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Interactions between positively charged side-chain residues and C-terminal carboxylate groups are 
of great importance in stabilizing secondary structures of many biologically active peptide 
sequences. The conformational properties of the hexapeptide sequence L-Arg-L-Val-Gly-L-Arg-L- 
Val-Gly with an Arg residue located at the third position from the carboxy terminus and a second 
Arg moiety at the amino terminus of the molecule, have been investigated in DMSO solution at  pH  
6.5, by means of 1D and 2D 'H NMR spectroscopy. The considerable downfield shift of the 
Arg4NfH resonance, when the pH of the solution is raised from 2 to 6.5, and the magnetically non- 
equivalent CPH and C6H methylene protons of the same residue at pH 6.5 provide evidence for a 
non-covalent hydrogen- bonding interaction between Arg4 guanidinium and C-terminal carboxylate 
groups. The intense backbone-backbone NOE connectivities observed for the ~ - A r g ~ - ~ - V a l ~ - G l y ~  C- 
terminal sequence, the NOE connectivities of Arg4 methylene protons and the retained ABX system 
of Gly6 C-terminal residue at high temperature are evidence for some mobility restrictions around 
this part of the molecule, and provide additional confirmation for a particular propensity of the 
arginine side chain, when occupying a position near the carboxy terminus, to interact with the C- 
terminal carboxylate group at neutral pH. Absence of ROE connectivities between protons of the 
Arg' side chain, and the fact that almost all methylene protons of the same residue appear 
magnetically equivalent, point out that this Arg moiety does not participate in any intramolecular 
interaction. Thus, differences in the behaviour of guanidinium side chains of the reported peptide 
sequence can be used as a general probe for the study of Arg side-chain mobility and for its ability 
to generate hydrogen-bonding interactions in other peptides and proteins. 

Non-covalent hydrogen-bonding interactions or salt bridge 
formation are critical for the establishment of secondary 
structure features in peptides and proteins, and are intimately 
linked to many fundamental selective recognition processes 
inside cells. ' 

For example, it has been postulated that stabilization of p- 
turns in the sequences Asp-X-Y-Arg and Arg-X-Y-Glu is 
modulated by the formation of a salt bridge between the side 
chains of Arg and Asp or Glu residues respectively, and the 
importance of these conformations in the expressed biological 
activities has been well Investigations on the 
binding capacity of synthetic decapeptide-analogues, corres- 
ponding to the main immunogenic region (MIR, T r ~ ~ ~ - A s n -  
Pro-Ala-Asp7 ' -Tyr-Gly-Gly-Ile-Ly~~~) of the acetylcholine 
receptor (AChR), to anti-AChR monoclonal antibodies, 
revealed that a possible electrostatic interaction between Asp' ' 
and Lys76 side chains should restrain a close molecular 
recognition of MIR by the mAbs6. 

The apparent importance of interactions between charged 
side-chain residues and N-, C-terminal groups was supported 
by conformational studies on the helical C-peptide (residues 1- 
13) of RNase A. It was found that Glu2 and His'*, which are 
dose to the positive and negative pole of the helical macrodipole 
respectively, can make favourable charge-dipole interactions 
that stabilize the h e l i ~ . ~ , ~  Likewise recent crystallographic 
studies on the Arg-Gly-Asp sequence, which was suggested as 
the key recognition element for cell adhesion, have shown that 
the guanidinium group of Arg forms, through a water molecule, 
a pair of H-bonds with the C-terminal carboxylate moiety, 
leaving the P-carboxylate group of Asp available for other 
interactions.'-' 

In a previous study12 we have demonstrated that the 

guanidinium side chain of arginine in the L-Arg-X-Gly peptide 
sequence (X = L-Ala, L-Val, L-Leu) participates in an intra- 
molecular interaction with the C-terminal carboxylate group in 
DMSO solutions at neutral pH. The present work was designed 
to further investigate, using ID  and 2D 'H-NMR spectroscopy, 
whether the side chain of arginine shows a similar propensity to 
interact with the C-terminal carboxylate group in a peptide 
sequence longer than three residues, where various possibilities 
for secondary structures may occur. Therefore, we have 
synthesized the L-Arg-L-Val-GI y-L-Arg-L-Val-Gly hexapeptide 
with an Arg residue localized at the third position from the 
carboxy terminus, as in the L-Arg-L-Val-Gly tripeptide, and a 
second Arg moiety at the amino terminus of the peptide 
sequence. It is also apparent that differences in the behaviour of 
the two guanidinium side chains of the examined hexapeptide 
might serve as a general probe for the study of Arg side-chain 
mobility and accessibility for hydrogen bonding interactions in 
various peptides and proteins. 

