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Stereospecific Binding of Diastereomeric Peptides to

Salmon Sperm DNA*

E. J. Gabbay,* P. D. Adawadkar, and W. D. Wilson?

ABSTRACT: Studies of the interaction specificities of L-
lysyl-L-phenylalaninamide (1) and the diastereomeric di-
peptide amide, L-lysyl-D-phenylalaninamide (2), with salm-
on sperm DNA reveal distinct differences in the binding
site of the aromatic ring of the phenylalanine residue. The
results of 'H nuclear magnetic resonance (NMR), spin-lat-
tice relaxation rates, viscometric, and flow dichroism stud-
ies indicate the aromatic ring of 1is “partially” inserted be-
tween base pairs of DNA whereas the aromatic ring of 2
points outward toward the solution. The terminal L-lysyl
residue presumably interacts stereospecifically with DNA
helix thus dictating the positioning of the aromatic ring of

The mechanism(s) by which proteins of defined amino
acid sequence may recognize specific sequences of nucleic
acid has been the subject of considerable interest in many
laboratories. Our approach to this problem has been cen-
tered on mode! systems composed of small oligopeptide am-
ides interacting with DNA of various AT/GC compositions
(Gabbay et al,, 1972, 1973). Although the relationship of
these model studies to the overall problem of the recogni-
tion process between macromolecules (DNA and proteins)
is not immediately obvious, nonetheless, the results ob-
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the C-terminal phenylalanine residue. In the accompanying
paper (E. J. Gabbay et al. (1976), Biochemistry, following
paper in this issue), the interaction of several oligopeptide
amides (containing the N-terminal L-Lys-L-Phe residue)
with DNA is examined. The results are found to be consis-
tent with stereospecific binding of the terminal L-lysyl resi-
due, and in addition, the evidence suggests that oligopep-
tides may bind to DNA via a modified single-stranded g-
sheet structure which is wrapped around the nucleic acid
helix in a manner similar to that described by M. H. F.
Wilkins ((1956), Cold Spring Harbor Symp. Quant. Biol.
21, 75).

tained are valuable in elucidating the interaction specifici-
ties of nucleic acids with small oligopeptide systems. Pre-
liminary study on the interaction specificities of L-lysyl-L-
phenylalaninamide (1) and the diastereomeric peptide L-
lysyl-D-phenylalaninamide (2) to DNA has been presented
(Adawadkar et al., 1975). The results indicate that stereo-
specific peptide-DNA complexes are obtained whereby the
aromatic rings of 1 and 2 point into and out of the helix, re-
spectively. In this paper, further evidence is presented in
support of the above mode of interaction of DNA with 1
and 2. The results suggest that the e- and a-amino groups of
the N-terminal L-lysyl residue interact stereospecifically
with the DNA helix thus dictating the positioning of the ar-
omatic ring of the C-terminal phenylalanine residue. In the
accompanying paper (Gabbay et al., 1976), the interaction
of several oligopeptides, containing the N-terminal L-Lys-
L-Phe residue, with DNA is examined. The results are
found to be consistent with stereospecific binding of the ter-
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FIGURE 1: The 'H NMR signal of the aromatic protons of L-Lys-L-PheA (1) and L-Lys-D-PheA (2) (a and b, respectively); in the absence (a) and
presence of DNA at a base pair to peptide ratio of 7.5 (b), 3.6 (c¢), 2.4 (d), and 0.5 (e). See Table | for details.

minal L-lysyl residue and, in addition, the evidence suggests
that oligopeptides may bind to DNA via a modified single-
stranded 3-sheet structure which is wrapped around the nu-
cleic acid helix in a manner similar to that described by
Wilkins (1956).

Materials and Methods

Synthesis. The peptide amides were synthesized using
the classical mixed-anhydride procedure (Anderson et al.,
1967) from carbobenzoxy-N-protected amino acids (Sigma
Chemicals) and amino acid esters (Sigma Chemicals). The
N-Cbz! dipeptide esters were converted to the amides ac-
cording to standard procedure (Greenstein and Winitz,
1961) and the N-Cbz group removed by hydrogenation in a
Paar shaker in methanol-acetic acid mixture (99.9:0.1).
The acetate salts of the peptide amides were converted to
the chlorides via anion exchange chromatography using
Amberlite CG-400 (100-200 mesh) resin (Baker Chemi-
cals). All products were checked for purity and authenticity
by 'H nuclear magnetic resonance (NMR), circular di-
chroism, ultraviolet, infrared, paper chromatography, and
elemental analysis. It should be noted that the peptide cou-
pling reaction employed in the above syntheses has been
shown to proceed with no detectable racemization (Ander-
son et al., 1967). Circular dichroism spectra and chromato-
graphic purity of the intermediates and the diastereomeric
peptide amides are consistent with optically pure products.

