked glycans trimmed
down to monosaccharide (GlcNAc) units; SCUBA, stimulated cross peaks
under bleached alphas; TCR, T-cell receptor; TOCSY, total correlation
spectroscopy; hu-sCD2;g3, two-domain 182 amino acid glycosylated
extracellular segment of human CD2; hu-sCD2,¢s, amino-terminal 105
amino acid N-glycosylated adhesion domain of human CD2; 7, mixing
time; 2D, two dimensional; 2Q, double quantum; 2QF, double quantum
filtered; 3D, three dimensional.

enhancing contact resonance time between cells, thereby
allowing for productive engagement of the T-cell receptor
(TCR) with antigens presented by the major histocompatibility
complex (MHC) on APCs (Bierer et al., 1988; Moingeon et
al., 1989b; Koyasu et al., 1990) prior to up-regulation of other
receptor-mediated adhesion pathways (Dustin & Springer,
1989; Moingeon et al., 1991). Previous studies have dem-
onstrated that anti-CD2 monoclonal antibodies directed
against a specific epitope (T11,) which inhibit CD58 binding
also inhibit cell<cell adhesion, leading to suppression of
cellular-mediated immune responses (Meuer et al., 1984;
Bierer et al., 1988). In addition, blocking CD2-CD58
interactions between T-cells and APCs with a soluble version
of the human CD2 extracellular domain can also effectively
suppress both memory T-cell responses to recall antigens and
alloreactive responses (Rabin et al., 1993).

Human CD2 is a member of the immunoglobulin gene
superfamily (Williams & Barclay, 1988; Williamset al., 1989)
and consists of a two-domain 185 amino acid residue
extracellular segment, a 25-residue hydrophobic transmem-
brane-spanning region, and a 117-residue cytoplasmic tail
(Sewell et al., 1986; Sayre et al., 1987; Clayton et al., 1987)
which is required for CD2-mediated signal transduction
(Moingeon et al., 1989b; Changetal., 1989). Previousstudies
demonstrated that ail CD58 binding activity resides in the
extracellular amino-terminal 105-residue domain of human
CD2 (Recny et al., 1990). This immunoadhesion domain
contains a single consensus V-glycosylation site at Asné5 that
is occupied with high mannose oligosaccharides [(Man),-
GlcNAc,;, n = 5-9] when a soluble version of the CD2
extracellular segment is expressed in Chinese hamster ovary
(CHO) cells (Recny et al., 1992). Occupancy of this site
with N-linked carbohydrates is essential for maintaining the
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conformational stability of the CD2 adhesion domain and its
presence is required for retaining a functional CD58 binding
site (Recny et al., 1992).

Recently,an NMR solution structure of the nonglycosylated
domain 1 of rat CD2 (r-sCD2gs) (Driscoll et al., 1991) and
the crystal structure of the entire two-domain extracellular
portion of rat CD2 (r-sCD2,77) were reported (Jones et al,,
1992). Inthelatter study, r-sCD2;77 was expressed in Chinese
hamster ovary cells, but the four N-linked glycans were
trimmed down to single GIcNAc monosaccharide units with
endoglycosidase H in order to facilitate crystallization of the
two-domain rat molecule. In contrast to human CD2 (Recny
et al., 1992), the presence of these N-glycans does not appear
to be required for structural stability of either the one-domain
or two-domain rat CD2 receptors. Both rat CD2 structures
reveal characteristicimmunoglobulin-like folding patterns for
each domain, which consist of two g-sheets composed of nine
(domain 1) and seven (domain 2) antiparallel 8-strands with
a hydrophobic core sandwiched between them. There is
approximately 41% overall sequence homology between the
rat and human extracellular domains of CD2, and similar
structural elements have been predicted for human CD2 on
the basis of homologous alignment of their respective primary
sequences (Killeen et al., 1988; Driscoll et al., 1991).

However, the natural ligand for both rat CD2 (Jones et al.,
1992) and murine CD2 (Kato et al., 1992) has recently been
shown to be CD48, known as OX-45 in rats (Killeen et al.,
1988) and BCM 1 in mice (Wong et al., 1990). Inthe human
system, CD48 binds CD2 with much lower affinity (K4 ~ 100
M) (Arulanandam et al., 1993) than CD58 (K4 ~ 1 uM)
(Sayreetal., 1989; Recnyet al., 1990). Thus, although CD48
is structurally homologous to CD58, the role of CD48 in
mediating cell-cell adhesion may be of little, if any, physio-
logical significance in humans. In addition, there have been
reports suggesting that CD59 isanalternative ligand for human
CD2 whose binding site overlaps with CD58 (Hahn et al.,
1992; Deckert et al., 1992), but other evidence directly
contradicts these findings (Arulanandam et al., 1993).

Therefore, since the physiological ligands for rodent CD2
and human CD2 have apparently diverged through evolution
and the human CD2 adhesion domain clearly requires the
presence of the N-linked oligosaccharide for maintaining both
structural stability and functional CDS58 binding properties,
we initiated the investigation of the solution structure of the
glycosylated adhesion domain of human CD2 by NMR
spectroscopy in order to better understand the structural
aspects that regulate human CD2 adhesion functions.

Here we report the sequential 'H NMR assignments of
hu-sCD2;¢5 obtained primarily by homonuclear 2D NMR
experiments. In addition, a sample selectively labeled with
[1*N]lysine was used to facilitate the assignments of the 20
lysine residues in hu-sCD2;0s using various heteronuclear
experiments. Complete backbone 'H resonance assignments
have been achieved for 102 out of the 105 residues within this
glycosylated domain. The three residues for which unam-
biguous backbone assignments are still missing lie in an
apparently more flexible region. Secondary structure elements
have been derived on the basis of the NMR data, and the
tertiary fold has been characterized. These assignments lay
the groundwork necessary for a detailed characterization of
the three-dimensional solution structure and dynamics of hu-
sCD29s. The assignments and conformational studies of the
N-linked oligosaccharide were hampered due to variable
branching within the high mannose glycomer, and sequential
assignments have not been obtained so far. However, we have
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tentatively identified two NOEs which define contacts between
the high mannose oligosaccharide and one amino acid residue.

