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Helix-stabilizing Interaction Between Tyrosine and Leucine or
Valine when the Spacing is i,i + 4
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A helix-stabilizing interaction between tyrosine and leucine or valine has been found in
alanine-based peptide helices when the apacing is ¢, { + 4. Control peplides have identical
compositions but an #,i+3 spacing. This is, to our knowledge, the first report of a
helix-stabilizing interaction between two non-polar side-chains in an isolated helix. The results
explain why, in an earlier study, leucine was found to have a helix propensity similar to that
of alanine in an alanine-based peptide, whereas tater work from another laboratory and our
own has shown that alanine is markedly more helix-stabilizing than leueine in alanine-based
peptides. The change in helix content resulting from the 4,1 + 4 Tyr-Leu interaction is
comparable to the changes seen for other specific interactions between pairs of side-chains, such

as ion-pair or Phe - His* interactions.
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1. Introduction

The hydrophobic interaction that results from
exclusion of water when non-polar surfaces are
brought into contact is thought by many workers to
be the dominant interaction driving protein folding
{Nozaki & Tanford, 1971; Chothia, 1974; Dill, 1940).
The suggestion has often been made that hydrophobic
interactions involving non-polar side-chains may
contribute to the stability of individual «-helices
(Lotan et al., 1966; Richards & Richmond, 1978; Dill
etal., 1993) but it has not yet been demonstrated that
two non-polar side-chains can make a speecific
interaction in an isolated helix to increase the
stability of that helix. One reason why it has been
difficult to demonstrate such an effect is the loss of
conformational entropy that occurs when two
gide-chains are fixed in a specific conformation,
Estimates of side-chain conformational entropy for
amino acids in an o-helix are given by Creamer & Rose
(1992).

Qur first experiments indicating the presence of a
specific intersction between tyrosine and valine
spaced 1, 1 + 4 were made for a different purpose. We
were studying the helix contents and NMR spectra of
alanine-based peptides each containing a single
Ala — Val substitution at a different position in the
helix. Because valine is a helix-breaking residue
{Padmanabhan et al., 19%0), we expected to find a
decrease in helix content at all positions of the
substitution, with the largest decrease occurring near
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the center of the peptide {position 9) because the
“frayed-end” effect is smallest at the center
(Chakrabartty et af., 1991). To our surprise, the
peptide with valine at position 5 proved to have a
higher helix content than the one with valine at
position 4. (Position 4 is closer to the end of the helix
and the frayed-end effect should be larger at 4 than
5.) A possible explanation was the presence of an
interaction between tyrosine (position 1} and valine
(position 5).

This interpretation also suggested a possible
explanation for an earlier puzzling result. We had
found that a peptide containing three Ala — Leu
suhatitutions hag nearly the same helix content as the
alanine reference peptide (Padmanabhan et al., 1990},
indicating that leucine and alanine have similar helix
propensities in this refercnce peptide. Park et al
(1993) have found, however, that alanine has a
markedly higher helix propensity than leucine in an
alanine-based peptide and this conclusion has been
confirmed in our laboratory using a different
reference peptide (Chakrabartty ef al, 1994)
The earlier peptide studied by us that gave the
anomalous result contained tyrosine at position 1 and
leucine at position 5. Thus, the earlier result might be
explained by a tyrosine—leucine interaction when the
spacing is ¢, ¢ + 4. Tyrosine at the N or C terminus is
used widely in studies of peptide helices to give an
aceurate determination of peptide concentration, for
use in caleulating mean residue ellipticity (Marqusee
et al., 1989). Thus, the possible occurrenee of a
helix-stabilizing interaction involving N-terminal
tyrosine spaced i,7 +4 from leucine or valine is
important for the correct evaluation of peptide
helix studies, as well as for understanding the
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mechanism of protein folding. One aim of this study
is to find out if a helix-stabilizing Tyr-Leu (i, ¢ + 4)
interaction led to an earlier incorrect evaluation by us
of the relative helix propensities of leucine and
alanine.

