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SUMMARY

In this paper we address the influence of internal motions on the development of the transferred nuclear
Overhauser effect in a ligand undergoing chemical exchange between a free and a bound state. We examine
the effects of varying the effective correlation time as well as the motional order parameter for methyl group
and phenyi ring rotations in the free and bound ligand conformations. The effect of decreasing the motional
order for a proton pair on a methyl group or phenyl ring is to decrease the effective correlation time of the
internuclear vector, and thus to decrease the cross-relaxation rate between the proton pair. This functions to
dampen the effects of spin diffusion, especially in the bound ligand where cross-relaxation rates are much fas-
ter than in the free ligand. The effect of changing the effective correlation time for methyl group motions has
little effect on the build-up behaviour of the transferred nuclear Overhauser effect for small values of fraction
bound, but a larger effect on how fast it decays. This effect is greater for internal motions in the free peptide
than it is for internal motions in the bound peptide.

INTRODUCTION

One of the most important issues in biology is the interaction of ligands with macromolecules.
Examples include the interaction of substrates with enzymes, antigens with antibodies, hormones
with receptors, nucleotides with regulatory proteins, and peptides with phospholipids. Excepting
those instances where the ligand has been crystailized in a complex with the macromolecule, nu-
clear magnetic resonance spectroscopy (NMR) provides the best techniques for the determination
of the structure of the bound ligand. Concomittant with the rapid developments in two-dimensio-

Abbreviations:NMR, nuclear magnetic resonance; NOE, nuclear Overhauser enhancement; TRNOE, transferred nuclear
Overhauser enhancement; TRNOESY, two-dimensional transferred nuclear Overhauser enhancement spectroscopy;
TnC, troponin C; Tnl, troponin I.
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nal NMR techniques and the use of NMR to determine the structure of proteins in solution
(Wiithrich, 1986), there has been a recent emergence of interest in the transferred nuclear Over-
hauser enhancement experiment originally proposed by Balaram and Bothner-By (1972a,b). This
is evidenced by the large number of bound ligand structures that have been investigated using the
TRNOE within the past five years (Banerjee et al., 1985; Ehrlich and Colman, 1985,1990; Ferrin
and Mildvan, 1985; Clore et al., 1986; Glasel and Borer, 1986; Anderson et al., 1987; Ito et al.,
1987; Meyer et al., 1988; Anglister et al., 1989; Glasel, 1989; Levy et al., 1989; Ni et al.,
1989a,b,c,1990; Anglister and Zilber, 1990; Bevilacqua et al., 1990; Milon et al., 1990).

The TRNOE is the extension of the two-dimensional nuclear Overhauser effect to exchanging
systems such as ligand—protein complexes. The intramolecular TRNOE allows the transfer of in-
formation concerning cross-relaxation between two nuclei in the bound ligand to the free ligand
resonances via chemical exchange. Recently Landy and Rao (1989) have developed a full relaxa-
tion matrix analysis for the TRNOE, analogous to the full relaxation matrix treatment of NOE
data which has been used to refine many protein and nucleic acid structures (Keepers and James,
1984; Lefevre et al., 1987; Boelens et al., 1988; Borgias and James, 1988,1989; Baleja et al., 1990).

We have recently published a theoretical evaluation of the TRNOE using the full relaxation
matrix approach (Campbell and Sykes, 1991a). We examined the effects of variables such as mix-
ing time, fraction of bound peptide, free and bound correlation times, and other contributions to
spin-lattice relaxation rates in an attempt to offer practical experimental guidelines for the design
of a TRNOE experiment. These studies, however, did not fully address the question of internal
motions in the free and bound peptide, and how these internal motions affect the development of
the TRNOE. In this paper we address the influence of internal motions on the TRNOE, and issues
that are introduced into the calculations such as chemically equivalent protons and the scaling of
TRNOE cross-peak intensities (Yip, 1990).

