Structure of the y-chain of the human IgE Fc,R1 receptor:

NMR and molecular dynamics studies
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The solution structure of the 37-residue intracellular y-chain of the human Fc,R1 receptor protein has been
determined using high field "H nuclear magnetic resonance (NMR) spectroscopy combined with molecular dynamics
simulations. Two closely related groups of a-helical structures were found, with disruptions of the helix between
residues 20 to 24; for one group the disruption is a type I B-turn, and in the second this region is less structured and
acts as a loose ‘hinge’ between the a-helical regions. All structures exhibited a major and a minor hydrophobic region.
The two tyrosines of the ARAM (antigen recognition activation motif) consensus motif lic on a single face of the
helix, as do the two hydrophobic ARAM leucine and isoleucine residues. Three of the five threonines define a third
face. These data are used to propose a model for the in vivo dimer of the y-chain which is consistent with the
susceptibility of the tyrosines and threonines to phosphorylation as an important feature of signal transduction.

Introduction

When an allergen enters the body it results in the production of
allergen specific immunoglobulin E (IgE) which binds via its Fc
region to the high affinity IgE receptor (Fc,R1) located on the
surface of mast cells. This binding sensitises the cell to sub-
sequent encounters with the allergen. During such encounters
the activation of the Fc,R1 receptor triggers a cascade of
intracellular events that culminates in the release of mediators
(e.g. histamine) responsible for the hypersensitivity reaction.!
The cascade of intracellular events leading to the release of the
mediators is a matter of considerable current interest.

The Fc.R1 receptor consists of four transmembrane poly-
peptides, an o, a B and two y chains. The two y chains are
identical and are disulfide linked by two cysteine residues on
the cytoplasmic side of the transmembrane segment, and the
amino acid sequence of the y-chain is: ARLKIQVRKAAIT
SYEKSDGVYTGLSTRNQETYETIK. The y-chain of the
Fc.R1 receptor has been shown to be the same as the FcyRIII
y-chain? and shows 55% amino acid identity with the T-cell
antigen receptor (TCR) { chain.** Reth® discovered a sequence
motif common in the cytoplasmic tails of several antigen recep-
tors of T- and B-cells as well as the Fc,R1 receptor §- and
v-chains. This conserved sequence is based on tyrosine, leucine
(or isoleucine) and aspartic acid residues and is often referred to
as the ARAM (antigen recognition activation motif)), compris-
ing Asp-19, Tyr-22, Leu-25, Tyr-33 and Ile-36. As all these
cytoplasmic tails are involved in signal transduction it may be
assumed that the mechanisms involving these motifs are similar.
It has been shown that activation of these transmembrane
receptors results in phosphorylation of tyrosine residues in the
cytoplasmic tails of the receptor.® The further transmission of
the signal is thought to depend on the recognition of the phos-
phorylated tyrosine region by distinctive domains, known as
SH2 domains.” With the overall goal of elucidation of the
molecular basis for the mechanism of signal transduction a first
step is to determine the structure of the cytoplasmic region of
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the y-chain before the phosphorylation step. This has been
achieved through the combined use of high resolution 'H
nuclear magnetic resonance (NMR) spectroscopy and molec-
ular dynamics (MD) simulations.

Results and discussion
"H NMR analysis

Assignment of the 'H chemical shifts was achieved using a
combination of the 2-dimensional NMR experiments, COSY,
NOESY and TOCSY ® (see Fig. 1 and Fig. 2). The spin systems
of the individual amino acid residues of the peptide in TFE-d,—
H,0 (65:35 v/v) were identified using TOCSY and COSY
spectra at two temperatures, 290 and 300 K. Some spectra
were measured in TFE-d;—D,0 (65:35 v/v) in order to assist
the identification of crosspeaks close to the water peak.
Sequence specific assignments were made by the observation
of inter-residue nuclear Overhauser effects (nOe’s) in the
NOESY spectra. In particular the NH-NH(, i + 1) and Hy-
NH(i, i + 1) crosspeaks being the most useful. The final 'H
resonance assignments are given in Table 1. Wishart er al®
have shown that chemical shifts can be a useful indication of
secondary structure. Excluding the first three residues, the
majority of chemical shifts for the Fc,R1 y-chain in Table 1
are typical of helices, with the H,, Hy and H, chemical shifts
showing particularly good agreement with average helical
values.’