A study of this problem is reported here. The
tyrosine—leucine pair is studied both with tyrosine at
the N terminus and in the interior of the helix,
because of possible complications from N-cap
interactions (Chakrabartty et al, 1993a). Both
orientations of the tyrosine—leucine pair are
investigated. with tyrosine either N or C-terminal to
leucine, The design of our experiments is to compare
the helix contents of two peptides with identical
compositions, with tyrosine at the same position in
each peptide, and with the spacing between tyrosine
and leucine or valine fixed at i,7+4 in one
peptide and ¢, ¢ + 3 in the other. The first peptides
made to study this problem showed that the
helix content is significantly higher when the
Tyr-Leu spacing is i,2 + 4 as compared to ¢,4 + 3,
and so peptides with an 4,7+ 3 spacing were
adopted as controls, The position of the tyrosine
residue is held constant in each pair of peptides for
two reasons: (1) tyrosine has a low helix propensity in
alanine-based peptides (Chakrabartty ef af., 1994)
and therefore its position affects the overall helix
content »ia the frayed-end effect (Chakrabartty et al.
1991), and {2) the tyrosine side-chain contributes
significantly to the CD spectrum at 222 nm when the
peptide is helical (Chakrabartty ef al., 19935). For the
latter reason, the relative helix contents of the two
peptides were checked by an independent method,
hydrogen exchange kinetics (Rohl et af., 1992).

2. Materials and Methods

(a) Peptide synthesis and purification

Peptides were synthesized on a Milligen 9050 automated
synthesizer using the pentafluorophenyl esters of Fmoe
{9-Auorenylmethoxyecarbonyt) amine acids {Milligen)
on PAL-MBHA (5-(4-Fmoc-aminomethyl-3,5-dimethoxy-
phenoxy)-valeric  acid-p-methylbenzhydrylamine) resin
(Milligen} or on Rink (4-(2'4'-dimethoxyphenyl-Fmoc-
aminomethyl}-phenoxy) resin from Advanced ChemTech,
Peptides were acetylated at the N terminus using
acetic anhydride and then cleaved from the resin with
95:5 trifluoroacetic acid:anisole mixture for two to
four hours to yield peptides amidated at the C terminus.
The pure peptides were obtained by reverse phase fast
protein liquid chromatography (f.p.l.c.-Pharmacia) using a
(s resin with gradients of 10 to 40% acetonitrile: water
{0.1%  trifluoroacetic acid) as described earlier
(Padmanabhan & Baldwin, 1991). Peptide identity was
confirmed using fast atom bombardment (FAB) mass
spectrometry.

(b) Circular dichroism (CD) measurements

CD) measurements were made on an Aviv 60DS
spectropolarimeter equipped with a Hewlett-Packard
89100A temperature control unit, The spectropolarimeter
was calibrated with {+)-10-camphorsulfonic acid (Chen &

Yang, 1977). CD spectra of peptides at 0°C, 0.1 M KF (pH
7.0; 1 mM potassium phosphate), 40 to 50 M peptide, were
obtained using a 1 mm pathlength cuvette, 0.2 nm step size,
1 s average time and averaged over four scans. Ellipticity
measurements at 222 nm, reported as mean molar residue
ellipticity ([#]ss, in deg em?® dmol™') were measured in 1 M
NaCl (pH 7.0) and “CD buffer” (our standard buffer for
measuring ellipticity versus pH: 1 mM each of sodium
citrate, sodinum phosphate, sodium borate), using 10 mm
pathlength cuvettes (10 to 30 uM peptide). Peptide
concentrations were determined from the tyrosine
absorbance at 275 nm in 6 M guanidium hydrochloride
{Brandts & Kaplan, 1973). Trifluorcethanol (TFE)
titrations were carried out at 0°C, 0.1 M NaCl(pH 7.0}, using
the procedure described by Nelson & Kallenbach (1988).
The values of -[8],, reported here were tested for
concentration dependence in the range 10 to 120 uM and
were found to be independent of peptide concentration.
Helix content was calculated from [0y, by using +640 for
0% helix, -34,100for 100% helix, 17 residues {Scholtz et al.,
1991}. It has been shown that the Tyr side-chain can
contribute as much as +4400 to the [0],,, of a peptide that
is about 80% helical (Chakrabartty ef al., 1993b), but the
dependence of this contribution on helicity of the peptide
or the position of Tyr remains to be examined. For this
reason we have not corrected for the contribution to [§)p
by Tyr. The helix contents reported in this paper that are
determined from [§)yy,; are therefore only approximate.