Analytical Methods. Analyses were performed by Atlan-
tic Microlab, Inc., Atlanta, Ga. Infrared spectra were re-
corded on a Perkin-Elmer Model 337. '"H NMR spectra
were performed on a Varian XL-100-15 spectrometer at
34°. The spin-lattice relaxation times, 7, were measured
by the inversion recovery method with a Nicolet Technolo-
gy Corporation FT accessory. Pulse widths of 49 (180°)
and 24.5 usec (90°) were used, and 50 scans were accumu-
lated for each delay time. Twenty seconds was taken as the
infinite delay time and 4K transform was used. Sonicated
low molecular weight salmon sperm DNA was used at

" Abbreviations used are: Cbz, carbobenzoxy; TSP, sodium 3-tri-
methylsilylpropionate-2,2,3,3-ds; Mes, 2-(N-morpholino)ethanesulfo-
nate.

60-70 mM phosphate/liter in the presence of 1 mM EDTA
in DO (pD 7.0). The concentration of the peptide amides
was varied from 2 to 70 mM. Chemical shifts (in Hz) from
the internal standard sodium 3-trimethylsilylpropionate-
2,2,3,3-d4 (TSP) are reported. It is found that the chemical
shifts, 8, and T values are reproducible to £0.2 Hz and
+10%, respectively.

Circular dichroism measurements were recorded on a
Jasco J-20 spectropolarimeter at ambient temperature (24
+ 1°). Viscosity studies were performed with a low-shear
Zimm viscometer (Beckman Instrument Co.) for native
DNA and Ubbelohde viscometer for low molecular weight
DNA. Ultraviolet and visible absorption measurements
were recorded on a Cary 15 spectrophotometer. Quantita-
tive assay for peptide concentrations (equilibrium dialysis
studies) was made with fluorescamine (kindly supplied by
Dr. Weigele, Hoffmann-La Roche) according to previously
published procedure (Gabbay et al., 1973). Flow dichroism
measurements were carried out at 25 £ 1° at 260 nm using
the Cary 135 spectrometer with a Glan-Taylor calcite polar-
izing prism. DNA (0.5-3.0 mM P/1.) solution was flowed
through a quartz capillary (0.415 mm radius) by means of a
Sage syringe pump. The shear rate in all experiments was
maintained constant at 2600 sec™!.

All solutions containing DNA and peptide systems were
prepared in buffers made with deionized water. Salmon
sperm DNA (8 BA, ¢, = 6500, Worthington Biochemicals)
was found to be free of any detectable protein contami-
nants.

Results

'H Nuclear Magnetic Resonance Studies. Figure 1
shows the effect of binding to salmon sperm DNA (at vari-
ous base pair to peptide ratio) on the chemical shift, §, and
signal broadening of the aromatic protons of L-Lys-L-PheA
(1) and L-Lys-D-PheA (2). The results are summarized in
Table I together with the measured values of the spin-lat-
tice relaxation times, T, in the presence and absence of
DNA. Several interesting observations can be made.

(1) In the presence of DNA (i.e., base pair to peptide
ratio of 7.5, 3.6, 2.4, and 0.5) large differences between the
chemical shifts and line broadening of the aromatic protons
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Table I: The Chemical Shift, §, the Spin—Lattice Relaxation Time, T, and Signal Line Broadening (av,p), of the Aromatic Protons of
L-Lys-L-PheA (1) and L-Lys-D-PheA (2) in the Presence and Absence of Salmon Sperm DNA. 4@

Chemical Shift, § (Hz), T, (sec), and av,, (Hz)

Base Pair/Peptide

0.5

System Free 7.5 3.6 2.4
L-Lys-L-PheA 736.5 (2.02) (5.7) 713.0(0.57) 714.5 (0.62) 715.5 (0.61) 730.0 (1.4) (7.1)
730.5 (0.77){ (30.7) 729.5 (0.80) Y (28.0) 728.0 (0.79)) (23.2)