Of the 37 residues in the peptide, 23 have B-methylene
groups, and 11 of these gave rise to two resolved signals of
which 5 pairs were stereochemically assignable as pro-R or
pro-S on the basis of the intraresidue H;~NH and H,-H,
NOESY crosspeaks, as described by Baus.!® The two a-protons
of the glycine residues could only be distinguished after the
creation of a set of initial structures using the unambiguous
nOe constraints (see below).

The ¢ torsion angles were estimated from the 3J, inter-
proton coupling constants which were measured from DQF-
COSY spectra in the manner described by Neuhaus et al'
The residues for which coupling constants could be measured
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Fig.1 Fingerprint region of the 600 MHz "H NMR spectra of the Fc _R1 y-chain in TFE-d;~water at 300 K. (a) TOCSY spectrum, the vertical lines
indicate selected chemical shifts in the NH region. (b) NOESY spectrum with 200 ms mixing time, showing the assignment of selected inter-residue

crosspeaks. Experimental conditions are given in the text.
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Fig. 2 High frequency region of the 600 MHz 'H NOESY NMR
spectrum of the Fc,R1 y-chain in TFE-d;,~water at 300 K, measured
with a mixing time 200 ms; selected NH-NH(, i + 1) correlation peaks
are assigned.

(all except Ala-1, Ala-10, Gly-20 and Gly-24) gave values of
5.5 Hz or less, typical of a helical structure.'

Estimation of distance constraints

Estimates of interproton distances can be made from crosspeak
volumes in the NOESY spectra. Cross relaxation rates between
pairs of protons are estimated from the variation of peak
volume with the so-called ‘mixing time’ in the NOESY experi-
mental pulse sequence. The cross relaxation rates are then
related to internuclear separation by comparison with a ‘stand-
ard’ separation—usually the separation between a methylene

1302 J. Chem. Soc., Perkin Trans. 2, 2000, 1301-1307

proton pair or a pair of ortho protons on an aromatic ring.
However errors in the final distances are likely to be large, and
in order to exercise caution it was decided to use the weak,
medium, strong (W,M,S) strategy® using the amplitude at the
peak maximum measured directly from the NOESY spectrum
with mixing time 200 ms. Although only strictly accurate for
peaks with the same line shape, this method has been used
successfully in the determination of many structures.’*'* van
der Waals radii were used as the lower bounds for the nOe
constraints. The upper bounds were set to 2.5 A (strong), 3.5 A
(medium), 5 A (weak) and 7 A (very weak). The results were
compared with the appearance of peaks in the NOESY spectra
measured using mixing times of 50 ms and 100 ms to confirm
the accuracy of the peaks’ intensity classifications. Crosspeaks
from the 200 ms, 300 K, NOESY spectrum were grouped into
three categories: (a) Unambiguously assigned—the chemical
shifts of both protons are clearly resolved; (b) Ambiguously
assigned—the chemical shifts of one or both of the protons
are not clearly resolved, but the most probable connection can
easily be made; (c) Unassigned—crosspeaks involving two or
more probable connections between proton pairs, or long range
connections that appear unsupported by additional nOe data.
Centroid dummy atoms were used for unresolved methylene
proton pairs and for methyl groups, and appropriate distance
corrections were made as described by Wiithrich et al.®
Because of fast intramolecular motion of the methyl groups,
the distances derived may be too short'® and therefore the
upper distance boundaries for nOe’s involving methyl groups
were increased to 7 A for weak nOe’s, 5 A for medium nOe’s
and 3.5 A for strong nOe’s. In this way more than 170 interpro-
ton distances were obtained. In order to be able to use nOe’s
from ambiguous assignments the following procedure was fol-
lowed. As described below the variable target function program
DIANA® was used to create 50 initial structures using the
unambiguous distances and the 33 ¢ torsion angles from the
measured *J,  couplings. After energy minimisation these struc-
tures were used to resolve as many as possible of the ambiguous
and unassigned crosspeaks. Thus an additional 33 interproton