EXPERIMENTAL PROCEDURES

Protein Expression, Purification, and Sample Preparation.
Methods for the construction of mammalian cell expression
vectors coding for secretion of a soluble version of two-domain
hu-sCD2:5; receptor in CHO cells, purification of hu-sCD2s3,
and production of one-domain hu-sCD2;¢s from clostripain
digestion of hu-sCD2,5, have been described in detail elsewhere
(Recny et al., 1992). High-producing hu-sCD2,5; CHO cell
clones (>10 mg/L) maintained in 1 uM methotrexate were
seeded in 8-L spinner vessels (10° cells/mL) with 8 gm/L
CYTODEX 3 microcarriers. (Sigma) and grown in alpha-
MEM (purchased from Fischer Scientific and Mediatech)
containing 6 mM glutamine, 4 gm/L glucose, 10% fetal calf
serum, and 1 uM methotrexate, Cultures were maintained
at 37 °C with replacement of the medium every 3 days. In
order to ensure that purity was optimal, the adhesion domain
was repurified by immunoaffinity chromatography on an anti-
CD2 mAb column prior to size exclusion chromatography.
Hu-sCD2;3; selectively enriched for [1*N]lysine was obtained
by replacing the unlabeled lysine in the alpha MEM with
pure, crystalline [!N]lysine purchased from Cambridge
Isotope Research Laboratories (Woburn, MA). Two 8-L
suspension cultures were grown in the presence of [1*N]lysine
supplemented alpha-MEM medium for 3 days prior to
harvesting, when the medium was replaced in one of the
spinners and second labeling was performed. During the
production phase for [!°N]lysine-labeled hu-sCD2;s;, the
methotrexate was removed from the media, the fetal calf serum
was raised to 15%, and 0.1 gm/L pluronic F68 was added.
[15N]lysine labeled hu-sCD2;os was prepared from the two-
domain molecule as described (Recny et al., 1992). Samples
(1.0-1.5mM) were prepared for NMR experiments by dialysis
into 20 mM deuterated acetate buffer, pH 4.5.

NMR Spectroscopy. All NMR experiments were per-
formed in 95% (v/v) H,O/D;0 or D2O. Acquired 2D 'H-
'H NMR data included 2Q-COSY (Braunschweiler et al.,
1983; Wagner & Zuiderweg, 1983), 2QF-COSY (Piantini et
al.,, 1982; Shaka & Freeman, 1983; Rance et al.,, 1983),
TOCSY (Braunschweiler & Ernst, 1983), and NOESY
(Jeener et al., 1979; Anil-Kumar et al., 1980). Experiments
were carried out either on Bruker AMX600 or AMXS500
spectrometers with 'H resonance frequencies of 600.13 and
500.13 MHz, respectively. While most experiments were
carried out at 25 °C, some spectra were recorded at 13 and
37 °C toresolve accidental overlaps. All the data shown here
refer to the experiments at 25 °C, unless otherwise stated. All
spectra were recorded in a phase-sensitive manner using the
time-proportional phase incrementation method for sign
discrimination in the F; dimension (Marion & Wiithrich,
1983). Spectral widths in the 'H dimension(s) were 8772
and 7246 Hz for the AMX600 and AMXS500 spectrometer,
respectively. Typically, the spectra were obtained with 512
real points along ¢, (TPPI) and 2048 complex points along f2.
'H chemical shifts (8) were referenced relative to the water
resonance, calibrated in turn at 4.631, 4.755, and 4.879 ppm
at 37, 25, 13 °C, respectively, on an external DSS standard.
The 'H carrier was placed on the H,O or residual DHO
resonance. The water resonance was suppressed by low-power
presaturation during the recycle delay (1.0-1.3 s) followed by
the SCUBA sequence using 30 ms delays to recover saturated
proton resonances under the water line (Brown et al., 1988).

. For the NOESY experiments,. solvent peak recovery was
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FiGURE 1: Aromatic region of a TOCSY spectrum of hu-sCD2,qs,
recorded in H,O at 25 °C, pH 4.5, with three mixing times of 32,
55, and 85 ms coadded to a single file. The spin systems of the two
Trpresidues are indicated by solid lines. The C2¢H /C>*H cross peaks
of the three Tyr residues are marked by dashed lines. Cross peaks
from the side chain amide protons of AsnS, GIn15,GIn25and GIn103
are also indicated below the diagonal. The residual unmarked cross
peaks in this region result from the five Phe residues.

reduced by inclusion of a 180° composite pulse in the center
of the mixing period, and mixing times (7,,) of 38, 76, 100,
and 200 ms were used. A totalof 512 ¢, values were collected
per mixing time with 256 scans acquired for each ¢, value. All
TOCSY spectra were acquired using the DIPSI-II (Shaka et
al., 1988) spin-locking sequence. They were either recorded
with three different mixing times of 32, 55, and 85 ms, which
were coadded to a single file, or they were acquired with single
short mixing times of 12, 22, and 32 ms, respectively. A total
of 512 ¢, values were collected per mixing time with 72 scans
acquired for each #; value.

Because of the unusual high content of Lys residues in hu-
sCD210s5 (20/105 residues), a 2D ’N-'H HMQC (Mueller,
1979) and 2D N(w;)-half-filtered TOCSY and NOESY
(Otting et al., 1986; Otting & Wiithrich, 1990) spectra were
recorded at 25 °C on a submillimolar sample selectively labeled
with 15N at all lysine positions to assist in the resonance
assignments. On the AMX600 spectrometer with a 1SN
frequency of 60.81 MHz, the !N spectral width was set to
8772 Hz centered around the carrier position at 116 ppm
relative to liquid ammonia. The GARP sequence was used
for 15N decoupling during !H acquisition. In the half-filtered
experiments, 1’N decoupling during #; was achieved through
a 180° 15N pulse in the middle of #;. The isotope-filter delay
was 5.5 ms. For the HMQC spectrum, 256 #, values were
collected with eight scans acquired for each #; value, and for
the TOCSY and NOESY spectra 512 t; values were collected
with 128 and 256 scans acquired for each ¢, value, respectively.
The mixing times for the TOCSY and NOESY measurements
were 48 and 76 ms, respectively.