L-Lys-D-PheA 738.1(2.02) 4.2) 735.9 (0.66) (6.5)

736.0 (0.71) (6.5) 736.0 (0.72) (6.5)

aSonicated low molecular weight salmon sperm DNA was used at 60—70 mM phosphate/l. in the presence of 1 m¥ EDTA in D,O (pD
7.0). The concentration of 1 and 2 was varied from 4 to 15 mM. Spectra were recorded at 34°C using a Varian XL-100-15 spectrometer
equipped with a Nicolet Technology FT accessory. Chemical shifts (Hz) from the internal standard sodium 3-trimethylsilylpropionate-
2,2,3,3<d, (TSP) are reported. It should be noted that the chemical shifts, &, are accurate to £0.2 Hz and T, values are accurate to = 10%.
The 7, value of the internal standard, TSP, is not affected by the presence of DNA (7, = 3.4 = 0.2). The line broadening (av,,,) is measured

at half signal height.
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FIGURE 20 The effect of bound L-Lys-1.-PheA (@) and L-Lys-D-PheA
(O) on the relative specific viscosity of DNA (X} represents the con-
centration of bound peptide and P, the total DNA concentration in P/
1.). Viscosity measurements were carried out at near infinite dilution of
native salmon sperm DNA (0.26 mM in P/1.)'in 10 mM 2-(N-morpho-
lino)ethanesulfonate (Mes) buffer (pH 6.2) (5 mM in Na™) using the
low shear Zimm viscometer at 37.5°,

of L-Lys-L-PheA and L-Lys-D-PheA are observed (Figure
1). For example, the L-Lys-D-PheA (2) exhibits slight
broadening and upfield chemical shift under conditions
where the peptide is 100% bound to DNA. [The binding
constants of 1 and 2 to DNA were determined by equilibri-
um dialysis and found to be 8000 and 6000, respectively.
Under the conditions of the '"H NMR experiments shown in
Figure 1, the dipeptide amides are totally bound to DNA at
base pair to peptide ratio greater than 2.0.] On the other
hand, the '"H NMR signal of L-Lys-L-PheA in the presence
of DNA (base pair to peptide ratio of 7.5) exhibits two
broad resonance lines which are shifted upfield with respect
to the free peptide by 6.0 and 23.5 Hz, respectively. At low
base pair to peptide ratio (i.e., less than one, see Figure 1a),
L-Lys-L-PheA exhibits a single '"H NMR resonance line for
the aromatic protons which is indicative of fast exchange
between the free and the various possible DNA binding
sites of 1.

(2) The apparent spin-lattice relaxation times, T;, for
the aromatic protons of 1 and 2 are found to be identical for
the free state, i.e., 7 = 2.02 sec. In the presence of DNA
(base pair/peptide = 7.5), two apparent values are mea-
sured for 1, e.g., 71 = 0.57 and 0.77 sec for the high and
low field signals, respectively (Figure la, Table I). The ap-
148 BIOCHEMISTRY, VOL. 1976
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parent T, value for the diastereomeric dipeptide amide, L-
Lys-D-PheA, in the presence of DNA is also observed to be
similar in magnitude, i.e., 0.66 sec. It should be noted that
the measured 7| values are found not to be sensitive to dis-
solved oxygen in solution; however, considerable variations
in T, values are obtained if paramagnetic impurities are
present in the DNA. The work reported in this paper was
carried out with sonicated DNA which has been extensively
dialyzed against EDTA and with '"H NMR samples which
have been placed under nitrogen atmosphere. The 'H NMR
relaxation data suggest that the phenyl rings of 1 and 2 in
the DNA complex experience restriction in tumbling of
equal magnitude. However, the differences in chemical
shifts and line broadening suggest that the aromatic rings of
1 and 2 are in different chemical environments in the DNA
complexes (see Discussion).