Experimental 
Materials and Methods.-Preparation of the Na-tert-butyl- 

oxycarbonyl-N"-toIuene-p-sulfonyl-L-arginyl-L-valylglycine 
methyl ester and the Na-tert-butyloxycarbonyl-N"-toluene-p- 
sulfonyl-L-arginyl-L-valylglycine have been reported previ- 
ously. ' 3The tert-butyloxycarbonylgroupoftheprotected tripep- 
tide methyl ester was selectively removed by 100% anhydrous 
trifluoroacetic acid. Synthesis of the protected hexapeptide 
was realized by the mixed anhydride procedure as follows. 

A solution of Na-tert-butyloxycarbonyl-N "-toluene-p-sulfon- 
yl-L-arginyl-L-valylglycine (0.32 g, 0.55 mmol) and N-methyl- 
morpholine (0.05 cm3, 0.55 mmol) in 2 cm3 tetrahydrofuran 
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Table I 
298 K from tetramethylsilane 

Proton magnetic resonance data (ppm) of the ~-Arg'-~-Val~-Gly~-~-Arg~-~-Val~-Gly~ hexapeptide (8 x mol dm ') in ['H,]DMSO at 

pH Residue 'NH, NH" N'H NnH2 C"H CDH C'H C6H 

2 Arg2' 8.30 
Val 

Gly3 

Arg4 
va15 

Gly6.' 

6.5 Arg' n.d.' 

Val2 

~ 1 ~ 3  

Arg4 

va15 

Gly6 

7.77 
8.55 

8.32 

8.10 7.72 
7.92 

8.32 

n.d. 

7.99 

8.3 1 ( - 3.88) 

7.86 (-5.81) 9.46 

8.27 ( - 3.23) 

7.37 ( - 3.87) 

7.19 3.96 1.72 
4.22 2.00 

3.86 
3.70 

7.19 4.37 1.72 
4.17 2.00 

3.8 1 
3.7 1 

7.13 3.19 i:!: 
4.18 1.97 

3.77 
3.7 1 

7.13 1.89 
7.60 4'41 1.58 

4.05 2.05 
3.37 
3.34 

~~ 

1.51 3.15 
0.92 
0.90 

1.51 3.08 
0.87 
0.85 

1.52 3.08 

0.86 
0.83 

3.1 1 
2.96 

0.84 

" The temperature coefficients ppm K-') are specified in parentheses for the NH proton signals. ' n.d. = not detected. ' Gly6C02H at 12.45 
PPm. 

was cooled to - 17 "C with stirring. Isobutyl chloroformate 
(0.07 cm3, 0.55 mmol) was added, followed after 5 min by a 
solution of N w-toluene-p-sulfonyl-L-arginyl-L-valylglycine 
methyl ester trifluoroacetate (0.30 g, 0.5 mmol) and 
triethylamine (0.07 cm', 0.5 mmol) in 1.5 cm3 cold tetra- 
hydrofuran. The reaction mixture was maintained for 1 h at 
0°C and, after 24 h at room temperature, evaporated to 
dryness. The product was precipitated with anhydrous diethyl 
ether and triturated several times with water, 1 mol dm-, 
NaHSO,, water, 1 mol dm-3 NaHCO, and water. The peptide 
was found homogenous by thin-layer chromatography in 
chloroform-carbon tetrachloride-methanol (6: 3 : 1) (R, = 
0.27) and in acetone-acetic acid (98 : 2) (R ,  = 0.77). The yield 
was 0.39 g (73%). 

Saponification of the Na-tert-butyloxycarbonyl-N O-toluene- 
p-sulfonyl-L-argin yl-L-val ylgl ycyl-N W-toluene-p-sulfonyl-L- 
arginyl-L-valylglycine methyl ester (0.75 g, 0.7 mmol) was 
carried out in a solution of 7 cm3 dioxane containing 2.7 cm3, 1 
mol dm-, sodium hydroxide. The solution was stirred for I .5 h 
at room temperature, neutralized with 1 mol dm-, NaHSO,, 
evaporated to remove dioxane, and acidified at 0°C. The 
precipitate was filtered and washed with cold water. The peptide 
was found homogeneous by thin-layer chromatography in 
butanol-acetic acid-water (4 : 1 : 5) (R ,  = 0.67) and the yield was 
0.67 g (91%). 

