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Internal Rotations of Side Chains and Backbone in
Luteinizing Hormone-Releasing Hormone (LH-RH).
Analysis of Carbon-13 Spin-Lattice Relaxation Times!a
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Abstract: We have analyzed the !3C spin-lattice relaxation times obtained for LH-RH in aqueous solution in terms of contri-
butions from both overall and internal motions of backbone and side chains. The method of analysis is based on a model of
stochastic rotational diffusion about bonds. It assumes that these rotations about individual bonds are independent of and
uncorrelated with rotations about all other bonds, We have calculated minimum and maximum dimensions for the LH-RH
monomer and computed the corresponding T values for overall molecular tumbling. For this 7 range, corresponding to 2
X 10710 < 70 € 2 X 1079, the internal motions of the backbone must be assumed slower than the overall molecular motion
in order to simulate the observed near equality in N7 values for the a-carbons in positions 3-8 of LH-RH. For the side
chains, the observed NT, values are good qualitative monitors of internal rotations about bonds whose relaxing carbons are

more than one bond removed from C,.

The purpose of this study is to gain qualitative insight
into the types and rates of motion which can occur in linear
peptides of intermediate molecular weight (=~1000) and
which can produce the spin-lattice relaxation times (7))
observed by carbon-13 nuclear magnetic resonance spec-
troscopy. T, values have been measured and can be ana-
lyzed in terms of both overall molecular and internal motion
in both cyclic and linear molecules.2- '

The carbon-13 (!3C) spin-lattice relaxation times of lu-
teinizing hormone-releasing hormone (LH-RH) (Figure 1)
have been measured in aqueous solution and effective corre-
lation times have been reported.'> We now analyze the T,
data in terms of rates of both overall and internal molecular
motions. The latter comprise rotation about single bonds,
both in the backbone and in side chains.

The method of analysis is essentially that of Levine and
co-workers.?!0.! Because LH-RH is a linear and therefore
potentially flexible peptide, it was necessary to explore the

effect of both isotropic and anisotropic overall molecular
motion on the calculated T, values of the backbone and side
chains. We have used various methods to estimate the max-
imum and minimum dimensions plausible in LH-RH for
fully extended and compact conformations and examined
the effect of varying these size parameters on the calculated
rates of internal motion for the side chains of the various
residues.

Methods. Levine et al.>!%!! have presented a method
which extends previous treatments'3-'6 and permits the cal-
culation of dipolar relaxation times when nuclei are re-
orienting in a magnetic field as a result of multiple internal
motions in a molecule. The treatment applies to all values of
rotational correlation times (7). The relaxation times of nu-
clei in chains attached to bodies undergoing overall isotrop-
ic'0 and anisotropic® motion have been considered. The for-
mulation assumes that the motions about each individual
bond are independent and uncorrelated with the motions
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about all other bonds. Furthermore, the calculations have
been based on a model of stochastic rotational diffusion
about the bonds. Threefold jump models of rotation!!:!4.!7
have also been considered, yielding qualitatively similar re-
sults.?

Levine et al.*!%!! dealt with linear hydrocarbons for
which the angles between the bonds about which internal
rotations occurred were identical (109.8°). In our study we
found it necessary to include calculations of the matrix ele-
ments dnmP(8;) (Appendix) appropriate for peptides,
where three different angles in the backbone must be con-
sidered.

The T, values arising from dipole-dipole interactions
were calculated from the standard expression,'82 which was
derived for the extreme narrowing condition'8®

1/T, = l/TlDD = (Nyg2yc2h2/10) (r=) [J(wy = wc) +
3J(we) + 6J(wy + wc)] (1)

where the spectral density function J(w), the Fourier trans-
form of the angular autocorrelation function, is essentially
that in Levine? but generalized to arbitrary angles 8;

J(wj) = 2 armam 2

mr.s a2, . .oN

d*roq(Bl)dsm(Bl)Ba|az(62)8aza3(63) e Ba/v_m/v(BN) (2)
with

[r*/(1 + wjz‘r*z)] X

N -1
ot = [Em +5 a,-zui] 3)
=i
Boqoz/(Bi) = Idcxfcx/(ﬁj)lz

a,m is the coefficient of the rth eigenfunction of the spheri-
cal top rotor used in the expansion of the mth eigenfunction
of the symmetric top rotor. The latter has an energy of rota-
tion Em, with E|y = 2D, + 4D,, E|y = 5D, + D,, Eq =
6D,. Dy = D, < D, are the rotational diffusion coefficients
about the molecular x, y, and z axes, D; is the correspond-
ing coefficient about the ith bond. The time-independent
matrix elements dp,(8;) = dmn!?(8:) depend on the angle
B; between adjacent bonds about which internal rotations
occur (see Appendix). wy and wc are the resonance
frequencies of 'H and '3C, respectively, h is Planck’s con-
stant divided by 2=, NV is the number of protons directly at-
tached to the carbon under study, vy and vyc are the mag-
netogyric ratios of proton and carbon, respectively, (r~%) is
the vibrationally averaged inverse sixth power of the 3C-
'H internuclear distance.