Viscometric Studies. The effect of bound L-Lys-L-PheA
(1) and L-Lys-D-PheA (2) on the relative specific viscosity
of native salmon sperm DNA (mol wt ~6 X 10%) solution
at 37° is shown in Figure 2. Viscometric measurements
were carried out at near infinite dilution of the nucleic acid
(0.26 mM P/1., i.e., 0.01% in DNA) in 10 mM Mes buffer
(pH 6.2) (5 mM Na™) using the low shear Zimm viscome-
ter. It is observed that the dipeptide amide, L-Lys-L-PheA
(1), exhibits a larger decrease in the relative specific viscos-
ity (nsp/nspo) Where ny, and 5, are the specific viscosities in
the presence and absence of peptide, respectively, of the
DNA solution than the corresponding diastereomer, L-Lys-
D-PheA (2). The decrease in viscosity of the DNA solution
by the peptide amides 1 and 2 may be éxplained in terms of
(i) shortening of the helix length and/or (ii) via peptide in-
duced intramolecular aggregation effect (Muller and
Crothers, 1968). In order to rule out the intramolecular
aggregation possibility, the effect of bound L-Lys-L-PheA
(1) and L-Lys-D-PheA (2) on the relative specific viscosity
of rod-like sonicated salmon sperm DNA (mol wt <5 X
10%) at 17 and 35° was studied and the results are shown in
Figure 3. The viscometric measurements were also carried
out at near infinite dilution of the nucleic acid (0.2 mM in
P/l.,i.e.,0.01% in DNA) in 10 mM Mes buffer (pH 6.2) (5
mM Nat) using the Ubbelohde viscometer. Results identi-
cal with those obtained with the high molecular weight na-
tive DN A are observed, i.e., greater decrease in the ny,/nsp,
value in the presence of 1 as compared to 2. In addition, ti-
tration of the DNA-2 complex (at a bound peptide to phos-
phate ratio of 0.64) with L-Lys-L-PheA (1) results in an ad-
ditional lowering of nsp/nsp, to @ value approaching that of
DNA-1 complex (Figure 3b). It is therefore reasonable to
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FIGURE 3: The effect of bound L-Lys-L-PheA (®) and L-Lys-D-PheA
(m) on the relative specific viscosity of sonicated low molecular weight
DNA (mol wt €5 X 10%) at 35° (a) and 17° (b).

conclude that the lower viscosity of the DNA solutions in-
duced by the peptides is due to the shortening of the helix
length rather than an intramolecular aggregation phenome-
non,

Flow Dichroism. The effect of increasing concentrations
of NaCl, 1,5-diaminopentane-2HCI, L-lysyl-L-leucinamide,
and the dipeptide amides, L-Lys-L-PheA (1) and L-Lys-D-
PheA (2), on the relative reduced dichroism of native salm-
on sperm DNA (at 3 mM P/l.) is shown in Figure 4a. Fig-
ure 4b shows the effect of bound L-Lys-L-PheA (1) and L-
Lys-D-PheA (2) on the relative reduced dichroism. It is
noted that the value of the reduced dichroism ratio, (AA4/
A)/(AA/A)o (Where A4 = A4, — 4, and A is the absorb-
ance of a stationary DNA solution at 260 nm; (AA4/A4) and
(AA/A)g refer to the reduced dichroism of DNA-peptide
complex and free DNA, respectively), is significantly di-
minished in the presence of 1,5-diaminopentane-2HC] and
the L-lysine containing dipeptide amides. The observed de-
crease in the relative reduced dichroism of DNA solution is
more pronounced in the presence of L-Lys-1L-PheA (1) than
with the diastereomer L-Lys-D-PheA (2). The latter shows
effects similar in magnitude to L-Lys-L-LeuA and 1,5-di-
aminopentane-2HCI (Figure 4a). Identical results are also
obtained at lower DNA concentration (0.5 mM P/1.) which
indicates that the effects are caused by a molecular confor-
mational change in the DNA rather than via intermolecular
aggregation effect induced by the peptide binding.

Uv and CD Spectral Studies. Interactions of the peptide
amides, 1 and 2, with salmon sperm DNA were studied by
uv absorption and circular dichroism techniques. Little or
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FIGURE 4: (a) The effect of increasing concentration of NaCl (0),
1,5-diaminopentane-2HCI (O), L-Lys-L-LeuA (@), L-Lys-D-PheA (W),
.and L-Lys-1.-PheA (A) on the relative reduced dichroism of DNA. (b)
The effect of bound L-Lys-L-PheA (@) and L-Lys-D-PheA (O) on the
relative reduced dichroism of DNA. It should be noted that at the
highest peptide concentration used in these studies, the peptide contri-
bution to the absorbance at 260 nm is found to be less than 1%.

no difference is detected in the absorption spectrum of
DNA in the presence of the dipeptide amides. Similarly, lit-
tle or no change is observed in the trough at 245 nm; how-
ever, a slight decrease in the peak at 275 nm of the CD
spectrum of DNA in the presence of 1 and 2 is observed
(Figure 5).