Data were processed either on a Sun Sparcstation 2 or on
a Silicon Graphics 4D /35 Personal Iris computer using
Felix software (Hare Research, Inc.). If necessary, low-
frequency deconvolution (Marion et al., 1989) was applied to
the acquisition dimension to remove the water signal. Typi-
cally, the data were zero-filled once in the t; dimension and
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FIGURE 2: Part of a NOESY spectrum of hu-sCD2;s, recorded in
D20 at 25 °C, pH 4.5, with a mixing time of 76 ms, showing
connectivities between aliphatic and aromatic resonances for all His,
Phe, Trp, and Tyr residues. For His, Trp, and Tyr residuesintraresidue
cross peaks to C*H and C#H are indicated by dashed and solid boxes,
respectively, and vertical lines mark the position of the aromatic
resonances that are indicated together with the residue type and
residue number. For the five Phe residues the C2$H /CSH and C2SH/
C2H NOEs are labeled with the residue type and residue number
followed by 8 and a, respectively.

multiplied with a 7/3, 7/4, or /5 shifted squared sine bell
apodization function in both dimensions prior to Fourier
transformation. A polynomial baseline correction was sys-
tematically applied to the rows of the transformed matrices.
If necessary, an additional baseline correction program was
applied to the frequency domain data (Chylla & Markley,
1993). Data were analyzed with the EASY program package
(Eccles et al., 1991).

RESULTS

Most of the 'H resonance assignments for hu-sCD2,0s were
achieved following standard homonuclear 2D NMR proce-
dures (Wagner & Wiithrich, 1982; Wiithrich, 1986). In the
first step, NMR resonances were associated with spin systems
arising from the different types of amino acids of hu-sCD2;0s
through intraresidue through-bond connectivities obtained in
2QF-COSY, 2Q, and TOCSY spectra. In a second phase,
these spin systems were allocated to specific positions in the
amino acid sequence by establishing sequential interresidue
through-space (<5 A) connectivities obtained from NOESY
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FIGURE 3: Part of a NOESY spectrum of hu-sCD2,¢s, recorded in
H,0 at 25 °C, pH 4.5, with a mixing time of 100 ms, showing the
assignment of two of the four Asn and four of the five Gln spin
systems. The connectivities between aliphatic and amide side chain
protons are indicated by continuous lines.

spectra. Hu-sCD2;¢s contains an unusually large number of
Lys residues (20 out of 105). Inorder tofacilitate assignments
asample was prepared in CHO cells whereby all lysine residues
were selectively labeled with [!N]lysine. The program
package, EASY (for ETH Automated Spectroscopy) (Eccles
et al, 1991), was interactively used for all steps in the
assignment process. This computer-supported assignment
procedure was invaluable due to resonance overlap in the
homonuclear 2D spectra. Most of the resonance assignments
were achieved by analyzing spectra recorded at 25 °Cand pH
4.5. Inorder torecognize spin systems whose C*H resonances
were bleached due to the irradiation of the water resonance
at 25 °C, additional spectra at 13 and 37 °C were obtained.
Thus, the assignments at 25 °C were verified and extended.

SpinSystem Identification. Spinsystem assignments were
initiated by analyzing the fingerprint region of a 2QF-COSY
and a TOCSY spectrum recorded at 25 °C in H,O. The
COSY spectrum was used to distinguish between direct (three-
bond) peaks and more remote (relay) peaks. In addition, a
2Q spectrum obtained at 25 °C helped to identify the NH-
CH three-bond connectivities through direct cross peaks
located at positions [(NH+CH)w;,(NH)w,]. Six NH-CH
three-bond connectivities could easily be associated with three
of the four Gly residues of hu-sCD2,gs, as was determined by
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FIGURE 4: (a) Fingerprint region of a 2D N(w;)-half-filtered
NOESY spectrum, acquired with a mixing time of 76 ms and (b)
part of a ’N-'H HMQC spectrum of hu-sCD2,0s, showing the
assignment of Lys residues. Both spectra were recorded in H,O at
25 °C, pH 4.5. The NH positions of the Lys residues are indicated
with the respective residue number. For Lys57 no cross peaks were
observed in the SN(w;)-half-filtered NOESY spectrum.

the corresponding remote cross peaks located at positions
[(C*H+C*H)w;,(NH)w,] in the 2Q spectrum.

Subsequently, the high-field regions were analyzed with
2QF-COSY and TOCSY spectra recorded in D,O at 25 °C
and with an additional TOCSY spectrum recorded in D;0 at
37 °C. Thus, it was possible to unambiguously connect 85
side chain spin systems to their NH/C*H cross peaks and to
extend most of the 76 spin systems for which at least one
relayed connectivity from the NH to a side chain proton
resonance had previously been observed in the fingerprint
regions of the TOCSY spectra recorded in H,O. Theidentified
and extended spin systems were classified into specific spin
system types and residues when possible.