THEORY

A description of homonuclear dipolar relaxation for a multiple spin system requires the com-
plete set of coupled differential equations describing the evolution of longitudinal magnetization
of the individual spins (Bloch, 1957). These coupled differential equations can be written in matrix
form (Solomon, 1955; Abragam, 1961; Macura and Ernst, 1980)

dM/dr,, = — WM (1)

where M is the vector of magnetization and W is the)n-dimensional relaxation matrix. Equation
1 can be solved as (Bull, 1987)

M(zo) =exp(—Wr,) M(0)=y exp(—hAt) x ™' M(0)=a(t,) M(0) 2

where y is the matrix of eigenvectors of the relaxation matrix W, X is the diagonal matrix of eigen-
values, and a is the matrix of mixing coefficients which are proportional to the measured NOE in-
tensities.

If the spin system undergoes chemical exchange between a free (F) and bound state (B), relaxa-
tion can be described by
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d [mg _ p|ms
E[“‘F]— R["‘F] ®

where mp and mr are n-dimensional vectors, R=E + W, where E is the chemical exchange matrix,
and W is the 2n-dimensional relaxation matrix for the n-spin system in the free and bound forms
(Landy and Rao, 1989).

To obtain the mixing coefficients ajj(ty), R must be diagonalized to yield X, the eigenvalue ma-
trix. But due to the lack of symmetry in matrix R, computer methods for the diagonalization are
not so readily available and the eigenvalues are not guaranteed to be real (Landy and Rao, 1989).
These complications may be avoided in the regime of fast chemical exchange. In the limit of fast
chemical exchange, the longitudinal magnetization of the spin system, summed over the exchang-
ing species, decays as a function of the population-weighted average of the individual relaxation
matrices for the bound and free states (Landy and Rao, 1989)

d(mg+ mg)

dr =(psWa+prWg) (mg+mg) 4

m

where Wy and Wg are relaxation matrices for the bound and free states respectively, and pg and
pr are the fractions of bound and free ligand.

Calculating the average relaxation matrix, R = pgWg+ ppWg, requires setting up individual re-
laxation matrices, Wg and Wg. Each relaxation matrix is set up identically, in the following man-
ner. Equation | may then be represented as

m; W, W, o W, m;
dopmy | W W W, m;
dem | 0| : : (5
m, WaW, o W, m,
where the diagonal elements are given by
W= 2(mg; — 1) (Wyii+ Waii) + 2o (Woic+2Wyi+ Waid + Ry (6a)
k
and the off-diagonal elements are given by
wij = moi(WZij - Wou) (6b)

To take into account other possible relaxation pathways we have added an external relaxation
component, R, to the diagonal element, Wj;. The transition probabilities are given by (Macura
and Ernst, 1980)

Wii=3/2 q; J(w)) (7a)

Wii=6 q;; J(2w) (7b)
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an=3/2 q; H(w)) (7¢)
WOij=qij J(wi_wj) (7d)
Wai=q; J(w;+ w;) (7e)

Here the spectral density functions take the form

J(@)=1/(1 +(witc)?) ®

and

q;=1/10 ;% y;2 h? (ry) ¢ (uo/4n) ©)

where 1. is the overall tumbling time of the peptide which modulates the interaction between spins
iand j, and r;; is the internuclear distance.

Chemically equivalent protons

The off-diagonal elements, Wj; and Wj;, are equivalent only if we ignore the presence of chemi-
cally equivalent groups of protons for which mg;> 1, such as methyl groups or aromatic rings in
the presence of fast internal motion. This results in an asymmetric relaxation matrix for which the
eigenvalues are not guaranteed to be real. In addition, most computer algorithms for diagonaliz-
ing relaxation matrices are available for symmetric matrices only (Borgias and James, 1988,1989).
When the relaxation matrix, W, is real and symmetric, then the transformation matrix of ortho-
normal eigenvectors, y, is a unitary matrix which has the mathematical property of having its in-
verse equal to its transpose ( ~! = yT). Thus, Eq. 2 simplifies to

M(t.) =xexp(—A1,)xTM(0) (10)

The computer algorithm required to calculate the transpose of a matrix (as opposed to its inverse)
is much simpler and computationally faster, especially as the size of the matrix increases, and thus
there are computational advantages in starting with a symmetric relaxation matrix as a starting
point for relaxation matrix analysis. '