The unprotected hexapeptide was obtained after treatment of 
the Na-tert-butyloxycarbonyl-N "-toluene-p-sulfonyl-L-arginyl- 
L-Val ylgl ycy 1-N w-toluene-p-sulfonyl-L-arginyl-L-valylglycine 
(0.50 g, 0.7 mmol) with 15 cm3 liquid hydrogen fluoride (HF) in 
the presence of 2 cm3 anisole, for 1 h at 0 "C. The product was 
precipitated with anhydrous ether, and the precipitate was 
dissolved in water and lyophilized. Purification was carried out 
by gel filtration on Sephadex G-25 in 2 mol dm-, acetic acid 
and the overall yield was 0.25 g (55%). 

The NMR samples were prepared by dissolving the solid 
material in water and adjusting the pH to the desired value with 
hydrochloric acid or sodium hydroxide. The obtained aqueous 
solutions were lyophilized and weighed amounts were dissolved 
in C2H,]DMS0 at concentrations ca. 8 x lo-, mol drn-,. At 
this concentration intermolecular associations were excluded, 
as was proved by dilution studies. 

ID  and 2D 'H NMR experiments were performed on Bruker 
AC 200 and AM 400 apparatus. ROESY experiments were 
carried out by changing the frequency offset of the carrier in 
order to be sure that the NOES observed represented true 
proximity between protons and were not the result of Hartman- 
Hahn transfer l4 coupled with incoherent magnetization 
transfer. A spin-locking mixing time of 350 ms was used with a 
radiofrequency field strength of 2.4 KHz. The MLEV 17 
HOHAHA experiment l 5  was scanned with a spin locking 
mixing time of 100 ms and a radiofrequency field strength of 9.6 
kHz. 

Results and Discussion 
'H Resonance Assignments.-The spectral analysis of the L- 

Arg'-~-Val-Gly-~-Arg~-~-Val-Gly~ hexapeptide was based on 
the combined use of COSY, HOHAHA and ROESY experi- 
ments. The complete assignment of all proton resonances is sum- 
marized in Table 1 and is in agreement with previously reported 
' H NMR studies on arginine-containing pep tide^.^" 2 , 1  6-18 

The chemical shifts of the NcHs of both Arg' and Arg4 
residues were found almost identical (ca. 7.7 ppm) at pH 2. 
When the pH of the hexapeptide solution was raised from 2 to 
6.5, the Arg4N"H signal shifted to low field (from 7.72 to 9.46 
ppm), and the Arg'N"H signal disappeared. Coincidence of the 
NOH signals (7.19 ppm) of both Arg' and Arg4 guanidinium 
groups was observed at pH 2, while splitting of this signal (at 
pH 6.5) provided two unsymmetric resonance peaks at 7.13 and 
7.60 ppm, suggesting that one of the ArgNOH, groups was split 
at pH 6.5 (Fig. 1). 

All methylene protons of Arg' and Arg4 residues gave single 
signals, indicating that these protons were magnetically 
equivalent at pH 2. In contrast, the Arg4 CBH,, C6H2 protons 
became magnetically non-equivalent (Ad values were 0.3 1 and 
0.15 ppm respectively), when the pH was raised to 6.5. The same 
was also true only for the Arg'CBH, protons, which however 
showed a smaller Ad value (0.24 ppm) compared to the 
Arg4CBH, protons at the same pH (Fig. 1). 