Analysis of NOESY spectra recorded at 25 and 37 °C,
both in H,O and in D,0, allowed determination of the residue
type of all 11 aromatic residues of hu-sCD2;0s. Complete
spin system networks for the C*H, C’H, CH, and C"H ring
protons from the two tryptophans, as well as for the C%SH,
and C35H ring protons from the three tyrosines were readily
identified in TOCSY spectra and are illustrated in Figure 1.
All tyrosyl side chains are rotating rapidly on the NMR time
scale and show averaged resonances for the 6 and ¢ 'H
resonances, respectively. Two further cross peaks linking the
imidazole N'H and the C2H ring protons of the two Trp
residues and a cross peak linking the C?H and the C*H ring
protons of the single histidine were also observed in TOCSY
spectra (not shown). The links between these aromatic spin
systems and their corresponding AMX spin systems were



NMR Assignment for the Human CD2 Adhesion Domain

>

F2 (ppm)
FIGURE 5: Part of the fingerprint region of the same spectrum as in
Figure 3. Sequential d.n(i,i+1) connectivity pathways are indicated
for residues 1-21. Note that intraresidue NH/C*H NOEs are not
seen for all residues. The numbers indicate the residue position in the
sequence.

established through NOESY cross peaks shown in Figure 2.
Because of overlap, the aromatic spin systems of the five Phe
residues could only partially be assigned. However,in NOESY
spectra intraresidue cross peaks from the C26H ring protons
to the CfH, and C*H resonances were observed for all five
phenylalanines (see Figure 2). These links were confirmed
through additional intraresidue C>6H/NH NOEs detected
in NOESY spectra with longer mixing times (rm = 100 ms)
(not shown). The CFH, resonances for two of the four
asparagines and the CYH; resonances for four of the five
glutamines were identified from NOE connectivities with their
respective side chain amide protons (see Figure 3).

A
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Spin systems of 17 of the 20 lysines were unambiguously
identified through 'N-'H HMQC, !SN(w,)-half-filtered
TOCSY and N(w;)-half-filtered NOESY spectra recorded
on a selectively labeled [!SN]Lys hu-sCD2;¢s sample at 25 °C
as shown in Figure 4a,b. No cross peaks from the amino-
terminal lysine were observed as its amino protons are in fast
exchange with the preirradiated water resonances under the
conditions measured.

Sequential Assignments. Sequence-specific resonance as-
signments were accomplished primarily by establishing se-
quential dn(i,i+1), dnn(ii+1), and dgn(i,i+1) [in case of
Ile, Thr, and Val also d,n(i,i+1)] NOESY connectivities.
Examples of NOESY spectra showing sequential d,n(i,i+1)
connectivity pathways of many residues are given in Figure
5andinthesupplementary material. Except for Arg48, Glu56,
and Lys57, ambiguities or interruptions in the d,n(i,i+1)
connectivity pattern could be bypassed by referring to
additional sequential, medium, and long range NOEs. In
this manner, oligopeptide segments were built upand matched
with the known sequence of hu-sCD2;0s. For several residues
theside chain assignments could unambiguously be determined
using NOE:s only after their residue type was known from the
sequence-specific assignments. For others, such as Leu62,
the side chain assignments could only be completed by referring
to initial model structures of hu-sCD2¢s.

The sequence-specific assignment of the amino-terminal
region was readily obtained through a series of consecutive
CeH(#)/NH(i+1) NOEs (see Figure 5), interrupted by Pro22,
asexpected. Theresonances of Pro22 were recognized through
sequential C*H(21)/C*H(22), C'H;(21)/C’H(22), C*H-
(22)/NH(23), C°H(22)/NH(23), and C*(22)/NH(23) NOEs,
as well as through several intraresidue TOCSY and NOESY
cross peaks (not shown). The assignment of the amino-
terminal region identified an AX spin system as Gly11, the
only glycine that did not show a remote peak in the 2Q
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FIGURE 6: Sequence of hu-sCD2;s, together with a summary of sequential NOEs used in the sequential assignment procedure. Medium-range
NOEs between backbone atoms are also included.The C*H(i/)-C*H(i+1) NOE is shown as an open box along the same line as the C*H-
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interstrand NOEs expected in regular S-sheets. The 8-strands are labeled according to an Ig V domain.
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FIGURE 8: Schematic diagram showing the topology of 8-strand connections in hu-sCD2,qs. Open arrows represent §-strands labeled A-G
according to an Ig V domain. NOEs between side chain resonances of residues of the two 8-sheets suggest that the BED sheet is situated above
the GFCC’ strands of the other sheet. The filled triangle in the D—E loop represents the single glycosylation site at Asn65 of hu-sCD2;9s. NOEs
tentatively observed between the high mannose oligosaccharides and Gly90 are indicated by the dashed double-headed arrow. The positions
of residues found to affect CD58 binding are indicated by filled dots. Differences between the boundaries of §-strands in r-sCD2g9 and r-sCD2,77
with respect to hu-sCD2,¢s are indicated to the left or to the right (relative to the direction of the arrow) of each g8-strand for r-sCD2gy and
r-sCD2,1, respectively, and are discussed in the text. For each S-strand in hu-sCD2¢s the first.and last residue are indicated by its position

in the sequence.

connectivities except those for Arg48, Glu56, and Lys57 (see
the supplementary material).

The sequential and medium range NOE:s involving NH,
CeH, and CPH as well as the C°H of proline are summarized
in Figure 6. Qualitative interpretation of these data together
with observed long-range NOEs allowed the determination of
the secondary structure of hu-sCD2;¢s that is depicted
schematically in Figures 7and 8. As presented here, the extent
of each strand was defined by the observation or absence,
respectively, of interstrand and sequential NOEs characteristic
for regular 8-strand structures. The boundaries of the strands
as given in Figure 8 are thus well defined for all strands,
except for the C’ and C”strands which might be longer at
either end. This ambiguity is due to the incomplete assign-
ments of Argd8, Glu56, and Lys57 (see Table I). A complete
list of the proton assignments for hu-sCD2;¢s obtained in this
work at 25 °C is given in Table 1.

Identification of Secondary Structure and Global Fold.
Regular secondary structural features in protein structures
can beidentified by distinctive NOE patterns (Wiithrich, 1986;
Wagner, 1990). B-sheet structures generally lead to strong
consecutive C*H (i) /NH(i+1) NOEs, very weak or nonexistent
NH(7)/NH(i+1) NOEs, and very characteristic long-range
interstrand NOEs. In addition to the medium to weak NH-
(i+1)/C*H(j) and NH(i+1)/NH(j-1) NOEs that are also
observed in parallel 8-sheets, the antiparallel strand orien-
tations are distinguishable by a series of strong C*H(i) /C*H-
(/) NOEs. Significant downfield NH chemical shifts and
slow NH proton exchange with solvent are also common
features of 3-sheets, due to the networked hydrogen-bonding

patterns present. In hu-sCD20s. these characteristics of
B-sheet structures were extensively observed. The results are
consistent with nine 8-strands organized into two mainly
antiparallel 8-sheets forming a topology reminiscent of an Ig
variable (V) domain (see Figure 8). In the loops and turns
connecting the nine B-strands these regular NOE patterns
wereinterrupted through often much weaker sequential C*H-
(#)/NH(i+1) and stronger NH(i)/NH(i+1) NOEs, as well
as through medium range NOEs typically observed in turns.