(c) NMR experiments

One-dimensional 'H-NMR spectra of peptide solutions
were obtained on a GE GN-Omega 500 NMR spectrometer
operating at a 'H frequency of 500.13 MHz. Spectra were
recorded using a spectral width of 6000 Hz 16 scans in 16
K data points and a pulse width of 8 usin (1) 1 M NaCl, 2H, 0,
CD buffer (pH 7.0) at 3°C (using pre-cooled nitrogen) or
variable temperature as indicated; (2) 40% (by volume)
deuterated trifluorethanol (TFE-d;), 60% “H,0, containing
CD buffer {pH 7.0) at 3°C; (3} 6 M urea, “H,0, CD buffer
(pH 7.0) at 3°C. For deuterated NMR samples in
urea, peptide and ultrapure urea were dissolved in *H,0,
CD buffer, lyophilized extensively and the NMR sample
was made up in the requisite amount of *H,0 to yield a
final urea concentration of 6 M. Chemical shifts
corresponding to random coil values obtained for the
unstructured peptide acetyl YKAAVAK-amide (see
Table 1) and in 6 M urea solutions are essentially
identical. Chemical shifts reported here are those
obtained for deuterated samples and referenced to
3-(trimethylsilyl)-propionate (TSPt).

Amide 'H exchange data were collected as follows. The
peptide {1 to 2 mM) was first dissolved in H,O with the pH
adjusted to around 2.30 and then lyophilized, The
Iyophilized peptide was then dissolved at the start of the
exchange-out experiment (¢ = 0} in *H,0O containing 1 M
NaCl and CD buffer at pH* 2.30, all of which were
pre-cooled in ice. Multiple one-dimensional spectra were
then obtained at 3°C, with a 5000 or 6000 Hz spectral width,
8 us pulse width, 4096 complex points, 64 scans and a 5 ms
recycle delay. The total acquisition time per spectrum was
under 1 minute. Spectra were processed using FELIX on
a Silicon Graphics Personal Iris computer A 1 Hz

+ Abbreviations used: TSP,
3-(trimethylsilyl)propionate; RELAY, relayed
two-dimensional correlated spectroscopy; ppm, parts per
million.
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ling-broadening exponential window function was used
prior to Fourier transformation and the total NH
intensities were normalized to the intensity of a
non-exchanging aromatic tyrosine resonance. All reported
pH* values were determined at room temperature after the
acquisition of NMR exchange-out spectra and are not
corrected for isotope effects {hence pH*), Deviations from
the reference pH* of 2.30 were normalized by correcting the
time axis according to the equation described previously by
Rohl et al. {1992):

time* = time[10%30/1(#xperimental pH*] (N

time* being the corrected time. This allows comparison of
exchange behavior at & standard pH*,

The kinetic eurves for hydrogen exchange of two pairs of
peptides (Figures 1 and 3) were used to give approximate
estimates of the helix contents of these peptides as follows.
The procedure is basically the same as described by Roh!
et al. (1992) and their value for the helix nucleation constant
{v* = 0.0023) was used. Each pair of kinetic curves was used
to determine three parameters: the average rate constant [,
for exchange from the random coil, which was taken to be
the same for both peptides in a pair that differ only in the
residue position of a leucine or valine residue, and the
average helix propagation parameter <w> was calculated
for each peptide. Thus, a Tyr—Leu or Tyr-Val side-chain
interaction, when present, contributes to the average value
<w>, Then the helix content of each peptide was calculated
from v* and <w> by the Lifson-Roig equation, using the
computer program given by J. A. Scheliman (Chakrabartty
et al., 1991). Note that the comparison between helix
content calculated by CD and by exchange kinetics is not
expected to be accurate in the case of these peptides, for two
reasons. First, each peptide contains a helix-breaking
residue, Val or T'yr, at a position ingide the helix. In a case
like this, analysis of the exchange kinetics by using a single
average value for <w> is not an accurate approximation,
Second, as mentioned above, each peptide contains a
tyrosine residue, whose side-chain contributes substantially
to the CD spectrum at 222 nm in a helical peptide
(Chakrabartty ei al., 1993b), the correction for which is not
known accurately.