We have used a number of analytical approaches for cor-
relating the observed NT; values with the diffusion coeffi-
cients for rotation about each bond in the peptide backbone
and side chains. For the side chains of individual residues,
we have estimated the overall rate of molecular reorienta-
tion and then determined the rates of diffusion about each
bond by varying the values of D; separately until every ob-
served T, value was fitted. Rates of overall molecular mo-
tion have been estimated from molecular dimensions and
the rotational diffusion model. The minimum molecular di-
mensions were estimated from van der Waals radii, maxi-
mum dimensions of a monomer from measuring space-fill-
ing (CPK) models in fully extended conformations. Alter-
natively, the a-carbon of each side chain was assumed to be
the “effective center of mass” for that side chain, and rates
of internal motion (D;) with respect to this point were cal-
culated.

The general behavior of the observed NT, values was re-
produced for the peptide backbone, using plausible values
for the rate of overall molecular reorientation. This allowed
us to simulate the effect of internal motions within the
backbone itself. In one approach diffusion constants were
evaluated for all the rotationally flexible bonds in a peptide
link. Because of the partial double-bond nature of the pep-
tide link it was assumed that rotation about the peptide

_n{]_
O H

bond was not possible. An arbitrary, large value of 7 = 1.0
X 10'0 s was used to simulate the rigidity of the peptide
bond. Alternatively, diffusion was considered to occur about
“pseudobonds”’ '° which link adjacent a-carbons. The diffu-
sion constants so obtained are only “effective” values and
comprise contributions from rotations about both bonds in
the peptide unit. Such an approach is justified since we
measure only the T, values of the a-carbons and cannot
monitor the rates of rotation involving C=O. and NH
groups. There is little difference between the true motion of
the C-H vector as ¢ and ¢ of the peptide unit vary and its
effective motion due to an equivalent rotation of angle 8
about the pseudobond.?® The exact relation between  and
(¢,¢) is known.2! The experimental uncertainties (15%) in
T, measurements mask any error introduced by the pseudo-
bond approximation. On the other hand, this approximation
reduces by a factor of 3 the number of bonds that have to be
considered to calculate diffusion constants that correspond
to observable a-carbon T’s. This leads to a ninefold de-
crease in calculation time/pseudobond. An additional two-
fold overall time saving results from using the single effec-
tive angle, (146°) characteristic of the pseudobond geome-
try, instead of the three different angles of the peptide unit
(123, 114, 110°). Finally, the approximations of the model
itself (independent and uncorrelated motion about bonds)
are more likely to be valid for the pseudobonds than for the
more strongly coupled bonds of the peptide unit; it is also
less difficult to estimate a single effective diffusion constant
for a pseudobond than to guess the two D; needed in the
peptide unit.

Results and Discussion

The T, values obtained at 67.9 MHz (sample concentra-
tion 200 mg/ml, temperature 308 K) are listed in Table I.
The effective correlation time corresponding to each T
value is also given. This effective correlation time (res) is
calculated from eq 12223 with

J(w;) = Tegr/(1 + wj?ress?) (4)
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Table I. Spin-Lattice Relaxation Times® and Correlation Times of Carbons Bearing Protons in LH-RH
Anisotro-
picd r, =
, 0.9 X
Isotropic 1079, 7,
Tmol ¥ Tmol & = 7Ty =
Tmol chosen equal to e for C,, of each side chain® 1500‘1>f) l(l)'_()‘)):'c l(l)'_99>:'
Resi- NT,, Teffy Tint, NT, Resi- NT,, Teff, Tint, NT, S Tine  Tine  Tin 10710
due ms 10-10g 10-10g caled due ms 1010 10710 caled 107'0s 10~'0g s
<Glu «-CH 295 1.7 1.7 296 Gly a-CH, 190 3.0 3.0 191
B8-CH, 380 1.3 24 376
v-CH; 460 1.0 1.3 492 Leu «-CH 175 34 34 175 5.0 2.1 1.8
B-CH; 240 2.2 3.0 234 2.1 1.8 1.7
His o-CH 210 2.6 2.6 210 v-CH 260 1.9 39 260 4.2 43 43
B8-CH> 210 2.6 26.0 222 8-CHj 1545 0.31 0.04 1575 0.04 0.04 0.04
§-CH 180 33 50.0 220 §-CH3 1440 0.32 0.05 1450 0.05 0.05 0.05
«CH N.O.
Arg a-CH 185 32 32 185 38 1.9 1.6
Trp «-CH 160 4.1 4.1 160 B8-CH; 240 22 30 240 2.4 20 1.9
B8-CH; 200 2.8 4.0 200 v-CH> 330 1.5 1.5 336 1.6 1.6 1.6
C-2 200 2.8 8.0 206 6-CHa 350 1.4 35 358 37 3.7 37
C-4 160 4.1
C-5 160 4.1 Pro a-CH 220 24 24 220 1.9 1.2 1.0
C-6 190 3.1 B-CH; 470 1.0 24 0.5 0.5 0.5
C-7 185 32 v-CH, 480 1.0
§-CH 260 2.0
Ser o-CH 165 3.8 3.8 166
B8-CH; 234 2.2 1.8 252 Gly «-CH3, 390 1.2 1.2 403 0.45 0.35 0.32
Tyr «-CH 165 38 38 166
B8-CH; 200 2.8 5.0 200
0-CH 230 2.3 5.0 214
m-CH 210 2.6