We considered two choices for the treatment of g{oups of equivalent protons: (1) the use of a
single coordinate position for a pseudo proton situated geometrically in the center of the equiva-
lent group of protons, or (2) the explicit consideration of each proton in the group. Treating each
proton as an individual distinguishable proton generates a symmetric matrix (mg; = 1). This choice
is valid as long as no second order spin coupling is involved. Under these conditions, the TRNOE
between a given proton and a group of equivalent protons is the sum of the contributions from
each equivalent proton in the group to the given proton. The same reasoning is involved when
considering the scaling of experimental cross-peak intensities when groups of equivalent protons
are involved (Yip, 1990). Cross-relaxation amongst the group of equivalent protons is calculated
explicitly.
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Effects of internal motion

To take into account differential motion, we incorporated the order parameters S;r and S; for
spin i in the free and bound peptide (Baleja et al., 1990), using Lipari’s and Szabo’s model free ap-
proach (Lipari and Szabo, 1982). In this approach, internal motions in macromolecules may be
specified by two independent quantities: a generalized order parameter, S? and an effective inter-
nal correlation time 1. The order parameter, S?, can vary between 0 and 1. A value of one indi-
cates that the correlation time of the interproton vector is the same as the overall tumbling time
of the peptide (t.); a value of zero indicates complete motional freedom.

The spectral density function of Eq. 8 then becomes

J(@) = [8*te/(1 + (@) )]+ [(1 — $H)/(1 + (7)) (1)
where

lt=1/1.+1/z, (12)

RESULTS

Using a model system undergoing chemical exchange, we have computer-generated TRNOE
build-up curves and have used these as a tool to investigate the effects of internal motion, particu-
larly within methyl and aromatic groups. As a model system, we have chosen the binding of a 12-
residue peptide, spanning the inhibitory region of the muscle protein troponin I, to the muscle
protein troponin C. This system has been used in our previous calculations (Campbell and Sykes,
1989,1991a), is of general biochemical interest, and is a system for which experimental data is
available. We have determined the structure- of the synthetic inhibitory peptide Na-acetyl
TnlI(104-115) amide bound to Ca(II)-saturated skeletal turkey TnC (Campbell and Sykes,
1989,1991b) and we will take this as the bound structure. The TRNOE-derived structure of the
Tnl peptide bound to TnC reveals an amphiphilic helical structure, distorted in the center by the
proline residues. The central bend in the peptide functions to bring the residues on the hydro-
phobic face into closer proximity with each other, thereby forming a small hydrophobic pocket
with the aromatic ring of Phe!® being somewhat buried by the side chains of Leu'!" and Val'!.
The hydrophilic, basic residues extend off the opposite face of the peptide. The coordinates for the
free Tnl peptide were generated from the standard ¢,y angles of a B-strand (p=—118°,
vy = + 118°). Explicit methyl protons were added to the free and bound Tnl peptide structures us-
ing a program which places protons in an sp*-hybridized geometry about the central carbon atom.

The computer simulation takes as input the coordinates of the protons of the free and bound
conformations of the Tnl peptide, the overall tumbling times of the free and bound peptide (t.F,
1.g), the effective internal correlation times of the free and bound peptide (t.F, Tep), the external
leakage relaxation rates of the free and bound peptide protons (Rexr, Riexip), Order parameters
for individual free and bound peptide protons (S;g, Sip), the fraction of the free and bound pep-
tide (pr, ps), the mixing time (1) and the frequency of the experiment (w). The values of the para-
meters are as used previously (tcr=0.4 ns, T =255, Rjexr=1.087 !, Rjex=2.05" 1 (Campbell
and Sykes, 1991a) to facilitate comparison. The proton coordinates of the TnC protein to which
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the TnI peptide binds were not included explicitly in the calculation, but rather as a bath of pro-
tons in which the bound Tnl peptide experiences a longer correlation time and a larger external
leakage relaxation rate.