Amide 'H resonances were assigned from absolute value
mode RELAY data (Wagner, 1983), obtained using 1 to 2
mM peptide samplesin 90% H,0/10% *H,0 containing CD
buffer (pH 2.5} Phase cycling was as deseribed by Bax &
Drobny (1985). Each RELAY spectrum consisted of 256
blocks of ¢, values with at least 40 transients, and was
collected over 1024 data points with a spectral width of 6000
Hz, 1 second recycle delay and a total mixing time of 20 ms.
The solvent resonance was suppressed by presaturation.

3. Results

(a) NME chemical shifts and heliz contents of
peptide helices containing a single Ala — Val
substitution af various positions

Table 1 shows the helix contents obtained by CD for
peptides with a single Ala — Val substitution at six
different residue positions. The «CH and v,, v, CH,
resonances of the single valine residue are resolved in
the 1D NMR spectrum and the chemical shifts of
these resonances are also shown in Table 1. The
highest helix content among the peptides is shown by
I[Y3V, the peptide with valine at position 5. The
chemical shifts of the Val «CH and v,, y, CH,
resonances also show unusual values in 1Y5V, being
more upfield than those found with valine at any
other position. The contrast between the chemical
shift values of the Val resonances in 1Y5V and the
other single valine-containing peptides probably
reflects the ring carrent effect of Tyrl, and thereby
the proximity between Tyr at position 1 and Val at
position 5.

(b) Hydrogen exchange measurements of the relative
heliz contents of peptides 1Y4V and 1Y5V

To test the conclusion from Table 1 that the helix
content of peptide 1Y5V is higher than that of
1Y4V, we measured the hydrogen exchange kinetics
of the two peptides by the 11D NMR method of
Rohl et al. {1992), in which the dry peptide is
dissolved at zero time in *H,0 containing 1 M NaCl
in conditions (pH* 2.30, 3°C) where hydrogen
exchange even in unstructured peptides is slow
enough to be measured from the change in intensity
of the integrated amide proton peak. The presence
of helical structure in a peptide is known to slow
its exchange kinetics. Rohl et al. (1992) found that
the kinetic exchange curves for a homologous series
of peptides of differing helix contents can be fitted
by the Lifson-Roig (Lifson & Roig, 1961) theory
of the helix-coil transition using as adjustable
parameters only average values for the helix
nucleation and propagation parameters and the
exchange rate constant in the non-helical, random-

Table 1
Dependence of peptide heliz content on the position of Ala — Val substitution

- [ 40oti Val "H chemical shifts (ppm)

Name Sequence (deg cm?® dmol-1') aCH yl,y2 CH,
Ref Acetyl- T KAAAAKAAAAKAAAAK-Amide 25,000 + 500 — —

TKAAVAK  Acetyl T KAA ¥ AK-amide - 600 + 100 4.06 0.95

1Y4V Acetyl-T KA V¥ AARAAAAKAAAAK -amide 18,250 + 100 3.87 0.97, 1.02
1T5V Acetyl-T KAA V AKAAAAKAAAAK-amide 20,300 £ 600 3.84 0.89, 0.94
179V Acetyl-Y KAAAAKA VAAKAAAAK-amide 17,200 £+ 400 3.87 0.99, 1.05
Y10V Acetyl-T KAAAAKAA V AKAAAAK-amide 16,200 + 100 3.91 0.99, 1.07
1714V Acetyl- T KAAAAKAAAAKA V AAK-amide 18,100 + 250 3.95 0.96, 1.02
115V Acetyl ¥ KAAAAKAAAAKAA V AK-amide 19,490 £+ 600 4.01 0.98, 1.04

+ 1M NaCl, ImM Na CD buffer {pH 7.0), 0°C. The mean deviation for at least 3 independent measurements of — [@J,,,

is shown.