4 ]sotropic overall molecular motion, using correlation time of a-carbon of each amino acid as the effective correlation time for molecular motion
in the calculations of internal motions of each side chain. The calculations assume rotation about individual bonds; in cyclic systems (i.e., <Glu,
Pro), where only oscillations can occur, this treatment is not justified. For the aromatic moieties, the value of 7iy, is that obtained for rotation about
the C3-C, bond. The rings were considered rigid. The calculated values of 7’| are shown in order to give an estimate of the fit obtained when calcu-
lating 7'y using our values of 7iy and 7mel (Tmal in this case is the correlation time of each a-carbon). # 71,4 = 5.0 X 1071%s corresponds to the value
expected for a spherical particle 8 A in radius undergoing rotational diffusion in a medium of viscosity equal to that of water. ¢ 7o = 1.0 X 10710
corresponds to the value expected for LH-RH in a compact conformation, as determined from CPK space-filling models. 4 7 values used in these
calculations were obtained for the rotational diffusion of an ellipsoid of revolution having dimensions equal to those obtained from a CPK model of
LH-RH in a fully extended conformation. The last three columns of the table correspond to Leu, Arg, Pro, Gly. ¢ Observed at 67.9 MHz. Sample
concentration 200 mg/ml, temperature 308 K. N.O., not observed. NT'| values are given in milliseconds, &V is the number of protons directly at-

tached to the carbon under study. 7ine = 1/6Din..

In the case of flexible linear peptides both overall molec-
ular tumbling and intramolecular motion of the peptide
backbone and side chains can participate in the reorienta-
tion of the individual C-H bonds and thereby contribute to
the relaxation process. In order to separate the various con-
tributions to the observed relaxation time, we need an esti-
mate of the rate of overall molecular motion. In some cases
this can be obtained from the 7| measurements if a given
carbon is known not to have any freedom within the molec-
ular framework. In LH-RH no carbon should be considered
rigid within the molecular framework and we should esti-
mate the rate of molecular reorientation by other means.
However, because such estimates rely on a number of as-
sumptions (vide infra), we can adopt an alternative ap-
proach in which we assume that in the extreme narrowing
range, the shortest 7, value in the peptide backbone is de-
termined solely by the rate of overall molecular motion,
One then calculates the relative rates of internal motion for
the remaining carbons in the backbone and side chains with
respect to the most “restricted” carbon. We have used both
approaches in our calculations in order to determine the
sensitivity of our results to the various assumptions used in
the calculations.

A. Estimate of Rate of Overall Molecular Motion. (a) Iso-
tropic Case. The correlation time for overall molecular re-
orientation (7Tm) is often estimated from the rotational dif-
fusion constant, D, which in turn can be related to molecu-
lar dimensions. In the case of isotropic motion (i.e., for
spherically symmetric bodies)2* a modified Stokes-Einstein
relation gives

Tmol = 1/6D = B/6kT = 87nrf,/6kT = Vinf/ kT (5)

where k is Boltzmann’s constant, T is the absolute tempera-
ture, ¥y, is the molecular volume, and 8 is the molecular
friction constant

B =8rrifm (6)

where r is the radius of a spherical solute, 7 is the viscosity
of the medium, and f; is the microviscosity factor which is
<1, depending on the relative sizes of solute and sol-
vent,25:26

(b) Molecular Dimensions. Several methods are available
for estimating molecular volumes. We have calculated the
volume for LH-RH using the method of atomic incre-
ments.2” The method is based on the assumption that the
distance of closest approach of two nuclei in different mole-
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Table I.  Rotational Diffusion Constants? and Corresponding Correlation Times? for Ellipsoids of Revolution of Various Models of LH-RH*¢
Dimensions of ellipsoid of rev
Model © Mol dimensions (semiaxes), A Dy, 108571 D, ,108s7! 7, 107%s 711,107%s  Caled? Ty, s

a-Helix 20 X 20X 20 10.0 X 10.0 1.65 1.66 1.00 1.00 0.118
10.0 X 9.0 2,15 2,01 0.775 0.829 0.125

Compact 20X 18 X 14 10.0 X 8.0 2.84 2.43 0.587 0.686 0.137
Type I1 8 24 X 19X 16 12.0 X 10.0 1.49 1.32 1.119 1.263 0.113
turn 120X 9.0 1.91 1.55 0.873 1.075 0.118
120X 11.0 1.19 1.13 1.401 1.475 0.110

(-Pleated 27X 21 X 10 14.0 X 10.0 1.35 1.05 1.234 1.587 0.110
sheet 140X 9.0 1.71 1.21 0.975 1.377 0.113
140X 11.0 1.08 091 1.543 1.831 0.108