The specific TRNOEs studied were the intraresidue interaction between the aCH of Val''4 and
the six-chemical-shift degenerate yCHj3 protons of the same residue, and the longer range interresi-
due interaction between these six YCH; of Val''* and three chemical-shift degenerate protons of
Phe'% (two ¢CH and one {CH aromatic ring protons). If internal motions are important, they
should be obvious in these interactions.

To estimate the values of S;r and S;g to use in these simulations, we considered the fact that for
a methyl group rotating around a carbon-carbon single bond, 1. should be decreased by a factor
of S2=([3 cos?0 — 1]/2)? (Marshall et al., 1972) where 0 is the angle between the i-j interproton vec-
tor and the axis of rotation (the carbon-carbon single bond). For an sp3-hybridized methyl group,
0=90°, making S>=([3 cos?0—1]/2)2=0.25 for rotation around the methyl axis. Thus, for the
methyl. protons i and j of the Val''* residue in the bound and free peptide, we have chosen
Si*S;=0.25, or §;=S;=0.5. As far as aromatic rings are concerned, the geometry leads to different
estimations of S;*S; values for the different proton pairs of the ring, so we have somewhat arbi-
trarily chosen S;=0.5 for the 4, £ and { aromatic - protons of the Phe'% residue in the free and
bound peptide.
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Fig. 1. TRNOE intensity versus mixing time () for various free (t.;) and bound (t.p) internal correlation times. For panel
A, tr=0.01 ns and S;z=S;3=0.5 for the Val''* methyl protons: (—) 1.3 =0.1 ns; (---)1=0.01 ns; (---) 7., =0.001 ns.
For panel B, 1,3=0.01 ns and S;z=S;3=0.5 for the Val'*¢ methyl protons: (—) t.r=0.1 ns; (---) 1z=0.01 ns; (---)
s =0.001 ns. Other parameters used in the simulation were ©=500x 108 s~', Ryenr=1.00 5-', R,,5=2.00 5, Tp=25
ns, T =0.4ns, pg=0.1.
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Figure 1 shows the effect of varying the effective internal correlation times for methyl group
motions in the free and bound peptide on the development of the TRNOE for the intraresidue
Val!''YaCH—(yCHa), interaction. In panel A, 1 is kept constant at 0.01 ns, whereas T.g is varied
from 0.001 ns to 0.1 ns. In panel B, 1. is kept constant at 0.01 ns, whereas 1.g is varied from
0.001 ns to 0.1 ns. The order parameters for individual free and bound peptide methyl protons
were set at S;r=S;3=0.5. One can see that changing the effective correlation time for methyl
group motions has little effect on the build-up behaviour of the TRNOE (at the low fraction
bound used), but a larger effect on how fast it decays. This effect is greater for internal motions in
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Fig. 2. TRNOE intensity versus mixing time (t,,) for various fractions of bound peptide (pg): (—) pg=0.1; (---) ps=0.2;
(---) pp=0.4. Panels A-C represent the intraresidue Val'"*aCH—(yCH};), interaction, and panels D-F represent for the in-
terresidue Phe'%(eCH,{CH)~Val''%(yCH,), interaction. For panels A and D, S;z=S;3= 1.0 for the Val''* methyl protons
and Sir=S;3=1.0 for the Phe!% ring protons. For panels B and E, S;z=S;z=0.5 for the Val''* methy! protons and S;
=S;z= 1.0 for the Phe!% ring protons. For panels C and F, S;z=S;3=0.5 for the Val'!* methyl protons and S;z=S;3 =0.5
for the Phe!® ring protons. Other parameters used in the simulation were @ =500 x 106 s, R ¢y =1.00 5!, Ryeyp =2.00
s~!, 1.p=25ns, 1.=0.4ns, 1.3 =0.01 ns, T, =0.01 ns.
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the free peptide than it is for internal motions in the bound peptide. Thus, motions in the free
peptide contribute more to the overall relaxation of the exchanging system than do motions in the
bound peptide, a consideration which may be easily overlooked given the emphasis on the faster
cross-relaxation in the bound peptide which determines the build-up rates of the TRNOE. Look-
ing at panel B, one can see that the less rapid the internal motion about the methyl group axis in
the free peptide, the more strongly is overall relaxation affected, a function of the fact that for
longer 1. values, T approaches the inverse of the Larmor frequency, and spin-lattice T, relaxation
becomes more effective. We have chosen teg=1.5=0.01 ns for the subsequent TRNOE calcula-
tions, so that they do not depend strongly on the actual rate of the internal motion.