1 The value of = [&] 45 for 100% helix, obtained by TFE titration, of the reference peptide is 32,200 (+ 1100}, Thus, the

helix content of the reference peptide in this Table is estimated to be 78%.
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Figure 1. Kinetics of hydrogen exchange for 2
alanine-based peptides each containing a single valine
residue either at position 4 (1Y4V) or 5 (1Y5V). Their
sequences and properties are given in Table 1. Conditions:
1.0 M NaCl in *H,O {(pH* 2.30) 3°C (see Materials and
Methods).

coil form. Here we are interested in comparing
the relative helix contents of two peptides
with identical amino acid compositions and chain
lengths. The peptide with the lower helix content
should show faster exchange kinetics. Figure 1
shows that the average exchange kinetics of peptide
1Y4V are definitely faster than those of 1Y5V,
confirming that peptide 1Y5V has a higher helix
content. The helix contents calculated from CD
{Table 1) are 60.3% (1Y5V) and 54.4% (1Y4V),
difference = 5.9%, while the helix contents calculated
from the exchange kinetics are 64.2% (1Y5V)
and 49.4% (1Y4V), difference = 14.8%. The lack
of quantitative agreement between the two
methods is not surprising because each method
contains a dubious assumption in the case of these
peptides (see Materials and Methods). The qualitative
conclusion is, however, the same by both methods:
peptide 1Y5V is more helical than 1Y4V, in contrast
to expectation bhased only on the frayed-end effect
and the fact that wvaline is a helix-breaking
residue (s = 0.22, Chakrabartty, et al., 1994)
The value calculated for the average rate constant in
the random coil is 0.019 min™, which is close to
the value (0.018 min™') found by Rohl et al. (1992) at
5°C.
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Figure 2. CD spectra of 2 alanine-based peptides
containing a single tyrosine and a single leucine residue
either at a spacing of i,{+ 4 (6Y10L) or 7,7 + 3 (6Y9L).
Their sequences are given in Table 2. Conditions: 0°C, 0.1 M
KF {pH 7.0; 1 mM potassium phosphate) (see Materials and
Methods).

(¢) Tests for interaction between tyrosine and leucine
spaced i,i+4

Table 2 shows the amino acid sequence of the
leucine-substituted peptide studied earlier by us
{Padmanabhan et al., 1990) and its helix content
measured by CD. This peptide, 1Y{5,10, 15)L,
contains tyrosine in position 1 and three leucine
residues at positions 5, 10, 15. To test whether there
is a helix-stabilizing interaction between Tyrl and
Leu5, the helix content of this peptide was
remeasured and a new peptide, 1Y(4, 10, 15)L, was
made with Tyrl and Leud. There is a substantial
decrease in the helix content of the new peptide
measured by CI: —[0]5,, drops from 26,000 ( + 500) for
a spacing of ¢, ¢ + 4 to 20,400 ( £+ 100) for a spacing of
t,1+ 3 (Table 2).

In order to find out if the effect is dependent on
N-cap interactions specific for N-terminal tyrosine,
the pair of tyrosine and leucine residues was moved
to the interior of the helix: either at positions 6 and
10 (7, i + 4 spacing)j or at 6 and § (¢, { + 3 spacing) in
a second set of 17-residue peptides that contain
only a single leucine residue. Figure 2 shows the CD
spectra of these two peptides, which indicate that
6Y10L is decidedly more helical than 6Y9L
{~[8]302 = 24,500 ( £ 300) versus 17,800 ( £+ 200}, Table

Table 2
Helix stabilizing inleraction between Tyr and Leu 4 residues apart
_ =[]yt
Peptide Sequence T-L Spacing  { deg. ¢m? dmol-1)
A, Pyrosine N-terminal
1Y(5, 10, 15)L.1 Ac-YKAA L AKAA L AKAA L AK-NH, £, i+4 26,000 + 500
171(4,10, 15)L Ac-Y KA L AAKAA L AKAA L AK-NH, Li+3 20,400 £+ 100
B. Tyrosine af an interior position
6 T10L Ac-AKAAAY KAA L AKAAAAK-NH, i t4 24,500 + 300
6 YOL Ac-AKAAAY KA L AAKAAAAK-NH, ,1+3 17,800 £+ 200

1 The mean residue ellipticity measured at 0°C, 1 M NaCl (pH 7.0) 1 mM C'D buffer, peptide concentrations of

15 to 30 ¢ M, 1 em pathlength cuvette.