Figure 7a shows contacts between strands G, F, C, C’, and
C”, whichimply a five-stranded antiparallel 8-sheet comprising
residues Leu94-Gin103, I1e80-Tyr86, Asp32-Lys37, Ala4d5-
Phe47, and Thr53-Lys55, respectively. Although a medium
C=H(32)/C~*H(48) NOE has been observed, Arg48 has not
beenincluded as a 8-strand residue in Figures 6 and 8, because
neither intraresidue nor sequential cross peaks have been
observed for this residue. NOEsrevealing parallel proximities
between residues 7 and 12 of strand A, and residues 98 and
103 of strand G are also indicated. A strong sequential NH-
(5)/NH(6) NOE was observed between Asn5 and Ala6, and
residues 1-5 seem to adopt an extended conformation but do
not show any interstrand NOEs. These data imply that a
bend occurs at this position and that the amino-terminus is
pointing away from the G strand. Inaddition, these five amino-
terminal residues showed significantly reduced NOE intensities
with increasing temperature suggesting higher mobility in
this part of the molecule. In Figure 7b interstrand NOEs
between strands B, E, and D indicate a three-stranded
antiparallel 8-sheet involving segments Asp16-Asp20, Thr67-
Lys71, and Tyr60-Phe63, respectively.
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Table I: Chemical Shifts of the Assigned Proton NMR Resonances of hu-sCD2,¢s5 at 25 °C, pH 4.5¢