Table 1 'H chemical shifts* (ppm) of the Fc,R1 y-chain in 65% TFE-d; at 300 K

Residue NH H, H, Other 'H shifts

Ala-1 4.32 1.55

Arg-2 8.51 4.39 1.80, 1.88 1.64(y), 3.15(3), 7.15(¢)
Leu-3 8.02 432 1.62 1.62(y), 0.96, 0.88(3)
Lys-4 8.09 4.10 1.84 1.43(y), 1.64(3), 2.97(¢), 7.55(NH,)
Tle-5 7.52 3.91 1.93 1.25, 0.95(y), 0.90(3)
Gln-6 8.00 4.09 2.18 2.42(y), 6.55, 7.09(s)
Val-7 7.89 3.72 2.13 1.02, 0.96(y)

Arg-8 7.78 4.04 1,95, 1.79 1.67(y), 3.16(3), 7.05(€)
Lys-9 8.18 4.02 1.93 1.39(y), 1.68(3), 2.93(¢), 7.55(NH,)
Ala-10 8.23 4.08 1.55

Ala-11 8.51 4.10 1.55

Tle-12 8.47 3.84 1.91 1.19, 0.97(y), 0.84(3)
Thr-13 8.20 4.00 4.30 1.29(y)

Ser-14 8.18 4.19 3.98,4.09

Tyr-15 8.26 425 3.23 7.07(C2,6), 6.76(C3.5)
Glu-16 8.66 3.96 2.16,2.30 2.57, 2.74(y)

Lys-17 8.35 413 1.94 1.48(y), 1.67(5)

Ser-18 7.97 4.25 3.91,4.00

Asp-19 8.35 4.58 2.70,2.77

Gly-20 8.27 3.85,3.90

Val-21 7.90 3.78 2.10 0.87, 1.01(y)

Tyr-22 8.17 4.25 3.13 7.07(C2,6), 6.78(C3,5)
Thr-23 8.40 3.92 4.30 1.26(7y)

Gly-24 8.20 3.80, 3.83

Leu-25 8.45 412 1.80 1.53(y), 0.86(3)

Ser-26 8.27 4.17 3.80, 3.91

Thr-27 7.97 4.08 4.32 1.26(7y)

Arg-28 7.97 4.13 1.77,1.96 1.67(y), 3.20(3), 7.05(¢)
Asn-29 8.40 4.50 2.83,2.92 6.40, 7.37(NH,)

Gln-30 8.20 4.10 2.23 2.42,2.48(y), 6.45, 7.03(¢)
Glu-31 8.40 4.11 2.14,2.22 2.47,2.61(y)

Thr-32 8.09 3.92 4.30 1.18(y)

Tyr-33 8.07 424 3.13 7.07(C2,6), 6.78(C3.5)
Glu-34 8.15 4.08 2.18 2.63(y)

Thr-35 7.68 4.18 4.31 1.26(y)

Ile-36 7.76 4.30 1.76 1.56(y), 0.83, 0.87(d)
Lys-37 7.77 4.20 1.75, 1.80 1.35(y), 1.61(3), 2.97(¢), 7.44(NH,)

“ Chemical shifts are given relative to TFE-d; at 3.9 ppm from TMS. The residues of the conserved Reth ARAM motif are highlighted.

distances were assigned making a total of 203 distances. The
overall breakdown of the nOe derived distances was 66 intra-
residue, 78 sequential inter-residue, and 59 non-sequential
inter-residue distances, and the most important of these are
summarised in Fig. 3.

Molecular dynamics simulations

The program DIANA was used to create 50 structures prior to
MD simulated annealing by applying the parameters described
by Giintert et al.'® In addition to the nOe constraints, torsion
angle (p) ranges were included; these consisted of the ideal
a-helix value (—57°) allowed to vary by *20°. The torsion
angle constraints on the DIANA structures were then removed
before entering the simulated annealing protocol, as exact
torsion angles were not obtained from the NMR data. Each
of the structures was then subjected to 100 steps of conjugate
gradient energy minimisation.