1 This is the peptide studied earlier by Padmanabhan et al. {1990). lts value of - [@] s has been re-measured

and agrees with the earlier value (26,300),
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Figure 3. Kinetics of hydrogen exchange shown by
peptides 6Y 10L and 6YYL {see Table 2 for their sequences
and Figure 2 for their CD spectra). Conditions: 1.0 M NaCl
in ZH,0 {(pH* 2.30) 3°C (see Materials and Methods).

2). Both peptides show monomolecular helix
formation as shown by the concentration independent
and reversible thermal transitions.

This conclusion is tested further by comparing the
H-exchange kinetics of the two peptides: peptide
6Y10L exchanges substantially more slowly than
6Y9L (Figure 3). The helix contents of the two
peptides calculated from the exchange kinetics are
65.3% (6Y 10L) and 43.8% (6 YOL), difference 21.5%.
The helix contents calculated by CD are 72.4% and
53.1%, respectively, difference = 19.3%. Thus, the
helix contents caleulated from exchange kinetics and
from CI) agree as well as expected for these peptides
{see Materials and Methods). The value calculated for
the average rate constant in the random coil is
k,=0.015 min™!, which is close to the value {0.018
min'} reported by Rohl et al. (1992) at 5°C.

The 'H chemical shifts in 6Y10L of the Len aCH
(3.92 ppm) and the Leu y, 8 CH; (0.78, 0.76 ppm) are
considerably more upfield than those for Leu in 6 Y3L
{4.10 ppm for the «CH and 0.93 and ¢.89 ppm for the
y and 8 CHy, respectively), probably because of the
ring current effect of Tyr. This suggests the proximity
of Tvr and Leu side-chains in 6 Y 10L, where they are
spaced 7,i + 4. The lower helix contents of the pair
of peptides in Table 2B, compared to the pair in
Table 2A, probably results from Tyr being inside
the helix (position 6) in Table 2B. Tyrosine has a
low helix propensity (s = 0.4, Chakrabartty et al.,
1994) and therefore its position affects the

helix content of a peptide through the frayed-end
effect.

(d) Tests for a Tyr—Lew i, i+ 4 interaction in
shorter peplides and in the reverse orientation

Tt is useful to test for the presence of a
helix-stabilizing interaction in short peptides, where
the presence or absence of the interaction may make
the difference between observing significant helix
formation or not {compare Shoemaker et al., 1985;
Forood et al., 1993). Table 3 shows that the change in
helix content caused by the presence of the Tyr-Leu
i,1 + 4 interaction in a 12-residue peptide is almost
twofold, compared to the control peptide with a
Tyr-Leu 7.4 + 3 spacing.

Table 3 also shows a test for the reverse Leu—Tyr
interaction in a second pair of 12-residue peptides.
The peptide with the .7 + 4 spacing has a markedly
higher helix content than the one with the ¢,/ + 3
spacing, showing that an interaction between tyrosine
and lenecine also exists in the Len—Tyr orientation,
but the difference in helix content between the ¢, ¢ + 4
and 7,¢+3 peptides is smaller in the reverse
orientation, perhaps because of the difference
between Tyr and Leu in their preference for trans
versus gaucke plus y, rotamers (see section (e) below).

(e) Modeling the Tyr—Lew and Tyr—Val interactions

Using the graphic molecular modeling program
(without energetics), INSIGHT II (Version 2.20,
Biosym Technologies, San Diego, CAt), we asked
whether the preferred rotamer angles of Tyr and Leu
residues in a-helices in proteins are consistent with a
Tyr-Leu contact interaction when the spacing is
1,1 + 4. The trans (t, 180°) and gauche plus (g*, 300°)
conformations about the C*-C? bond are equally
preferred for leucine, while ¢ is preferred overg © by 2:1
for tyrosine; the gauche minus (g-, 60°) conformation
is rarely observed for either residue (McGregor ¢f al.,
1987). When standard values are used for the helix
backbone dihedral angles (@ =-62°, ‘¥ =-417
Creighton, 1993), we find that good contact
interactions can be made when Tyr is trans
and Leu is gauche plus and the Tyr-Leu spacing
is 4i+4, and when Leu is trans and Tyr is
gouche plus and the Leu-Tyr spacing is i,¢ + 4.

t Insight IT a registered trademark of Biosym
Technologies Inc. 1993.