Discussion

The interactions of oligopeptides of defined sequence
with DNA have been studied extensively by many investi-
gators. In particular, it has been found that the aromatic
amino acids in peptides may bind to DNA via an intercal-
ation mechanism (Brown, 1970; Helene et al., 1971a,b;
Grabbay et al.,, 1972, 1973; Dimicoli and Helene, 1974,
Raszka and Mandel, 1971; Friedman and Ts'o, 1971).
Brown (1970) was first to suggest the “bookmark’ hypoth-
esis whereby the aromatic rings of amino acids may behave
as bookmarks and thus anchor the proteins to specific se-
quences of nucleic acids. Recent studies (Dimicoli and He-
lene, 1974, Gabbay et al., 1973) on tryptophanyl, tyrosyi,
and phenylalanyl-containing peptides utilizing '"H NMR,
fluorescence, equilibrium dialysis, viscometric, and circular
dichroism techniques have presented evidence which is con-
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FIGURE 50 The circular dichroism spectra of salmon sperm DNA in
the presence and absence of the dipeptide amides, 1 and 2. The CD ex-
periments were carried out utilizing 45.8 uM P/I. of DNA and large
excess of the peptide amides (800 uAf) in 10 mM Mes buffer (pH 6.2)
(SmM Na*)at 24 + 1°C.

sistent with the intercalation model. In addition, work from
this laboratory (Kapicak and Gabbay, 1975) on model sys-
tems, I, has revealed that the extent of insertion of the aro-
matic ring between base pairs of DNA has profound effect

NO,
H .