Electrostatic charges were calculated using the Hiickel ' and
Gasteiger—Marsili '® methods for © and o charges respectively.
Simulations of peptide structures in vacuo can lead to an over-
abundance of intramolecular hydrogen bonds, which may cause
distortions in the final structures.'” One method of accounting
for the presence of solvent is by including the relative permit-
tivity of the solvent within the force field." However, the
relative permittivity for the solvent mixture was not available.
Several tests on the final structure of the Fc,R1 7y-chain
were performed varying the relative permittivity between 30
and 100. The effect of variation of this parameter appeared to
be negligible, therefore it was decided that using the relative
permittivity of water (78.30)*° was preferable to proceeding
with simulations in vacuo.
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Fig. 3 The most important interproton distance constraints obtained
from the analysis of the NOESY spectra. The vertical bars indicate the
internuclear distance (d/A) obtained as described in the text, and i is the
amino acid residue number.

The structures were then entered into a simulated annealing
routine,® allowing potential energy barriers to be crossed. A
potential energy cut-off was used to reject structures trapped
in extremely high energy conformations during the simulated
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Fig.4 The structure of the Fc,R1 y-chain obtained from the constrained molecular dynamics simulations as described in the text, plotted using the
program MOLMOL. This structure is a member of family X, and exhibits the fewest violations of the nOe constraints. The orange spheres show the
positions of the a-carbons of the five hydrophobic residues in the N-terminal a-helix, and the pink spheres are the a-carbons of the glycine residues

at either end of the B-bend.

annealing routine. For structures where this occurred, the
simulation was restarted from the initial DIANA structure.

The 50 final structures were screened using the following
criteria:?* (a) the number of nOe constraint violations should
be low (less than 10); (b) the relative energy of the structure
obtained should be low; (c) the torsion angles obtained should
fall within the known favoured ranges, checked by the use
of Ramachandran plots®® which were generated using the
program PROCHECK .**

These structures may be grouped into ‘families’ and the
structural integrity within a family is characterised by the mini-
mised root mean square deviation (RMSD) between the
positions of corresponding atoms in the individual structures.
A family (called X) of nine structures satisfied the above criteria
(a)~(c) and showed a pairwise RMSD less than 1.3 A for the
peptide backbone atoms of residues 5 to 35. The member of
family X exhibiting the fewest nOe constraint violations is
shown in Fig. 4. The conformation of the backbone is illus-
trated by a heavy line, and o-helical secondary structure can
clearly be seen from residue 4 to 19 and from residue 25 to 36,
with a disruption in the helix between residues 20 and 24.

An additional group of seven structures (family Y), from the
same structure calculation also passed the screening criteria.
These structures showed a close correlation (pairwise RMSD
less than 1.3 A) when fitted between residues 4 to 19, or between
residues 25 to 35; both of these regions showing an a-helical
structure similar to family X. The difference between the two
families is the variable structure of the region comprising resi-
dues 20 to 24 for Y, because of variations in the backbone
torsion angles. This region of variable structure therefore may
be likened to a flexible ‘hinge’, and the structures of family Y,
with the region of residues 4 to 19 overlaid, are shown in Fig.
Sa, and with residues 25 to 35 overlaid in Fig. 5b. The variation
of the torsion angles for residues 20 to 24 may be attributed to
fewer nOe constraints defining this region of the chain. Within
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the region Gly-20 to Gly-24 there were 11 sequential inter-
residue nOe constraints and just a single non-sequential
inter-residue from Gly-20 a.H to Thr-23 NH. There are 10 non-
sequential inter-residue constraints involving just one residue
from this region: Ser-18 to Val-21, Asp-19 to Tyr-22, Tyr-22 to
Leu-25, and Gly-24 to Thr-27, and these also help to define this
non-helical region. The lack of nOe constraints is partially due
to overlap of peaks, however conformational averaging may
cause the strong peaks expected for a well defined region to
appear weak or absent. In this respect several important dis-
tance restraints, shown in Fig. 3, are longer than corresponding
distances in the well defined helical regions. Certainly no reason
can be found in the current data to discount the presence of the
family Y structures, indeed the torsion angles do not show high
steric hindrance in the Ramachandran plot. The ability to bend
in this region of the structure may aid in the function of this
peptide.