Table 3
Tests for a Tyr-Leu interaction in shorter peptides and in the reverse orientation
T-Lor L-T - [@]o0ot

Peptide Sequence Spacing (deg. cm® dmol - 1)
3Y7L Ac-AAN KAA L AKAAA-NH, G+ 4 11,700 £ 300
3 Y6L Ac-AAY KA L AAKAAA-NH, i,i+3 6500 + 100
6 L10Y Ac-AAAKA L AAK Y AA-NH, f,it+4 13,600 £+ 500
TLipY Ac-AAAKAA L AKY AA-NH, i, i+3 10,500 + 300

# The mean residue ellipticity measured at 0°C, 1 M NaCl (pH 7.0); 1 mM each of sodium phosphate
and sodium borate}, peptide concentrations of 15 to 30 p M, 1 em pathlength cuvette.
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(a)

Figure 4. Models of contact interactions made by (a) Tyr
and Leu or by {b) Leu and Tyr in a standard helix nsing the
program INSIGHT 1T (see text). The ¥, rotamer of Tyr is
trans (180°) and y, is 77°; the y, rotamer of Leu is gauche
+(287°) and y, is 179°. ¥,, y. = 190°, 56° for Leu and 287°,
102° for Tyr {see text and Table 4 in McGregorel al. {1987)).
The definition of the dihedral angles conforms to the
TUPAC-TUB (1970) convention, but the y, and y, angles are
converted to the range 0° to 360° rather than -180° to
+180°, according to definitions described by MeGregoretal.
(1987). The van der Waals surfaces of the Leu and Tyr
side-chains are also shown. (¢) Possible model of an (¢, i + 4)
Tyr—Val interaction using standard rotamer angles from
McGregor et al. {1987): Tyr yx; 180°%; y, 77°%; Val y, 166°.

These models are shown in Figure 4(a), (b), and the
values of ¥, ¥, are given in the Figure legend.

A corresponding model for the Tyr—Val interaction
was built and is shown in Figure 4(c): the
angles are given in the Figure legend. Although
there is no van der Waals contact between the two
residues using these standard rotamer angles for
Tyr and Val, exclusion of water between the two
residues can nevertheless occur (see Figure 1,
Richards, 1977).

4. Discussion

{a) Nature and properties of the Tyr—Leu
interaction

The evidence presented here for the Tyr-Leu
i{,%+ 4 interaction appears straightforward. The
contribution of the tyrosine side-chain to the CD
gpectrum at 222 nm can present a problem when
tyrosine is inside an a-helix or even when it is at the
N terminus (Chakrabartty et al., 19935), but this
effect has been taken into account here by using a
control ¢,¢ + 3 peptide with tyrosine at the same
position as in the ii+4 peptide. Three pairs of
peptides give the same result (Tables 2 and 3):
the helix content found by CD is substantially
higher when the Tyr-Leu spacing is ¢,i +4 than
when it is i, + + 3. Slower hydrogen exchange kinetics
in the peptide with the ¢,7 + 4 spacing (Figure 3)
confirm that the difference measured by CD
corresponds to a difference in helix content between
the two peptides and is not caused merely by a
contribution of the Tyr side-chain to the CD signal at
222 nm (Chakrabartty ef af., 19935). A smaller, but
significant, CD difference between the i,i + 4 and
i,1+ 3 spacings is found for the reverse Leu-Tyr
orientation {Table 3).

The size of the change in [f]y, when the 7,7+ 4
Tyr-Leu interaction is present (about -6000 deg
em? dmol™, Tables 2 and 3) is roughly comparable to
the change seen in the C-peptide helix from
ribonuclease A when either the Glu 27 - Arg 107 ion
pair interaction (Fairman et el., 1990) or the Phe 8 -
His 12* pseudo-H-bond interaction (Shoemaker
et al.. 1990) is present, or when the latter interaction
is present in an alanine-based helix (Armstronget al.,
1993). The change reported here is also roughly
comparable to the change seen when the best N-cap
amino acid (Asn) is replaced by the worst N-cap
residue {GIn})in an alanine-based helix (Chakrabartty
et al., 1993a). Thus, the non-polar interaction
observed when Tyr and Leu are spaced i+ 4 is
comparable in strength to other helix-stabilizing
interactions reported earlier that invelve pairs of
specific side-chains. Tt is possible in principle to
determine the standard free energy of the interaction
when only a single pair of interacting residues is
present in an alanine-based peptide (Scholtz ef al.,
1993). The Tyr—Leu system is not a favorable one,
however, for applying this methodology when the
helix content is determined by CD because the Tyr
side-chain contributes to the CD spectrum of a helical
peptide {Chakrabartty ef al., 19935).