Fully 36X 16 X 11 18.0 X 8.0 1.85 0.86 0.901 1.938 0.111
extended 180X 9.0 1.42 0.76 1.174 2.193 0.109
18.0X 7.0 2.48 0.97 0.672 1.718 0.115

¢y =001 P.T=305K.%r=1/6D.°Measured on molecular space-filling models. ¢ Assuming a rigid body, 7' value is calculated for a CH
group where the C-C bonds make an angle of 40° with the long axis. Rotation about C~C bonds is slow, Djp = 1.0 X 10'? s=!. The calculations

were performed for a magnetic field of 67.9 X 10° G.

cules is determined by their van der Waals radii. Each mol-
ecule is considered to be enclosed by a van der Waals sur-
face which is spherical about each atom. The van der Waals
volume of a molecule is obtained by summing the van der
Waals increments for all the atoms in the molecule.28:29
This method is accurate for small molecules (2-6-A radi-
us). However, for large flexible linear molecules which can
fold upon themselves, the method will yield only a lower
bound on the size. The reason is that folded peptides may
trap solvent molecules and this might result in a larger ef-
fective rotational volume. For LH-RH, the method of
atomic increments yields 6.3 A for the radius  of the spher-
ical particle. The effect of hydrogen bonding to solvent mol-
ecules has not been considered. For instance, if each car-
boxyl and (peptide) N-H group were strongly hydrogen
bonded to one molecule of water, the minimum radius
would increase to 7.2 A.

Molecular space-filling models (CPK) of LH-RH yield
dimensions of 20 X 18 X 14 A for the axes when the peptide
assumes its most compact shape. In a fully extended confor-
mation values of 36 X 16 X 11 A are obtained for the
lengths of the axes of the ellipsoidal molecule. Table II con-
tains the computed molecular dimensions when LH-RH is
made to assume some of the classical conformations ob-
served in peptides. These values are meant only as approxi-
mations in order to calculate possible (or plausible) values
for the rates of overall molecular motion. In Table IT we
have used the two largest dimensions measured on each
model to estimate the diffusion constants. This was done in
order to obtain an upper bound for the molecular dimen-
sions (the lower bound was obtained from the method of
atomic increments). Table 11 also shows that the greatest
ratio of axes is observed in the fully extended model and
this ratio is never greater than 3.5:1. The actual value is un-
doubtedly less than this because it is unlikely that a linear
peptide will at all times assume a fully extended conforma-
tion in solution. The above ratio does, however, provide a
plausible upper limit for the monomer when calculating the
effect of anisotropic motion on the observed T values.

(c) Anisotropic Molecular Motion. If a molecule is non-
spherical in shape, the overall molecular motion will not be
isotropic and two or more correlation times will be needed
to describe its rotational diffusion.3? A rigid ellipsoid of rev-
olution has two rotational diffusion constants:>* one for
rotation about the symmetry axis (D) and another for
rotation about any axis perpendicular to the symmetry axis
(D 1). In Tables II and III diffusion constants for rotation
about the symmetry axis as well as for rotation about an
axis perpendicular to the symmetry axis in LH-RH are pre-

Table III.  Rotational Diffusion Constants and Correlation Times for
Rotation about the Axes of Ellipsoids of Revolution of Volume Corre-
sponding to a Sphere of 8-A Radius®

Rotational diffusion Correlation times,

coeff, 108 s~! 10-10g

Semiaxes, A D D, | Ty
8.001 7.999 3.32 3.25 5.02 5.12
9.00 7.54 35 3.1 476 5.38
10.00 7.16 3.7 29 4.50 5.75
11.00 6.82 3.8 26 4.38 6.41
12.00 6.53 4.0 23 4.17 7.25
13.00 6.27 4.1 2.1 4.07 7.94
14.00 6.05 42 1.9 3.97 8.77
15.00 5.84 4.3 1.7 3.88 9.80

@ Assuming 7 = 0.01 P. T = 305 K.