The nature of the disruption was then examined. The mem-
bers of family X exhibit a hydrogen bond between Gly-20 and
Thr-23, with an average distance between the CO of the Gly-20
and the NH of Thr-23 of 3.2 A, and an average angle between
the C0O20, NH23 and NH23 of 17°. Such a (i, i + 3) hydrogen
bond is typical of a B-bend and therefore this region was exam-
ined for further evidence of this structure. Chou and Fasman?®
have classified a f-bend using the following criteria: (a) a hydro-
gen bond between the i and i + 3 residues must be present, and
the CO to NH distance should be <3.5 A; (b) the C,i to C,i + 3
distance should be <7 A; (c) bends that do not have torsion
angles (¢, w)i + 1 and (¢, w)i + 2, differing by more than 50°
from the “perfect” values are classified as ideal.

As discussed above, a hydrogen bond complying with condi-
tion (a) exits between residues 20 and 23; thus if a B-bend is
present the first (ith) residue will be Gly-20. The average C,20 to
C,23 distance of the family X structures is 4.8 A, thus condition
(b) is met. The ¢21 and w21 of the final structures have average



Fig.5 The family Y structures of the Fc,R1 y-chain obtained from the constrained molecular dynamics simulations as described in the text, plotted
using the SYBYL software: (a) with residues 4 to 19 overlaid; (b) with residues 25 to 35 overlaid.

values of —65° and —14°, and the ¢22 and w22 have average
values of —137° and 39°. Venkatachalam?® defined the perfect
type I B-turn by ¢ and w (i + 1) torsion angles of —60° and
—30° respectively, and ¢ and w (i + 2) torsion angles of —90°
and 0°. Thus all the criteria given by Chou and Fasman?® to
define a type I B-turn are met.

Type I turns often involve a change in direction of the pep-
tide backbone chain. This is not the case with the family X
structures obtained here, and this is due to the backbone
torsion angles of Gly-24, with averages for ¢ and w of —141°
and 44° respectively, causing a straightening of the chain.

The use of TFE as solvent is widely known to promote
secondary structure in peptides, although as discussed by
Horne et al.'® this secondary structure will only form where
such a propensity already exists within the amino acid
sequence.”” Therefore the structures determined here may still
be relevant to the in vivo activity of the FcR1 y-chain.
Although the solvent medium employed for detailed NMR
analysis was 65% TFE-d;, the secondary structural features
were apparent at the much lower TFE-d; level of 26%, but the
higher proportion of TFE-d; was used because of the some-
what improved spectral resolution it afforded (see Experimental
section). That TFE-d; does not completely force the peptide
into a helical conformation is illustrated by the disruption of
the helix between residues Gly-20 and Gly-24, and also the
exclusion of the N-terminal three residues and C-terminal two
residues from the helix. It is important that glycine residues are
generally considered?® to be poor helix formers. The detailed
study by Sonnichsen et al.*’” on the secondary structure of the
actin 1-28 peptide in 80% TFE-water displayed two a-helical
regions for residues 413 and for residues 16-20, separated by a

B-turn, with the sequence of the turn region being Gly-13-Ser-
14-Gly-15-Leu-16 (serine is also considered®® to be a poor
helix former). In addition even at this very high level of TFE
used (80%) the 8 C-terminal residues did not show secondary
structure. Horne et al."® used 28% TFE-water as solvent for the
NMR structural study of the 36 residue neuropeptide K (NPK)
and found well defined helical structure from residue Asp-3
to Gly-20, but found no evidence for a defined helix for the 16
C-terminal residues.

Modelling

Once the structure of the y-chain had been determined, models
were created to examine the important features of the struc-
tures and how these may participate in the function of the
receptor in vivo.

Position of the hydrophobic residues. There are five hydro-
phobic residues in the N-terminal a-helix, and three of these
(Val-7, Ala-10 and Ala-11) are grouped on one side of the helix
as shown in Fig. 6a (see also Fig. 4). In vivo the y-chain exists as
a dimer, and the grouping of these hydrophobic residues indi-
cates the possibility that the y-chains associate via this feature.