The Gly6C0,H resonance at 12.45 ppm vanished, as ex- 
pected, when the pH of the peptide solution was raised to 6.5, 
whereas the ArgN+H, signal at 8.30 ppm of the acidic peptide 
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Fig. 1 The 200 MHz spectra of L-Arg-L-Val-Gly-L-Arg-L-Val-Gly in ['HJDMSO at pH 2 (a) and pH 6.5 ( b )  

QI 

I 

9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 
PPm 

Fig. 2 
[*H,]DMSOatpH 6.5 

HOHAHA spectrum of L-Arg-L-Val-Gly-L- Arg-L-Val-Gly in 

solution was not identified at neutral pH. In addition de- 
protonation of the Gly6C0,H and ArgNH3+ groups resulted 
in an upfield shift of the adjacent Gly6CaH2 and Arg'C"H 
protons l 9  (Fig. 1). A similar upfield shift was also observed for 
the Arg'CH signal (from 3.95 to 3.35 ppm) of the L-Arg-L-Val- 
Gly in DMSO solution and the ArgN"-terminal nitrogen of the 

tripeptide was shown to be in the amino state at neutral pH.l2 
We conclude that the Arg'N"-terminal nitrogen of the hexa- 
peptide also adopts the amino state at pH 6.5, although it was 
not feasible to identify it. 

A remarkable upfield shift was attested for the Va12NH and 
the Gly6NH upon neutralization (Fig. l), which could possibly 
derive either from deprotonation of the N- and C-terminal 
groups or from conformational changes. 

The observed broadening of the Va12NH and Va12CaH 
signals (at 7.99 and 4.18 ppm respectively), upon neutralization 
[Fig. l(b)], may possibly arise from a fast chemical exchange 
process and, release of coupling of the participating adjacent 
protons may also occur (see also below the temperature 
experiment). Evidence for the participation of the Va12NH 
proton in a chemical exchange is provided by the HOHAHA 
and ROESY experiments. A chemical exchange cross peak was 
observed between Val'NH and residual H,O, and a correlation 
peak between Va12CaH and H,O shown in Fig. 2. This latter 
cross peak may arise from a two step magnetization transfer. In 
the first step, magnetization is transferred via coupling from the 
Va12CaH to the Val'NH, followed by chemical exchange 
between Va12NH and H20 .  Interestingly, the reported residual 
water was not eliminated by means of molecular sieves, and it 
may contribute to the conformational properties of the hexa- 
peptide as we have recently demonstrated for the tripeptide 
until L-Arg-L-Val-Gly in DMSO solution. l 6  

The C"H, of Gly3 were detected as an ABX system at pH 2 
with resonance peaks at 3.86 and 3.70 ppm, and the coupling 
constant values were calculated ( 3 J N H - ~ a H  = 5.7 Hz, 3JNH-Ctc'H = 

5.5 Hz and 'JaH,arH = - 16.8 Hz) [Fig. l(a)]. When the peptide 
solution was neutralized the Gly3CaH2 signals remained prac- 
tically unaffected, with resonance peaks at 3.77 and 3.71 ppm 
and coupling constant values 3&H-CtCH = 5.8 Hz, 3JNH-ca 'H = 
5.9 Hz and 2Jo(H,arH = -16.6 Hz [Fig. l (b)] .  The Gly6CaH2 
protons of the acidic peptide solution (resonance peaks at 3.8 1 
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Fig. 3 Portions of ROESY map of L-Arg-L-Val-Gly-L-Arg-L-Val-Gly 
hexapeptide in ['HJDMSO at pH 6.5 

and 3.71 ppm, coupling constant values 3 J N H - C a H  = 5.9 Hz, 
3JNH-Ca 'H = 5.8 Hz and ' J a H , M ' H  = - 17.5 Hz) were consider- 
ably upfield shifted, upon deprotonation of the adjacent 
Gly6C02H, as already mentioned (Fig. 1). At neutral pH and 
298 K, the Gly6 methylene protons were almost magnetically 
equivalent with resonance peaks at 3.37 and 3.34 ppm (chemical 
shift difference equal to 0.03 ppm) and the ABX system of Gly6 
residue was estimated ( 3 J N H - C a H  = 5.1 Hz, 3JNH-Ca 'H = 4.0 Hz 
and 'JaH,aCIH = -16.6 Hz). When the temperature of the 
neutral peptide solution was raised from 298 to 328 K, the 
chemical shift difference of the Gly6CaH2 protons increased 
from 0.03 to 0.05 ppm, whereas the coupling constant values 
remained unchanged. 