sented. The Dy and D, in Table II have been calculated
from the molecular friction constants of an ellipsoid®? tum-
bling in solution, assuming a viscosity (5) of 0.01 P, a tem-
perature of 305 K, and dimensions as measured on the CPK
models. It must be emphasized that this assumes that mo-
lecular reorientation is determined solely by molecular
shape. The latter may be justified in cases where solute-sol-
vent interactions do not produce anisotropic frictional forc-
es. Table III shows the effect of varying the lengths of the
semiaxes of an ellipsoid of constant volume (corresponding
to the volume of a sphere 8 A in radius) on the rotational
diffusion coefficients about the different axes. Again 5 was
0.01 P and T = 305 K. The correlation time for reorienta-
tion of a given C-H internuclear vector (rc-y) held rigidly
in the molecular framework depends on the angle between
the C-H internuclear vector and the axis of symmetry of
the ellipsoid.2* When the molecular motion is not isotro-
pic, different T, and consequently 7, values can be ob-
served for different angles between the C-H vectors and the
axis of symmetry of the ellipsoid. In Table II examples are
given of T values expected for CH groups which are held
rigidly within the molecular framework. We assumed an el-
lipsoidal model for the peptide molecule, with an angle of
40° between the long axis and the C-C bond (as would be
the case with the backbone extended along the symmetry
axis of the ellipsoid). The angle between the C-C bond and
the C-H bond is 109.8°. T, values in the range of 108-137
ms are calculated depending on the conformation chosen.
These T, values are lower bounds because they correspond
to the restri¢ted (essentially rigid) groups in the models of
maximum volumes.
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B. Effect of Internal Motion on Ty Values of Side Chains.
(a) Isotropic Overall Molecular Motion. We have already
stated that in a linear peptide such as LH-RH, internal mo-
tion is possible in the peptide backbone. If such internal mo-
tion occurs at a rate comparable to or greater than that of
overall molecular reorientation, the effective correlation
time will comprise contributions from overall molecular
motion and internal rotation. In the case of isotropic overall
motion and one internal motion, the relation between the
observed correlation time (7e¢r), the correlation time for in-
ternal motion (rine = 1/6Djy,), and that for overall motion
(7moi) has been described.'3'® Figure 2 shows the effect of
internal motion on observed T, values (7T,,) for various
rates of overall molecular motion, assuming that the overall
molecular motion is isotropic. We find that correlation
times in the range between 5 X 107% and 2 X 10~'0 s for
overall molecular reorientation and greater than 7 X 10~ !!
s for internal motion will yield T values in the range of
those observed for the peptide backbone of LH-RH (=200
ms). Figure 2 is mainly useful to set plausible limits for
rates of overall as well as internal motion in a peptide back-
bone. It must be emphasized again that such calculations
assume independent and uncorrelated motion about all
bonds, an assumption which is probably not justified for the
peptide backbone.

Table I shows the values of the correlation times obtained
for internal motions about individual carbon-carbon bonds
using various values for 7. We have performed a number
of calculations for the side chains. In one approach we as-
sumed that the a-carbon of each residue was the effective
center of mass for each side chain; i.e., the side chain was
anchored at the a-carbon. The correlation time of the a-
carbon was considered to be the effective correlation time
for both overall molecular motion and internal motion of
the peptide backbone. Furthermore, the overall motion was
assumed isotropic. The 7 values obtained are listed in Table
I, column 1. The backbone a-carbons have the longest cor-
relation time in the vicinity of the aromatic residues. The
tryptophyl C, has 7 = 4.1 X 10710 s; the seryl and tyrosyl
C.’s have an average 7 value of 3.8 X 10~1% 5, The correla-
tion times are shorter for the backbone a-carbons near the
N- and C-terminal ends, implying some segmental motion
of the backbone. As noted previously'? the glycine residue
(no side chain) in position 6 appears to be conformationally
more flexible than the residues on either side of it. The cal-
culations for the cyclic residues pyroglutamate and proline
are not entirely justified as these residues can undergo only
torsional motion and not true rotation. In histidine, trypto-
phan, and tyrosine the internal motions of the side chains
are slow compared to the motion of the a-carbon. The side
chain of leucine shows a decrease in correlation time for
rotation about the C,-Cgs bond compared to C,, but an in-
crease in correlation time for rotation about Cg-C,. The
latter observation is likely to result from the presence of two
CH3 groups attached to C,. The two methyl groups of leu-
cine have very short correlation times for rotation about the
C,-C; bonds. The side chain of arginine shows a decrease
in correlation time for rotations about bonds between car-
bons « and «; however, a sharp increase in r is noted about
the C,-C; bond. Again this appears to be a consequence of
the presence of a bulky group linked to C,.

In order to take into account internal motion of the pep-
tide backbone we have carried out a series of calculations in
which we fixed the value of the correlation time for overall
molecular motion at either 5.0 X 10=1%0r 1.0 X 10~9s. The
former value is expected for a spherical molecule 8 A in ra-
dius dissolved in a medium of viscosity equivalent to that of
water. Such a 7 value has been observed for oxytocin, vaso-
pressin, and angiotensin II (molecular weights 1000-1100)
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Figure 2. Effect of internal motion on observed 7' values for various
rates of overall motion assuming isotropic overall molecular motion
and one internal motion. Applied magnetic field strength 63.43 X 103
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which have radii of ~8 A as measured on space-filling
models.”3! The value of 1.0 X 1079 s is that obtained for a
compact conformation of LH-RH (Table II). The above
values are physically realistic; a 7 value of 4.1 X 10~10 5 is
observed for the most restricted a-carbon of LH-RH. If the
backbone of LH-RH were rigid, the T, values of the a-car-
bons would be determined by overall molecular reorienta-
tion and consequently the correlation time for this motion
cannot be greater than 4.1 X 1079 5. For a given T, value,
if internal motion is possible, the correlation time for overall
molecular motion will be longer because the internal motion
of the backbone will contribute to the effective correlation
time. Column 9 of Table I shows the values of 7i,, obtained
for rotation about all the C-C bonds in the leucyl and ar-
ginyl residues of LH-RH. For the a-carbons we have as-
sumed that rotation occurs only about one bond, that which
links C, to the bulk of the molecule. As the overall motion
is isotropic, the relaxation times have no angular depen-
dence. Comparing the two sets of calculations indicates that
changing the correlation time for overall molecular motion
affects appreciably only the correlation time of the a-car-
bon. A small effect is observed on the calculated correlation
time for rotation about the C,-Cs bond. No effect is seen
farther along the chain. We can compare these results,
where we assume that overall molecular motion and inter-
nal motion of the peptide backbone both contribute to the
T, values of the a-carbons, with those in which the a-car-
bon is used as the center of mass and considered effectively
rigid. We again find that the values of the correlation times
for rotation of C, and for rotation about the C,-Cg bonds
are affected, but for C4-C, the results differ by less than
10%. We can conclude that the values of the correlation
times for internal motion in the side chains beyond C, are
independent of the values chosen for overall molecular re-
orientation in the ranges which we consider physically sig-
nificant.