Position of the conserved residues. The ARAM consensus
motif,> based upon the YXXI/L sequence, comprises the resi-
dues Asp-19, Tyr-22, Leu-25, Tyr-33 and Ile-36 for the Fc,.R1
v-chain, and once this motif is phosphorylated, it is recognised
by SH2 domains.” Two of these ARAM residues (Leu-25,
Tyr-33) are in the C-terminal helix and two more (Tyr-22,
Ile-36) are near. The positions of these residues in the lowest
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Fig. 6 Schematic representation of the a-helical regions of the family
X structure shown in Fig. 4, the arrows indicate the relative positions of
the a-carbons of the selected residues: (a) the N-terminal a-helix viewed
along its axis in the direction Asp19—Leu3; (b) the C-terminal a-helix
viewed along its axis in the direction Thr35—Leu25.

energy family X member are shown schematically in Fig. 6b,
where the helix is viewed along its axis. The alignment of
Leu-25 and Ile-36 forms a minor hydrophobic face. Waksman
et al.® determined the X-ray structure of the complex between
a high affinity 11-residue phosphopeptide and the Src SH2
domain. The peptide complexed in an extended conformation
and the phosphotyrosine and isoleucine residues of the
sequence pTyr—Glu-Glu-Ile bound to specific pockets on the
SH2 domain. After tyrosine phosphorylation of the Fc.R1
v-chain it is possible that there is a relaxation of the a-helical
structure to accommodate the binding to SH2 domains. The
role of the ARAM Asp-19, which is highly conserved, (shown
in Fig. 6a) has not yet been determined. It is possible that it has
an important role in receptor structure, aggregation or associ-
ation with adjacent proteins, possibly by salt bridge formation,
but in the crystallographic study by Waksman ez al.*® it was not
shown to be necessary for binding of the SH2 domains.

Position of the threonine residues. The threonines of the
y-chain undergo phosphorylation rapidly after receptor aggre-
gation.* Therefore the threonine residues might be exposed in
order that they may interact with threonine kinases. In Fig. 6b
the four threonine residues (23, 27, 32, 35) can be seen to be
located on the same side of the C-terminal helix, away from the
ARAM motif tyrosines.

Model of the y-chain dimer. It is known that the y-chain is a
dimer in the receptor, and it has also been shown?! that after
antigen binding and aggregation the Fc,R1 receptor is phos-
phorylated at the threonine residues in addition to the tyrosines.
Dimerisation may occur in a head-to-head fashion with the
family X helices aligned more or less parallel, with the contact
between the two hydrophobic faces of the two N-terminal
helices. Tyr-22 and Tyr-33 and most of the threonine residues
would be solvent exposed in such a dimer and therefore avail-
able for phosphorylation. The B-bend distortion after residue
21 would cause the two chains to diverge somewhat making
Thr-23, -27, -32 and -35 more solvent exposed and therefore
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more readily available for phosphorylation. Dimerisation of
two family Y helices may occur in a similar manner and could
be thought to immobilise both helices in the region of residues
1 to 21, then the greater flexibility of the hinge regions would
result in a possible ‘scissoring’ motion of the two C-terminal
helical regions (residues 25 to 35, see Fig. 4b). Therefore the
family Y dimers would also have Thr-23, -27, -32 and -35
solvent exposed.

Experimental
Sample preparation

A synthetic sample of the cytoplasmic portion of the y chain of
the human Fc,R1 receptor was provided in solid form by Glaxo
Group Research Ltd. The purity and sequence of the com-
pound were verified by sequencing of the first 21 residues, high
pressure liquid chromatography (HPLC) and mass spectro-
metry. Samples of the peptide were prepared in water solution
and in methanol-water (70:30 v/v), and 'H NOESY NMR
spectra measured (see below). However in these spectra there
were no crosspeaks attributable to NH-NH contacts, and a
minimum number of crosspeaks that could be assigned to other
inter-residue contacts. The '"H NOESY spectrum of another
sample prepared in TFE-d;-H,0 (26:74 v/v) did show the
inter-residue crosspeaks characteristic of secondary structure,
and increasing the proportion of TFE-d; to 40% and to 65%
by volume had the additional beneficial effect of improving
somewhat the resolution of the 'H spectrum.