residue NH CH C*H others®c

Lys 1 4.00 1.88 C"H, 1.43; C*H, 1.69; C*H, 2.99

Glu 2 8.83 4.39 2.02,1.92 CYH; 2.28

Ile 3 8.51 4.22 1.85 C"H, 0.89; CYH, 1.19; C°*H; 0.84

Thr 4 8.24 4.34 4.16 CYH; 1.16

Asn 5 8.47 4.66 2.83,2.78 N°®H; 7.55, 6.85

Ala 6 8.15 4.31 1.20

Leu 7 8.44 443 1.44 C*H 1.51; C°H; 0.88, 0.72

Glu 8 8.95 4,61 2.10, 1.96 CYH; 2.23

Thr 9 8.72 4.62 3.83 CYH31.19

Trp 10 8.62 5.49 3.09, 3.02 N'H 10.19; C?H 7.18; C*H 7.41; C’H 6.97;
CSH 7.18; C'H 7.43

Gly 11 8.89 4,53, 3.21

Ala 12 8.37 4,94 1.27

Leu 13 8.21 3.68 1.57,1.50 C7H 1.61; C?H; 0.96, 0.88

Gly 14 9.76 4.16, 3.07

Gin 15 7.99 4,59 2,17 C7H, 2.32; N*H; 7.57, 6.92

Asp 16 8.33 5.46 2.61,2.37

Ile 17 8.83 4.56 1.65 C"H;0.75

Asn 18 8.00 5.20 2.72,2.31 N°*H, 7.77, 6.47

Leu 19 9.18 4.25 1.32,1.29 C7H 1.07; C*Hj; 0.41, 0.07

Asp 20 7.63 4,88 2.52,2.46

Ile 21 8.95 437 1.94 C*H, 0.69

Pro 22 4,43 2.34,1.93 CvH, 2.04; C°H; 3.49

Ser 23 8.63 4.02 3.94

Phe 24 7.66 4.67 2.84, 2.66 C26H 7.14; 7.21%; 7.10*

Gln 25 771 4.14 1.79, 1.70 CYH; 2.15; N‘H; 7.45,6.77

Met 26 8.21 3.99 1.90, 1.84 C7H, 2.68, 2.52

Ser 27 7.42 [4.71}] 4.09,3.76

Asp 28 8.83 4.30 2.75, 2.68

Asp 29 8.19 4.72) 2.83, 2.66

Ile 30 7.41 4.13 2.51 CYH; 1.01

Asp 31 8.87 5.04 2.33,2.28

Asp 32 7.73 5.64 2.79,2.57

Ile 33 8.95 4.62 1.82 CYH30.70

Lys 34 9.07 5.15 1.91,1.87 CYH; 1.29; 1.63; 1.46

Trp 35 8.99 5.57 3.00, 2.96 N!'H 9.58; C?H 6.74; C*H 7.23; C°H 6.53;
C¢H 6.36; C’H 7.51

Glu 36 9.76 5.30 1.87 1.91

Lys 37 8.74 434 1.93*

Thr 38 8.18 4.08 4.31* CYH; 1.20

Ser 39 8.91 4.15 3.89,4.07*

Asp 40 7.47 [4.71] 2.68,2.62

Lys 41 7.82 3.90 1.91,1.87 CYH; 1.35;0.93*

Lys 42 7.60 4.49 1.66

Lys 43 8.66 4.49 1.75

Ile 44 8.59 4.26

Ala 45 7.54 4,95 1.31

Ghn 46 9.03 5.70 2.10, 2.05 CYH, 2.61

Phe 47 9.37 4.94 3.31,3.03 C26H 7.09; 7.26*%; 7.31*

Arg 48 (4.79)*

Lys 49 7.86 3.79 2.04,1.97

Glu 50 8.80 4,10 2.29,2.07 C"H,2.23

Lys 51 7.68 4.46 1.79, 1.58 CYH, 1.28

Glu 52 8.29 4.32 1.99 CYH; 2.35,2.29

Thr 53 8.53 4.44 4.21 CYH; 1.23

Phe 54 8.69 4.12 2.52,2.29 C26H 7.23; 7.09*

Lys 55 8.00 4.45

Glu 56

Lys 57 8.29* 4.49*

Asp 58 8.53 4.40 2.73, 2.66

Thr 59 6.89 3.81 4.02 CYH; 0.94

Tyr 60 7.36 5.57 2,75 C%¢H 7.02; C3°H 6.82

Lys 61 8.68 4.29 1.33

Leu 62 8.32 4.96 1.82,1.40 C7H 1.02; C’H; 0.81, 0.51

Phe 63 8.69 4.67 3.37,3.11 C26H 7.26; 7.17*

Lys 64 8.95 3.79 1.88, 1.80 C"H, 1.45

Asn 65 7.22 4.50 3.39,2.75 N°H 8.39

Gly 66 8.32 4.41,3.46

Thr 67 7.89 4.49 4.28 CYH; 0.97

Leu 68 8.58 4,53 0.09,-1.01 CYH 0.62; C’H3 0.13, -0.23

Lys 69 9.25 5.40 1.46

Ile 70 8.78 4.46 1.47 CvH3 0.68; C"H; 1.20, 0.60; C°H;3 0.17

Lys 71 8.59 4.25 1.39 1.12

His 72 8.71 3.50 3.25,2.95 C2H 8.56; C*H 7.19

Leu 73 8.57 4.10 1.12 C"H 1.87; C*H3 0.72, 0.65

Lys 74 9.65 (4.73) 2.01,1.75 CYH; 1.66

Thr 75 8.76 3.77 4.18 CvHj; 1.31



NMR Assignment for the Human CD2 Adhesion Domain

Biochemistry, Vol. 32, No. 41, 1993 11003

Table I (Continued)

residue NH CeH CfH othersé¢
Asp 76 8.17 4,58 2.67
Asp 77 7.99 4.63 2.93, 2.54
Gln 78 1.55 4.22 2.19 CYH; 2.29; N<H; 7.76, 7.05
Asp 79 8.34 4,56 2.51,1.93
Ile 80 9.79 5.30 1.66 C7YH; 0.82; CYH; 1.08
Tyr 81 9.90 5.38 3.10, 3.06 C26H 7.01; C3H 6.70
Lys 82 9.31 5.48 1.63 CvH, 1.19; C*H; 1.44; CH, 2.66
Val 83 8.93 4.90 -0.84 CYH; 0.45, -0.26
Ser 84 8.35 5.03 3.63,3.54
Tle 85 8.11 5.00 1.47 CYH;3 0.86; CH, 0.91
Tyr 86 9.28 5.70 2.93,2.88 C%6H 6.87; C3H 6.64
Asp 87 8.88 5.42 3.53,2.62
Thr 88 8.10 395 445 CYH;3 1.33
Lys 89 8.19 4.50 2.02,1.96 CYH, 1.41
Gly 90 8.25 4.23,3.71
Lys 91 8.70 4.31 1.85
Asn 92 8.84 4.19 2.69, 2.52
Val 93 8.65 4.12 2.03 CYH; 0.92, 0.77
Leu 94 7.17 4.30 1.56 CH 1.30; C*H; 0.79, 0.57
Glu 95 8.19 5.32 1.97, 1.80 C"H; 2.26
Lys 96 8.51 4.61 1.48, 1.39
Tle 97 8.05 5.2§ 1.62 CYH; 0.85; C"H, 1.01, 0.99; C°H; 0.78
Phe 98 9.74 5.06 3.21,2.91 C26H 7.38; C>5H 7.33; C*H 7.30*
Asp 99 8.81 498 2.81,2.19
Leu 100 8.57 4.89 2.50
Lys 101 8.54 4.43 1.00, 0.31 CvH, 0.91; C*H; 1.31, 1.15; C*H; 2.74
Ile 102 8.19 (4.75) 1.80 CvH; 0.74; CH; 1.38, 1.08; C’H; 0.64
Gin 103 8.86 4.66 2.15,2.08 C7H, 2.34, N¢H, 7.23, 6.55
Glu 104 8.81 4.33 2.13,2.00 C7H, 2.43,2.35
Arg 105 7.92 4.19 1.84,1.71 CvH, 1.55; C°H; 3.15; N*H 7.17

@ Chemical shifts are in parts per million (ppm) referenced to the water resonance, calibrated in turn at 4.631, 4.755, and 4.879 ppm at 37, 25, and
13 °C, respectively, on an external DSS standard and are accurate to £0.01 ppm. Assignments mainly determined at 37 °C and at 13 °C are denoted
in () and [ ], respectively. ® Resonances in the “others” column that are not labeled belong to the spin system, but the position in the side chain is not

known. ¢ Resonances marked with an asterisk are tentatively assigned.

Inthe two intersheet loops A-B and E-F connecting strand
A with Band strand E with F, respectively, NOEs from residues
His72 and Leu73 toresidues Glyl4 and Gln15 were observed.
CeH(i)/NH(i+3), C°H(i+1)/NH(i+3), and consecutive
strong sequential NH(/)/NH(i+1) NOEs in the tetrapeptide
segment Thr75-Asp76—Asp77-GIn78 indicate a 3;p helical
turn in that part of the E-F loop. The same is true for the
four-residue segment Thr38—Ser39—Asp40-Lys41 in the C-C’
loop. Residues Ile21-Phe24 and Lys57-Tyr60 form different
types of reverse turns with Pro22 and AspS58 at position i+1,
respectively. In the latter portion of this long B—-C loop, a
series of consecutive sequential NH(7) /NH(i+1) NOEs was
observed for the segment Ser27-Asp28—Asp29-1le30-Asp31.
Additionally, Ile30 and Asp31, which immediately precede
the C strand show several long range NOEs to Asp87 and
Thr88 at the end of the F strand. Likewise, in the loop between
the F and G strand, NH(i{)/NH(i+1) connectivities were
observed, although residues 92 and 93 also make contacts to
residues 86 and 87 in the F strand. In the loop region between
strands D and E, three consecutive NH(7) /NH(i+1) NOEs,
a very weak C*H(64) /NH(67) NOE, and a C°H(64)/NH-
(66) NOE were observed, indicating a reverse turn between
residues 64 and 67. Note that the single N-linked glycosylation
site of hu-sCD2,¢sis located at Asn63.