The aliphatic side chains appear to be anchored at the a-
carbons of the peptide backbone and undergo increased or
segmental motion toward either end. A plot of 7' vs. carbon
number (for carbons in position 2 outward) would have a
slope which is proportional to the rate of internal motion if
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Figure 3. Effect of fast internal motions on observed T values of CH-
groups. Ellipsoids of revolution have a volume corresponding to that of
a sphere of 8-A radius. Both isotropic and anisotropic overall molecular
motion were considered in physically realistic ranges for LH-RH.

all the rotational diffusion constants about each successive
bond are equal. This is not observed for arginine, proline,
and leucine. The side chains show gradations in the rates of
internal motion. Furthermore, the gradation appears to be
characteristic of the type of amino acid rather than of the
framework of the peptide in which the side chain is embed-
ded. The NT, values of the carbons in the amino acid side
chains appear to be good qualitative monitors of internal
motions, at least for carbons more than one bond removed
from C,.

{(b) Anisotropic Overall Molecular Motion. In order to
monitor the effect of anisotropic overall molecular motion
on the T values in linear peptide hormones we have carried
out a set of calculations on a model system in which the vol-
ume of the molecule was kept constant and the ratio of sem-
iaxes was varied. We chose a volume which was equal to
that of a sphere of 8-A radius. Rotational diffusion con-
stants were calculated®® as in Table 11, assuming a viscosity
of 0.01 P for the solution and a temperature of 305 K. The
correlation times are given in Table III. Figure 3 shows the
effect of anisotropic molecular motion on observed T
values in an alkane for different values of the angle between
the first C-C bond and the long axis of the ellipsoid of revo-
lution. The angle between each remaining C-C bond is
109.5° and the angle between the C-H internuclear vector
and the axis of internal motion is also 109.5°. From Figure
3 we see that if internal motion is faster than overall molec-
ular motion, then molecular shape has little effect. The ob-
served T, values increase rapidly and linearly along the
chain. If the internal motion is slower than the overall mo-
tion (D ), then the molecular shape has a more pronounced
influence. The observed T values show a slight dip between
carbons 1 and 2 but the increase in T, values along the rest
of the chain appears linear, in accord with the results of
Levine et al.?

In Table I, last column, we have calculated the correla-
tion times for internal motion about the bonds in the side
chains of leucine and arginine, where the overall molecular
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Figure 4. Simulation of backbone motion. Effect of varying Ty, on ob-
served T of CH; groups for a given value of rq, assuming isotropic
overall molecular motion. Center of mass is located at carbon 0.

shape of LH-RH was assumed to be an ellipsoid of rotation.
We set 7,, the correlation time for rotation about the z, or
long axis of the ellipsoid, equal to 0.9 X 10~?s. The correla-
tion times for rotation about axes perpendicular to the long
axis of the ellipsoid, 7, and r,, were set to 1.9 X 107% s
These values were obtained from Table I and correspond
to the values expected for LH-RH in a fully extended con-
formation. They can be compared with values obtained for
the isotropic case (ie., 7o = 7, = 7;) with e = 1.0 X
1079 s. The anisotropy of the motion has little effect beyond
the B-carbon, and even there the effect is less than 5%. Sim-
ilar conclusions have been reached by Levine et al? In
Table IV the calculated VT, values of leucyl carbons in the
LH-RH are compared for the spherical and ellipsoidal
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Table IV, Correlation Times for Internal Rotations in Leucine in LH-RH
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Caled NTy, ms
Position  Obsd N7y, ms  7in,? 107195 Caled N7y, ms  7in,? 107105 8 =0° 8 = 40° 8 = 90°
a-CH 175 2.1 178 177 176 176
B8-CH> 240 1.8 242 240 240 242
v-CH 260 43 260 258 260 260
8-CH3; 1545 0.04 1540 0.04 1534 1538 1544
8-CH; 1440 0.05 1538 0.05 1434 1438 1444
4 Isbtropic overall molecular motion: 7, = 7, = 7, = 1.0 X 1079 5. Calculated for a sphere of 10-A radius (vol = 37 699 A?). ® Anisotropic over-
all molecular motion: 7, = 0.9 X 107%s, 7, = 7, = 1.9 X 1079 5. Calculation for an ellipsoid of revolution 18 X 8 A (semiaxes) (vol = 43 429 A3).