The NMR samples for detailed analysis were prepared with
3.5 mg of the solid peptide dissolved in 0.7 ml of TFE-d;—water
(65:35 v/v) and TFE-d;-D,0 (65:35 v/v). The pH of both
samples was 3.3 as measured using a model 7020 pH meter
(Electronic Instruments Ltd). These solutions were then trans-
ferred to 5 mm od Wilmad 528-PP-7 NMR tubes.

NMR data

All 'TH NMR data were collected on Bruker AMX600 spectro-
meters (14.2 T). The 2-dimensional spectra were recorded
in phase-sensitive mode using either time-proportional
phase incrementation (TPPI)*? or States-TPPI* quadrature
detection.

For the TFE-d;—water sample the spectra were measured at
290 and 300 K. The NOESY 2D spectra were measured with
mixing times 50, 100 and 200 ms, using low power irradiation to
suppress the water signal during a 2 s relaxation delay between
the acquisition of transients and during the mixing time. The
TOCSY 2D spectrum used the DIPSI-2** spin lock for 100 ms,
and again solvent suppression during a 2 s relaxation delay. A
double quantum filtered (DQF) COSY spectrum was also
measured with solvent suppression during the 2 s relaxation
delay. Typical acquisition parameters were with spectral widths
approximately 7 kHz, with 2048 data points acquired in ¢,,
and 512 increments in ¢,. 64 transients were acquired for
each increment giving an experiment time ca. 16 h. For the
measurement of the 3J,y couplings a DQF-COSY spectrum
with greater digital resolution was acquired, employing 8192
acquisition data points in ¢, and 1024 increments in ¢,.

For the TFE-d;-D,0 sample the NOESY, TOCSY and
DQF-COSY spectra were measured at 290 K as described
above.

All 2D NMR data sets were processed using NMRz/Tripos
software on a Silicon Graphics workstation. The FIDs of the
spectra were apodized using a 90° shifted sine-bell function in
both ¢, and ¢, dimensions, and the #; dimension was zero-filled
prior to Fourier transformation. Base-plane flattening was
performed using a series of linear corrections to the data in
both dimensions. The highly digitised COSY spectrum was
processed using a 60° shifted sine-bell function. The vicinal
coupling constants were measured by selecting individual rows



of transformed data containing the antiphase peaks of interest,
inverse Fourier transformed, zero filled to 32768 data points,
and transformed again. The resulting effective digital resolution
was 0.85 Hz point™.

Molecular dynamics simulations

Simulated annealing was performed using the SYBYL mole-
cular modelling package produced by Tripos Inc. SYBYL uses
the following terms within the Tripos force field ** to apply dis-
tance constraints as a range: En.. =0, when d,,, <d < dyg;
Erange = % krange(d - dl()w)25 When d < cll()w; Erange = % krange_
(dhign — d)*, when dyg, < d. Where d is the interproton distance;
diow 1s the lower bound of the range; dyg, is the upper bound
of the range; kg is the force constant in kcal mol™* A™?
and E,,.. is the potential energy penalty for exceeding the
prescribed constraint bounds.

The torsion angle constraints were removed and the distance
range constraint force constant ky,,, was reduced to 2 kceal
mol™' A7 for all the DIANA generated structures. Each of
the 50 structures was heated to 1750 K. Initial velocities were
assigned randomly and a step size of 0.2 fs was employed dur-
ing all simulations. The structures were cooled to 1000 K over
5000 fs; during this period the k;,,, Was gradually increased to
15 kcal mol™* A™2 The annealing process was continued by
further cooling of the structures to 300 K over a period of 3000
fs, whilst the k., Was kept constant at 15 kcal mol™ A2 At
the end of this procedure the dynamic simulations were allowed
to continue at 300 K for 500 fs. A dynamic “history” was then
compiled for each structure during the 300 K period of the
simulation. (A dynamic history consists of a set of conform-
ations sampled by a structure at user-defined time intervals
during a molecular dynamics run; 20 fs intervals were used here.)
The conformation showing the lowest potential energy was
selected from the history file of each structure; these were then
subjected to 2000 steps of conjugate gradient energy minimis-
ation to give the final structures.

Both SYBYL and the program MOLMOL?* were used to
plot the structures.
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