A significant number of NOEs between side chain reso-
nances of residues of the two 3-sheets have been observed. As
a consequence, the side chain orientation of 8-strand residues
could be determined, because the side chains withina 8-strand
point alternatively above and below the 8-sheet (see Figure
7). Mostof these contacts occur between hydrophobic residues
implying a hydrophobic core between the two sheets. For
example, 41,40, and 32 long-range NOEs have been identified
for Phe98, Trp35, and Leul9, respectively. Therefore, it was
possible to determine the approximate orientation of the two

B-sheets and to build a model of hu-sCD2;¢s in a late stage
of the assignment work facilitating the identification of some
yet ambiguous side chain resonances. Overall, the assignment
of over 80% of all side chain 'H resonances could unambig-
uously be achieved.

DISCUSSION

Detailed structural studies of glycoproteins by either NMR
spectroscopy or X-ray crystallography are scarce, and we are
unaware of any published NMR assignments of a glycoprotein
containing an intact carbohydrate moiety that is required for
its functional activity. We previously demonstrated that the
high mannose N-glycan attached to Asn65 in hu-sCD2,¢s is
essential for its adhesion functions (Recny et al., 1992).
However, it was unclear whether this single N-linked car-
bohydrate moiety serves only to stabilize the conformation of
the amino-terminal CD58-binding domain, contributes to the
recognition of CD58 as part of a ligand binding site, or both.
In order to better understand the structural aspects that
regulate human CD2 adhesion functions, we initiated the
determination of the three-dimensional structure of human
CD2 by NMR spectroscopy. For that purpose, we were
required to utilize the intact glycosylated adhesion domain
(hu-sCD2;¢s) which we derived from the entire extracellular
two-domain CD?2 segment (hu-sCD2;3;) expressed in CHO
cells. This molecule contains a single high mannose N-glycan
composed of heterogeneous isomeric structures with variable
branching patterns [(Man),GlcNAc;, n = 5-9], which further
complicates the process of assigning its !H resonances.
Normally, NMR assignments for a protein of the size of hu-
sCD2;¢s can be greatly facilitated by isotopically labeling the
protein in vivo with N and '*C amino acids if the protein
can be functionally expressed in Escherichia coli (McIntosh
& Dabhlquist, 1990). Thisstrategy has often proved successful
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for glycoproteins that donot require intact carbohydrate chains
for maintaining the structural and functional integrity of the
glycoprotein, as is the case for rat CD2 (Driscoll et al., 1991).
However, since N-glycosylation is critical for human CD2
adhesion functions, we could not take advantage of this strategy
to assign the NMR resonances of the intact glycosylated
adhesion domain of human CD2.

We have presented in this paper H resonance assignments
for almost all the residues in the adhesion domain of human
CD2 (hu-sCD2j¢s). On the basis of qualitative analysis of
NOE data obtained at three different temperatures (13, 25,
and 37 °C), pH 4.5, with several mixing times (38, 76, 100,
and 200 ms), the secondary structure and topology of hu-
8CD2,0s have also been determined. NOESY and TOCSY
spectra recorded at 25 °C and pH 7.0 revealed no obvious
structural differences between hu-sCD2;s samples analyzed
at physiological pH compared to pH 4.5, suggesting that the
protein structure remains largely unperturbed when the pH
is lowered in order to obtain better NMR spectra. These
studies reveal an overall structure consisting of nine 8-sheets
for hu-sCD2;s arranged in a manner typical for Ig V domains
(see Figure 8). In addition, a large number of NOEs were
observed between hydrophobic residues of the two §-sheets,
suggesting that a closely packed hydrophobic core is situated
between the two sheets.

Except for Argd8, Glu56, and Lys57, all backbone 'H
resonances for the remaining 102 residues have unambiguously
been assigned. These three residues lie within a region that
appears to be significantly more mobile than the remainder
of the protein, as many residues between Thr38 and Lys57
showed only weak or missing intraresidue cross peaks in the
NOESY spectra. Consequently, the existence of the C”strand
(residues 53-55) is based merely on two weak C*H(i) /C*H-
()) interstrand NOEs observed between residues of strands C’
and C” (see Figure 7b). However, two additional interstrand
NOEs involving side chain 'H resonances confirmed a
proximity of residues within these two strands.

. The assignments of side chain resonances as well as of the
NH resonance could not be obtained for Argd8 that is located
in the C’-C” loop immediately following the C’ strand.
Interestingly, we observe that clostripain does not cleave the
Argd8-Lys49 peptide bond of hu-sCD2;gs under native
conditions where the Argl05-Vall06 and Argl46-Vali47
peptide bonds are rapidly hydrolyzed. In fact, this unusual
property has facilitated our preparation of intact adhesion
domain from the two-domain molecule. Assumingthat Arg48
is highly mobile and solvent exposed due to its location within
the C'—C”’ loop, one might predict it to be readily accessible
to proteolytic attack by clostripain. However, hydrophobic
contacts observed between residues of the two §-sheets suggest
that the D-E loop, where the glycomer is attached at Asn65,
is situated close to Arg48 (see Figure 8). Conceivably, the
high mannose oligosaccharide could partially mask the
accessibility of Arg48 and limit the binding of and subsequent
cleavage by clostripainat thissite. This hypothesisissupported
by the additional observation that when the N-glycan is
removed from hu-sCD2,ys by endoglycosidase digestion, the
Arg48-Lys49 peptide bond is rapidly cleaved within minutes
(M. Knoppers and M. Recny, unpublished results).