6 = angle between first a-carbon and long axis of the ellipsoid of revolution.

Table V. Simulation? of Backbone T'| Values in LH-RH

Caled NT),
Residue Obsd NT'|, ms Caled 7iny, s ms
<Glu 295 1.6 X 10710 292
His 210 4.0x 1010 210
Trp 160 45% 1079 171
Ser 165 45% 1079 168
Tyr 165 45%107° 165
Leu 175 1.2 107° 175
Arg 185 1.3 1079 185
Pro 220 43 X% 10°'0 220
Gly-NH, 390 7.6 X 10~ 390

4 Assuming isotropic overall molecular motion with 7, = 7, = 7, =
4.1 X 107'% s, Calculation done separately for N-terminal and C-ter-
minal halves of 1he molecule using the pseudobond approach. In the
calculations the center of mass was assumed to be near position 6 and
the possible internal motion at this position was neglected.

models of LH-RH. Table IV illustrates the insensitivity of
the VT, values to the angle between the long axis of the el-
lipsoid of rotation and the C, molecular framework bond.

C. Simulation of Motion of Backbone. In previous sec-
tions we have considered the motions of the side chains as
units, The a-carbon of each side chain unit has been as-
sumed either to be embedded in a rigid body which possess-
es the motional characteristics of the whole molecule or to
be one bond removed from the molecular framework which
rotates as a rigid body. We have not yet examined the mo-
tional characteristics of the peptide backbone as a unit. The
NT, values of the backbone are fairly constant up to the
penultimate positions at the N- and C-terminal ends, where
an increase in N7, values is observed. This increase is more
pronounced at the glycine-bearing C terminus.

Figure 4 shows the effect of different rates of internal
motion on observed T values for a chain undergoing isotro-
pic overall molecular motion with correlation times of 5.0 X
10='0and 4.0 X 10~'%, In the model calculations an angle
of 109.8° between each C-C bond was assumed. Only by
having internal motions which are slow compared to the
overall molecular motion can we obtain a fairly flat slope.
This model, however, assumes that the center of mass is at
the “carbon” designated as 0. Figure 5 shows the effect of
using the correct dihedral angles for a peptide backbone
compared with those for an alkane. The angular effect ap-
pears to be negligible for our conditions.

Table V contains the values obtained for internal motion
in the backbone, assuming that the center of mass is located
near carbon 6. In these calculations the “pseudobond” ap-
proach was used. This enabled us to consider a sufficient
number of a-carbons.

Figure 6 shows the effect of very slow internal motions on
the observed T values in a linear chain which is undergoing
isotropic overall motion. Such calculations simulate the ef-
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Figure 5, Effect of varying angle between C~C bonds. Isotropic overall
molecular motion of polyglycine-type chain, 7 = 4.0 X 107105,

fect of introducing the peptide link (no rotation, 7ip = 100
s) in the linear chain,

We have performed calculations using all the bonds in a
peptide for a segment which includes three a-carbons. We
find that, to a good approximation, the correlation times as-
sumed for rotations about ~-HC,~&CO- [7in(C,-C)] and
-HN-£C,- [rin(N-C,)] should be 2-3 times larger than
the correlation time [ (pseudo)] needed for the corre-
sponding pseudobond. If 710/ Tine (center of mass) is great-
er than 10, this factor is 3; otherwise it is 2. We considered
1071 < 701 < 1079, assumed that 7in (Co-C) = 7int (N-
C,), and that there is no rotation about the CO-NH bond.

In peptides, where the molecular framework is not rigid,
motion of the backbone can lead to the observation of a
“pseudoisotropic” behavior. This term describes the effect
of time averaging a number of conformations in a flexible
backbone; consequently, no point of the backbone remains
fixed with respect to a point within the molecular frame-
work. The time averaged molecular conformation then ro-
tates in solution as if it were effectively isotropic.

In the case of LH-RH the similar N7, values of the
backbone may be the result of “pseudoisotropic’’ motion.
Internal motion in such a system would not produce a gra-
dation of T, values and the results would resemble more
those that were observed in cycloalkanes® than those found
for acyclic n-alkanes.22
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Figure 6. Effect of very slow internal motions on observed 7, values of
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peptide backbone. (b) Isotropic and anisotropic overall molecular mo-
tion. Simulation of aliphatic side chain in which all internal motions
are slow. 8 is the angle between the first C-C bond and long axis of el-
lipsoid of revolution.

The a-carbons of residues 1, 2, 9, and 10 show longer
NT, values than residues 3-8. This seems to be a conse-
quence of increased motional freedom. Such residues can be
considered as anchored at positions 3 and 8 with increasing
flexibility of the chain toward the termini.