Hy
(CH,),

+ +
N(CHJ)Z(CHz)JN(CH:i)&.2Br_
I, n=1-4

on the tertiary structure of the latter, i.e., either shortening
or lengthening of the helix. For example, it is found that at
an n = 1, the nitrophenyl ring of 1 is “partially” inserted be-
tween base pairs of DNA as evidenced by the lower viscosi-
ty of the DNA-I complex and by the lack of '"H NMR sig-
nal broadening of the aromatic protons. Moreover, it is
found that the A protons of the aromatic ring of I (n = 1)
experience a greater upfield chemical shift than the B pro-
tons in the DNA-I complex which is consistent with the
“wedge type partial insertion” model (Kapicak and Gab-
bay, 1975). On the other hand, with » = 3 and 4, the aro-
matic cations, I, cause enhanced viscosity of DNA solutions
and the '"H NMR signals of the aromatic protons are totally
broadened and indistinguishable from baseline noise. Pep-
tides containing the aromatic amino acids, tryptophan, phe-
nylalanine, and tyrosine, exhibit effects identical with the
aromatic cation, I, where n = 1, i.e., “partial” insertion be-
tween base pairs of DNA leading to shortening of the DNA
length (Gabbay et al., 1973). Presumably, the single meth-
ylene group (CHj), between the peptide backbone and the
aromatic ring of tyrosine, tryptophan, and phenylalanine is
not sufficient to allow for “full” insertion and lengthening
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of the helix. In this work, additional evidence is presented
which is consistent with the above interpretation.
Stereospecific Binding of L-Lys-L-PheA (1} to DNA.
The proton magnetic resonance data (Figure la and b) in-
dicate that the protons of the aromatic ring of L-Lys-L-
PheA (1) experience a large upfield chemical shift (23.5
Hz) and line broadening, whereas the aromatic protons of
the diastereomeric peptide L-Lys-D-PheA is relatively unaf-
fected upon binding to DNA. A model which assumes that
the aromatic ring of 1 points into the helix (i.e., partial in-
sertion between base pairs of DNA) and the aromatic ring
of 2 points outward toward the solvent can best explain the
data. The larger upfield chemical shift experienced by the
aromatic protons of 1 as compared to 2 is indicative of clos-
er contact to the DNA base pairs and is due to ring current
anisotropy (Jardetsky and Jardetsky 1962; Pople et al.,
1959). On the other hand, the large 'H NMR signal broad-
ening of the aromatic protons of 1 (Ap;/, = 31 Hz) as com-
pared to 2 (Ar1;2 = 6.5 Hz) could be explained by several
mechanisms: (i) slower tumbling rates of the aromatic ring
of 1 in the DNA complex as compared to 2, (ii) slow ex-
change between various DNA binding sites for DNA-1 as
compared to DNA-2 complex, (iii) larger differences in the
chemical shifts are experienced by the ortho, meta, and
para protons of the aromatic protons of 1 in the DNA com-
plex as compared to 2, and/or (iv) combination of all three
mechanisms. In order to discriminate between the above al-
ternatives, the spin-lattice relaxation time (7)) measure-
ments were performed on the DNA-1 and -2 complexes
under conditions of total binding. Since (a) the value of 7
is determined (among other things) by the correlation time
(7c) and the mean residence time (7, ) (Pople et al., 1959;
Mildvan and Cohn, 1970; Dwek, 1973) and (b) the observa-
tion that the 7, values of the aromatic protons of 1 and 2 in
the DNA complex are nearly identical (T, =~ 0.65 sec,
Table 1) it is concluded that the tumbling rate (1/7c) and
the chemical exchange rate (1/7y) of the aromatic protons
of 1 and 2 in the DNA complex are very similar in magni-
tude. Therefore, the large 'H NMR signal line broadening
observed for the aromatic protons of 1 in the DNA complex
(Avi;2 = 31 Hz) can only be due to large differences in the
chemical shifts experienced by the ortho, meta, and para
protons. The observation of two 'H NMR signals for the ar-
omatic protons of 1 in the presence of excess DNA (Figure
la) would result from the greater upfield chemical shift ex-
perienced by the meta and para protons than by the ortho
protons as a consequence of ring current anisotropy of
neighboring base pairs (Figure 6). The observed relative
areas of the two aromatic signals of DNA-1 are consistent
with this interpretation. The results of the flow dichroism
(Figure 4) and viscometric (Figures 2 and 3) studies pro-
vide added support in favor of the “partial insertion (or in-
tercalation)”” model. The selective lowering of the relative
specific viscosity and reduced dichroism of DNA solution
upon binding the dipeptide amide, 1, suggests that the ef-
fective length of the DNA helix is smaller in the DNA-1
than in the DNA-2 complex. Tilting {or bending) of the
helix at the point of insertion of the aromatic ring of the di-
peptide amide, 1, between base pairs (schematically shown
in Figure 6) would adequately account for all the observed
data. The aromatic ring of L-Lys-D-PheA (2), on the other
hand, points outward toward the solvent and experiences (i)
small upfield chemical shifts and (ii) similar chemical
shifts, 6, for the ortho, meta, and para protons (dy;,;2 = 6.5
Hz, Table I) in the DNA complex. The results of the rela-
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FIGURE 6: Schematic illustration of a segment of DNA duplex show-
ing partial insertion of the aromatic ring of L-Lys-L-PheA (1). Under
these conditions, the para and meta protons (H, and Hpy,) are expected
to undergo greater upfield chemical shifts than the ortho protons (H,)
due to ring current anisotropy of the neighboring bases of DNA (see
Discussion).

tive specific viscosity and reduced dichroism of DNA solu-
tion upon binding the dipeptide amide, 2, are consistent
with the above interpretation. For example, the effects on
the viscosity and dichroism of DNA exhibited by L-Lys-D-
PheA are similar to those observed for L-Lys-L-LeuA and
1,5-diaminopentane-2HCI (Figure 4, and also Gabbay et
al., 1973). Such effects are presumably due to shielding of
neighboring negatively charged phosphate groups by the
positively charged counterions which would lead to electro-
static constriction of the DNA polymer (see Cohen and
Eisenberg, 1969, and references therein).

In summary, it is found that the diastereomeric dipeptide
amides, L-Lys-L-PheA (1) and L-Lys-D-PheA (2), interact

stereospecifically with DNA. Since it has been previously
shown by Gabbay et al. (1973) that L- and D-phenylalani-
namide interact similarly to DNA, it is concluded that the
N-terminal L-lysyl residue of 1 and 2 binds stereospecifical-
ly to DNA and dictates the positioning of the aromatic ring
of the C-terminal phenylalanine residue.
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