Figure 2 shows the TRNOE build-up curves for the intraresidue Val''"*aCH—(yCH;), and inter-
residue Phe!%(ECH,{CH)-Val''%yCH,), interactions calculated in the absence of methyl or ring
motions in panels A and D, in the presence of methyl rotation in panels B and E, and in the pres-
ence of both methyl and ring rotation in panels C and F. One can see that the effect of internal
motion-is not only to dampen the buildup of the TRNOE, but also to dampen its relaxation. The
build-up behaviour of the TRNOE is effectively diminished at shorter mixing times but ‘spread-
out’ over longer mixing times. This effect is evident for the intraresidue Val''aCH—(yCHj;), inter-
action (Figs. 2A~C) only for the methyl rotation, but the effects of both methyl and ring motion
are evident for the interresidue Phe!'%(ECH,{CH)-Val''%(yCH3), interaction (Figs. 2D-F). Exa-
mining the intraresidue Val''*aCH — (yCH3), interaction first we can see that Figs. 2B and 2C are
virtually identical, the only difference being that in Fig. 2B, motion was incorporated for only the
methyl groups, whereas in Fig. 2C, motion was incorporated for both the methyl and the ring
groups in the peptide. However, for the interresidue Phe!%(§CH,{CH)-Val''4(yCH,), interac-
tion, we can see that Figs. 2E and F are quite different due to the incorporation of ring motion ab-
sent for Fig. 2E but present for Fig. 2F.

In Fig. 3 (A-E) the two sets of calculations presented in Fig. 2 are converted to apparent distan-
ces that would be calculated for these interactions by using a reference TRNOE calculated at the
same fraction bound and mixing time; ryp,=Trer {[(TRNOE),d(moi-moj)obs]/[(TRNOE)obs
(my; -m(,j),ef]}”6 (Yip, 1990). As a reference proton pair we have chosen the adjacent SCH-ECH
protons on the aromatic ring of Phe'% for which a reference TRNOE was calculated and a refer-
ence distance of 2.48 A (invariant of secondary peptide conformation) was measured. This refer-
ence proton pair has been used in previous calculations (Campbell and Sykes, 1991a). For com-
parison, the actual calculated distance summed and averaged .over the protons involved

LI L SN R (13)
I'av_ (moi+moj ij rg

is 2.80 A for the intraresidue Val''*aCH—(yCHa), interaction, and 3.74 A for the interresidue
Phe'%(eCH,{CH)-Val''%(yCH,), interaction. All distances were measured from the coordinates
of the Tnl peptide bound to TnC (Campbell and Sykes, 1991b). The fact that the internal motion
of the phenylalanine ring influences the reference TRNOE is evidenced by the change in apparent
distance observed between Figs. 3B and C for the intraresidue Val''*aCH—(yCH3), interaction,
for which the TRNOE build-up curves (Figs. 2B and C) are virtually identical.