. Despite the presence of the functionally important glycan
in hu-sCD2,¢s, its secondary structure is similar to that of the
unglycosylated rat analogue. However, detailed comparison
of the secondary structure present in the adhesion domain of
the NMR solution structure of the nonglycosylated rat CD2
domain 1 (r-sCD2g9) (Driscoll et al., 1991), the crystal

Wyss et al.

structure of the entire extracellular region of rat CD2 (r-
sCD2,;77) (Jonesetal., 1992) and hu-sCD2,¢s reveals a number
of differences (see Figure 8). The only structural features
that are identical among all three molecules are the lengths
of the A-Bloopand the D strand. Hu-sCD2;0sis three residues
longer than rat CD2 at the amino-terminus due to differences
in the primary sequence and seems to form a kink at positions
5 and 6 with the four amino-terminal residues pointing away
from the G strand. In r-sCD2;7 the A strand was found to
be one residue longer thanin the other twostructures. Similar
to r-sCD2;77, the B strand in hu-sCD2;9;5 appears to be one
residue shorter than in r-sCD2¢g. Although residues in the
B—C loop are highly conserved between human and rat CD2,
hu-sCD2;0s does not appear to form the distinctive kink
observed in the rat structures within this loop. Hence, no
internal side chain contacts between the loops connecting
strands B to C and D to E have been observed in human CD2.
This difference may be attributed to the presence of the glycan
in hu-sCD2,0s. Interestingly, the B—C loop in r-sCD2,7 is
two residues shorter at the carboxy-terminal end such that
the C strand starts two residues earlier than in the single
domain structures of rat and human CD2. In hu-sCD2gs,
the C—C’loopisthree and five residues longer thanin r-sCD2gs
and r-sCD2,7, respectively. However, the sequence alignment
of human CD2 and rat CD2 reveals two additional residues
in the primary sequence of human CD2 within this loop
(Driscoll et al., 1991). Because the backbone assignments
for Arg48, Glu56, and LysS57 are still partially missing for
hu-sCD2,¢;, the ends of the C’ strand and the C” strand have
not clearly been defined. However, the amino-terminus of
the C’ strand in r-sCD2g; and r-sCD2;77, respectively, is one
and three residues longer than in hu-sCD2,¢s. The E strand
in r-sCD2yg starts one residue earlier than in hu-sCD2gs.
Note that, for the human structure, this D-E loop is three
residues long and contains the glycosylation site at Asné5.
The E strand in r-sCD2;77 ends one sequence position before
it ends in the single domain forms of CD2. The F strand of
hu-sCD21¢s appears to be one residue shorter than in rat CD2
at both ends. Inr-sCD2;7; the G strand starts two sequence
positions earlier than in the other two forms, Inr-sCD2¢s 0n
the other hand, this strand ends one position before it ends in
the other two structures. Consequently, the G strand is 12,
10, and 9 residues long for r-sCD2;77, hu-sCD2;0s and
r-sCD2gq, respectively. Structure calculations for hu-sCD2;¢s,
are currently under way that will show to what extent these
differences in secondary structure among the three proteins
are reflected in their three-dimensional structures.

Previous studies on human CD2 have shown that single
mutations at sequence positions Lys43 and Ile44 (C-C’ loop),
Ala45 and GIn46 (C’ strand), Lys82 and Tyr86 (F strand),
Asp87 and Gly90 (F-G loop), and Leu94 (G strand) disrupt
CD58 binding (Peterson & Seed, 1987; Wolff et al., 1990)
(see Figure 8). According to the NOE contacts observed
between hydrophobic residues of the two B-sheets, the side
chains of Gln46, Lys82, and Tyr86 are solvent-exposed on the
surface of the GFCC'C”’-sheet (see Figure 7a). On the other
hand, the side chains of Ala45 and Leu94 are oriented toward
the hydrophobic core that is situated between the two S-sheets.
In human CD2 the orientations of the side chains of Lys43,
Ile44, and Asp87, have not been defined yet. However, in the
case of Lys43 and Asp87 the side chains of the homologous
residues in rat CD2 are solvent exposed in the rat structure,
However, only calculated structures of hu-sCD2,4s will reveal
the exact locations of these side chains in human CD2.
Together with additional mutational studies, the three-
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dimensional structure of hu-sCD2¢s will presumably lead to
a better understanding of the binding surface provided by
CD2 for the ligand, CD58.

Two NOE contacts between Gly90 in the F-G loop and one
of the anomeric resonances of the oligosaccharide have
tentatively been assigned, suggesting that some part of the
high mannose glycan is situated close to this portion of the
F-G loop. Clearly, this needs to be further investigated by
an extension of the carbohydrate assignments, but glycoform
heterogeneity combined with severe resonance overlap in the
homonuclear NMR spectra have hampered complete assign-
ments and conformational studies of the oligosaccharides thus
far.

It is our belief that the assignments listed in Table I are the
most complete possible using homonuclear 2D NMR methods
and that further assignments will only be possible using
heteronuclear-edited 3D NMR techniques. Recently, a fully
15N and partially 13C double-labeled hu-sCD2,05 sample was
prepared by isotopic enrichment in CHO cells (Recny et al.,
manuscript in preparation). Analysis of this sample by
heteronuclear-edited multidimensional NMR techniques will
help to achieve further protein and carbohydrate assignments
for hu-sCD2;0s. This will be necessary to better define the
functional importance of the glycan present in hu-sCD2;s
and better characterize the binding surface provided by human
CD2 for binding of CDS58. In addition, dynamical studies
will be carried out to determine if weak and missing signals
between Thr38 and Lys57 are due to a higher mobility of this
part of the protein.
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SUPPLEMENTARY MATERIAL AVAILABLE

Sequence-specific assignments for residues 23—-105. Dif-
ferent parts of the fingerprint region of the same spectrum as
in Figure 3 showing sequential d,n(i,i+1) connectivity
pathways for residues (a) 58—64, 67-75, 78-88, and 94-99,
(b) 22-37, and (c) 41-44 and 49-55. Part of the NH-NH
region of a NOESY spectrum of hu-sCD2;¢s, recorded in
H;0 at 25 °C, pH 4.5, with a mixing time of 76 ms, showing
sequential connectivity pathways dnn(i,i+1) for segments
where C°H(i)-NH(i+1) cross peaks were weak or missing (7
pages). Orderinginformationisgivenonany current masthead

page.
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