Conclusion

In analyzing the rates of internal motion of the side chain
of LH-RH, we have considered both spherical and ellipsoi-

dal models of overall molecular shape. In these models, the
overall molecular motion of LH-RH was considered to be
that of a rigid body rotating in solution about its principal
moment of inertia axes with rates proportional to the rela-
tive values calculated from molecular friction coefficients.

We have found that the different models used to describe
overall tumbling have no appreciable effect (<10%) on the
calculated diffusion constants (and thus 7 values) about
individual bonds in side chains beyond the 8-carbon. How-
ever, if the internal motion is much slower than the reorien-
tation of the long axis of the molecule, nonisotropic motion
can generate T, values which are shorter for the a-carbon
than for the 8-carbon of a given amino acid, Birdsall et al.2b
reached the same conclusion in the case of hexane.

Monitoring the effect of the slight anisotropy in overall
tumbling of peptides would necessitate very accurate T
measurements (uncertainty <3%). This greater accuracy
should also permit a study of the relative amount of steric
hindrance imposed on a given amino acid in a peptide by
different adjacent residues. This may in turn help in eluci-
dating some aspects of the structure-biological activity of
peptide hormones.

An increased experimental accuracy will require corre-
spondingly more sophisticated theoretical models for the T
data analysis. In particular, the stochastic rotational diffu-
sion model currently used is unlikely to be equally valid or
even reasonable for both overall and internal motions. Fur-
thermore, assuming independent and uncorrelated rotations
about bonds (a mathematical convenience) is clearly inap-
propriate when one wants to unravel the consequences of
steric hindrance, H bonding, solvent effects, etc., on relaxa-
tion time results, Ultimately, one will need to calculate
from and for a given conformation the corresponding corre-
lation functions, spectral densities, etc., and then set up a
model for the relaxation processes that reproduces the ex-
perimental results and mimics closely the “true” correlation
functions, etc. Such a theoretical program is under develop-
ment by one of us (R.L.S.).
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ment during the course of this work.

Appendix

The calculations of spin-lattice relaxation times T, from
the angular autocorrelation functions required the evalua-
tion of the matrix elements D,.(?(0,8,y) =
dpnD(B)e= 7D (m, n = =2, =1,0, 1, 2) of the 5 X 5 sec-
ond-order Wigner rotation matrix.'? In particular, the time-
independent part, d,,,{2(8), depends only on the angle 8
between adjacent bonds.

Our simple generalization of Levine’s model allows us to
include arbitrary angles §; between any pair of bonds along
the chain, as well as arbitrary diffusion constants D; for the
internal motions about the different bonds. However, in
order to be able to deal efficiently with a larger number of
bonds (>6), Levine’s computer program had to be opti-
mized considerably. This optimization is especially impor-
tant when the B are all different because the computer
time is particularly sensitive to how frequently the
dnD(B;) have to be reevaluated (for NV bonds and aniso-
tropic motion, the evaluation of J(wy) involves an (N + 3)-
fold summation).

The matrix elements d,,,{?(3) have the form32
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dmnP(B) =
€ 3V c0s (/21772 (sin (B/2))mr e

p 2-m=-=a)2+n-a)(a+m=—n)la!
(AD)

where
Con=[2+ M2 =n(2+ m)(2=m)]/2

and the sum is over the values of the index o 2 0 for which
the factorial arguments are 0.

Only the 15 matrix elements in the 5 X 3 block of d!?) are
needed for obtaining J(wg), and of these only nine are dis-
tinct

a b ¢, de
-b f g hd
dP28)=| ¢ ~g {1 gec (A2)
~d h-g, fb
e =d c¢|-ba
where
a=d)\P(2B) = cos* B
b=d *P(28) = 2sin Bcos® B
c=dor¥(28) = V6sin? B cos? 8
d=d_ ,)(28) = 2sin* Bcos B (A3)

e=d_»,)(2) =sin* B

f=d,,92B) = cos? B(cos? B = 3 sin? B)

g =do,(P(28) = V6 sin 8 cos B(cos? B — sin? )
h=d-, 9(28) = sin? 3(3 cos? B — sin? B)

i =dooD(28) = (cos? 8 ~ sin? B)2 — 2sin? B cos? B

Their explicit evaluation via eq A3 requires the computa-
tion of only 1 sine, | cosine, 12 multiplications, and 8 addi-
tions-subtractions (/6 is brought in through COMMON).
This takes less than Yoth of the time that the direct use of
eq Al would need.

Further time savings could be effected by building into
the main subroutine all the checks required to minimize the
number of evaluations of d{?. Each new bond increases the
total computation time t» by a factor of 3. The program
can now handle up to 12 bonds and its highly modular form
allows for easy extension. In the most general case (all §;
different), we find

ty=C3Vg (Ad)
where C = 5.625 X 1073 for an IBM 360/67, and N is the
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number of bonds. If all 3; are the same, the constant C in
eq A4 reduces to 2.92 X 1073, For this case, the program
could be optimized further by removing the checks and
evaluating the dy,,(?(8) only once in the main program.
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