We begin first with a discussion of the effects of internal motion on the calculated distance, Tapps
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for the intraresidue Val''*aCH—(yCH,), interaction (Figs. 3A—C). In the absence of both methyl
and ring rotation (Fig. 3A), the calculated distance r,p, is observed to increase from approximate-
ly2.9 Aat Tm=0to larger values for 1, > 0. Thus, r,p, starts from a value close to the actual aver-
aged distance of 2.80 A, but continues to increase to much larger values. This occurs as a result
of spin diffusion which bleeds magnetization away from the Val''*aCH—(yCH3), interaction, lead-
ing to smaller TRNOE cross-peak intensities and larger calculated distances. The increase in r,p,
at longer 1y, is more pronounced for larger pg. In the presence of methyl rotation (Fig. 3B), rp,
is observed to decrease from approximately 3.2 A at 1,=0 and approach the actual calculated
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Fig. 3. rypp calculated from TRNOE values of Fig. | versus mixing time (t,) for various fractions of bound peptide (ps):
(—) ps=0.1; (---) pg=0.2; (~--) pa=0.4. Distances were calculated using F1066CH-F106eCH as the reference
TRNOE intensity and reference distance, 2.48 A. Panels A-C represent the intraresidue Val'*aCH—(yCHj), interaction,
and panels D-F represent for the interresidue Phe'®(eCH,{CH)-Val'"(yCH;), interaction. For panels A and D, S;¢
=S,3= 1.0 for the Val'* methyl protons and S;z =S;3= 1.0 for the Phe'% ring protons. For panels B and E, S;z=8;3=0.5
for the Val'™ methyl protons and S;; = Sig = 1.0 for the Phe'® ring protons. For panels C and F, §; =S;p=1.0 for the Val'*4
methyl protons and S = S;3 =0.5 for the Phe'® ring protons.
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distance of 2.80 A for 1,,> 0. This occurs as a result of the relaxation damping effect of the inter-
nal motion which effectively diminishes the TRNOE at shorter mixing times but ‘spreads-out’ the
TRNOE over longer mixing times. The decrease in r,p,, at longer 1, is virtually independent of pg
as the three curves for the three values of fraction bound are almost superimposable. In the pres-
enceﬂof both methyl and ring rotation (Fig. 3C), r,pp is observed to increase from approximately
2.5 A to larger values for 1, >0, once again increasing to values much larger than the real value
of 2.80 A. The behaviour of the Fapp VEISUS Tr, curves is similar to the behaviour observed in the
absence of either methyl or ring motion, and is strongly dependent on pg. The effect of incorporat-
ing motion in the reference TRNOE, Phe!%§CH-£CH, serves to counteract the effect of motion
in the experimental TRNOE, Val''%aCH—(yCH3),, essentially making it appear as if the Val''4
methyl group were static.

The effects of motion are manifested somewhat differently in the interresidue interaction,
Phe'%(eCH,{CH)-Val''¥(yCHj), (Figs. 3D-F). In the absence of both methyl and ring rotation
(Fig. 3D), the calculated distance r,p, is observed to decrease from approximately 4.0 A at Tn=0
and approach the actual calculated distance of 3.74 A for T, > 0. In the presence of methyl rota-
tion (Flg 3E), the decrease in rypp as a function of 1, is more rapid. At 1, =0, rypp is approximate-
ly 4.5 A, but for T >0 rapidly decreases to values much smaller than the actual calculated dis-
tance of 3.74 A. From Figs. 3D and E, it can be seen that the behaviour of the Tapp VETSUS Ty, CUTVES
observed in the absence of ring motion is strongly dependent on pg. In the presence of both methyl
and ring rotation (Fig. 3F), r,p, 1s observed to slowly decrease from approximately 4.0 A at =0
and approach the actual averaged distance of 3.74 A for 1, > 0. The behaviour of the Tapp VETSUS
T, curves is similar to the behaviour observed in the absence of either methyl or ring motion, but
is not so strongly dependent ori pg. Incorporating ring motion affects both the reference TRNOE,
Phe!'%$CH-ECH, and the experimental TRNOE, Phe'%(¢CH,LCH)-Val''%(yCH3),. Thus, the ef-
fect of incorporating motion in the reference TRNOE does not entirely counteract the effect of
motion in the experimental TRNOE, since the magnitude of the experimental TRNOE is also af-
fected by ring motion.