The nature of the Tyr-Leu interaction iz almost
certainly exclusion of water from non-polar surface
that is buried when the side-chaing interact. Van der
Waals interactions between two non-polar side-chains
are expected to be approximately the same, per unit
of surface area, as the van der Waals interactions
between a non-polar side-chain and water (Lee, 1991),
so that van der Waals interactions alone are not
able to drive complex formation between non-polar
side-chains. The major obstacle to forming a
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helix-stabilizing interaction between two non-polar
side-chains is expected to be the loss of side-chain
conformational entropy when the two side-chains are
fixed in the interacting conformation. In this respect,
tyrosine may be a particularly favorable amino acid
for forming non-polar interactions in helices because
its side-chain rotamers are restricted in helices
(McGregor et al., 1987) and it has a large non-polar
surface area. Figure 4 shows that models for Tyr—Leu
and Leu-Tyr4, ¢ + 4 interactions can be built, but an
analysis of the energetics of the interaction for
different combinations of rotamers remains to be
worked out.

It is important to determine the structure of a
single helix containing a pair of interacting Tyr, Leu
or Len, Tyr residues. Thiz is not likely to be
accomplished readily, since it is difficult to crystallize
isolated helices in aqueous solution, and NMR
structure determination requires, among other
things, that the helix content of the peptide be close
to 100%.

{b) Non-polar side-chain interactions within helices
r4
in protein folding

Hydrophobic interactions between non-polar side-
chains are believed to be the major factor responsible
for docking two helices in a protein (Richmond &
Richards, 1978; Chothia et al., 1981). Whether or not
hydrophobic interactions between non-polar side-
chaing are also important in stabilizing isclated
o-helices is more debatable. Richards & Richmond
(1978} investigated the question by determining the
amount of buried non-polar surface area belonging to
various amino acid side-chaing in helices in
myoglobin, as well as in a polyalanine helix, They
concluded that the amount of buried non-polar
surface area when the helix is formed is fairly constant
among the various amino acids, either in the helices
of myoglobin or in a polyalanine helix. The question
was examined experimentally by Blaber ef al. (1993)
who measured X-ray structures and thermal
stabilities for a series of mutants with various amino
acids at a solvent-exposed site (residue 44) in a helix
of bacteriophage T4 lysozyme, and who concluded
that the amount of non-polar surface buried when the
helix is formed is a significant determinant of the
helix propensity. The effect on stability of folding of
substituting glycine for alanine at different positions
in the two helices of barnase was compared to the
change in buried non-polar surface area by Serrano
ef al. (1992), who concluded that the hydrophobie
interaction is of major importance here.

A set of 144 protein structures in the Protein Data
Base was surveyed for Tyr—Leu and Leu-Tyri, i + 4
pairs in protein helices (T. Klingler, personal
communication). This was done using the program
Iditis (Oxford Molecular Group) written by S. B
Gardener and J M. Thornton. The results indicate
that the statistical significance of Tyr-Leu and
Leu—Tyr 7, ¢ + 4 occurrences is marginal {data not
shown). This conclusion is not surprising, because
non-polar side-chains commonly cccur on the

hydrophobic taces of helices that become buried
during folding, and the resulting tertiary interactions
involving non-polar side-chains are energetically
more important than the interactions that can oceur
in isolated helices. Nevertheless, hydrophobic con-
tacts within single units of secondary structure,
either o-helices or f-sheets, could be important at
early stages of folding in directing the folding
pathway towards the correct native structure (Dill
et al., 1993).
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Franciseo (supported by NIH Grant RR 01614) for
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