It is interesting to note the difference in the behaviour of the r,,, versus t, curves for the
shorter-range intraresidue Val''*aCH-(yCH3), interaction versus the longer-range interresidue
Phe'%(sCH,{CH)-Val''%(yCH3), interaction. In the absence of any motion, the r,y, for the
Val''*aCH~-(yCH3), interaction increased with increasing 1, (Fig. 3A), whereas the r,p, for the
Phe!%(eCH,{CH)-Val'"%(yCH3,), interaction decreased with increasing t, (Fig. 3D). The incor-
poration of motion tends to shift the curves in the opposite direction so that the r,p, for the
Val''%aCH-(yCHj), interaction decreased slightly with increasing t,, (Fig. 3B), and the r,,, for
the Phe!%(¢CH,{CH)-Val''4(yCH3), interaction remained more or less constant for increasing T,
(Fig. 3F). Thus, the effect of incorporating internal motions when calculating apparent distances
from a set of TRNOESY intensities gathered at longer t,, and larger pg would be to shorten intra-
residue distances and lengthen interresidue distances. The incorporation of internal motions
would serve to counteract the effects of spin diffusion which make shorter intraresidue distances
appear longer and longer interresidue distances appear shorter.

CONCLUSION

In this manuscript we have addressed the influence of internal motions on the development of
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the TRNOE in a ligand undergoing chemical exchange between a free and a bound state. The ef-
fect of adding internal motion within a proton pair on the ligand is to decrease the correlation
time of the internuclear vector, and thus to decrease the cross-relaxation rate between the proton
pair. This functions to dampen the effects of spin diffusion, especially in the bound ligand where
cross-relaxation rates are much faster than in the free ligand. The build-up behaviour of the
TRNOE is effectively diminished at shorter mixing times but ‘spread-out’ over longer mixing
times. However, for small values of fraction bound, and at short mixing times where the TRNOE
build-up curves are linear, the effects of internal motion (like the effects of spin diffusion) are not
that noticeable, and the apparent distances approach the calculated average distances in the
bound ligand. Changing the effective correlation time for methyl group motions has little effect on
the build-up behaviour of the TRNOE for small values of fraction bound, but a larger effect on
how fast the TRNOE decays. This effect is greater for internal motions in the free peptide than it
is for internal motions in the bound peptide.

While it is clear that the incorporation of internal motion within a proton pair affects the mag-
nitude of the observed TRNOE and thus the apparent interproton distance, it is also clear that the
incorporation of internal motion in a reference proton pair will affect the apparent interproton
distances of all proton pairs which are calculated from the reference proton pair. This is because
the TRNOE build-up behaviour of the reference pair is also dampened and ‘spread-out’ by the in-
corporation of internal motion. The effects of motion in the reference proton pair'will generally
compensate for the effects of motion in the observed proton pair. This occurs if the magnitudes of
both the reference TRNOE and the observed TRNOE in the presence of internal motion are di-
minished with respect to their magnitudes in the absence of internal motion. However, the behav-
iour of the apparent distance calculated for a proton pair of interest as a function of mixing time
is a complicated interplay of both the kinetics of relaxation of the proton pair of interest and of
the reference proton pair, and so is not easily predicted.

It is clear that the more fully one takes into account internal motions within the molecule, the
more closely do the apparent distances approximate the calculated average distances, and the
smaller the dependence of the calculated apparent distance on the mixing time of the experiment
or the fraction of bound protein. The apparent distances calculated for the intraresidue Val'4-
aCH—(yCH3), interaction were most accurate when a model incorporating methyl group rotation
was adopted. The apparent distances calculated for the interresidue Phe'%(eCH,{CH)-
Val''4(yCHj;), interaction were most accurate when a model incorporating both methyl group ro-
tation and ring rotation was adopted. Thus, a fu/l consideration of internal motions in a molecule
does increase the accuracy of the calculated distances from the observed TRNOESs.

The issues of internal motions and equivalent protons and their effects on the development of
the TRNOE have been addressed in advance of a full iterative relaxation matrix approach
(Boelens et al., 1989) which we will use to refine the structure of the inhibitory Tnl peptide bound
to TnC (Campbell and Sykes, 1989,1991b). The development of a ‘TRansferred’ iterative relaxa-
tion matrix approach which includes methods for calculating the effects of internal motions would
be useful for refining the structures of bound ligands where mobile side chains are most certainly
involved in the binding interface.
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