Conformational State of the L- Arg'-~-Val-GIy-~-Arg~-~-Val~- 
Gly6 Hexapeptide in [2H6]DMS0 Solution at  pH 6.5.-When 
the pH of the hexapeptide solution was raised from 2 to 6.5, 
intense backbone-backbone NOE connectivities appeared in a 
ROESY spectrum (Fig. 3) between C"H(i)/NH(i + 1) and 
NH(i)/C"H(i) protons. However the unique intense NOE cross 
peak between successive amide protons was that of Va15NH and 
Gly6NH, similar to the NOE effect recorded for the consecutive 
Val and Gly residues in the L-Arg-Val-Gly tripeptide unit.12 
Strong NOE correlations were also found between the geminal 
Arg4CSH2 protons, the Arg4CaH and each of the Arg4CSH/ 
Arg4CYH2 protons, contrary to the Arg' methylene protons at 
pH 6.5. We therefore assume that the ~-Arg~-~-Val '-Gly C- 
terminal sequence of the hexapeptide shows a rigid con- 
formation with some mobility restrictions at the Arg4 side 
chain and resembles the L-Arg-L-Val-Gly tripeptide at neutral 
pH. It is likely that the ABX system already mentioned for the 
Gly6 moiety, though a carboxy-terminus residue, provides 
further evidence for some mobility restrictions at the C-terminal 
part of the molecule. 

The above mentioned findings, the considerable downfield 

4.4 4.2 4.0 3.8 3.6 3.4 3.2 3.0 2.8 
PPm 

Fig. 4 The 400 MHz spectra of L-Arg-L-Val-Gly-L-Arg-L-Val-Gly 
hexapeptide in ['HJ DMSO, pH 6.5, at 298 (a),  308 ( b ) ,  318 (c) and 
328 K ( d )  

shift of the Arg4NcH resonance upon neutralization of the 
peptide solution, and the fact that the Arg4NnH4 signal of 
the hexapeptide showed a similar NMR pattern [Fig. l(b)] to 
the ArgNOH, of the L-Arg-L-Val-Gly tripeptide, are evidence 
for an intramolecular interaction between Arg4 guanidinium 
and Gly6 C-terminal carboxylate groups at neutral pH. 

The temperature coefficient values of all the NHs of the 
hexapeptide (Table 1) showed that the backbone amide protons 
do not participate in any hydrogen bonds and they are exposed 
to the solvent. In particular, the Val'NH temperature coefficient 
was not determined due to significant broadening of the NH 
signal even in the range from 303 to 308 K. Further 
confirmation that the amide protons in the peptide sequence are 
exposed, was obtained from the following observation. The 
couplings with the amide protons decreased gradually, when the 
temperature of the peptide solution increased. Consequently, 
the CaH signals detected at higher temperatures were of lower 
splitting (multiplicity) due to couplings with the CBH protons. 
For instance, the quadruplet resonance peak of Va15CaH at 298 
K appeared as triplet at 308 K, broad peak at 3 18 K and doublet 
at 328 K, whereas the ABX system of Gly3 at 298 K was changed 
to an AB system (quadruplet signal) at 328 K (Fig. 4). A unique 
exception constistutes residue Gly6, which was detected as a well 
resolved ABX system even at 328 K. In fact the described loss of 
coupling between NH and CaH protons due to the increase of 
temperature, could possibly result from a very fast exchange of 
the amide protons with residual water, whereas the Gly6NH 
was strongly solvated by DMSO and thus protected against the 
proton exchange with those of the water residual molecules. 
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One may also emphasize that the side chain of the Arg' 
residue in the hexapeptide sequence does not participate in any 
intramolecular interaction, as we can reasonably assume from 
the absence of ROE connectivities between protons of the Arg' 
side chain and the fact that almost all methylene protons 
appeared magnetically equivalent at neutral pH [Figs. l(b),  2 
and Table l)]. Thus, an obvious conclusion is that differences in 
the conformational properties of arginine moieties in a peptide 
sequence can prove advantageous in differentiating proton 
assignment of guanidyl side chains. 

In the proposed guanidinium-carboxylate interaction, the 
Arg4NEH and Arg4NqH, groups may form two parallel (type B) 
or convergent (type D) hydrogen bonds with the carboxylate 
moiety, as was also postulated for the L-Arg-X-Gly tri- 
pept ide . ' ' * o 

Our study on the arginine-containing hexapeptide pointed 
out that the guanidinium charged group of arginine at a 
position near to the carboxy-terminus of the peptide sequence, 
preferentially interacts with the C-terminal carboxylate group, 
of opposite sign, at neutral pH. It thus confirmed a particular 
tendency of the protonated side chain of arginine to interact 
with the C-terminal carboxylate group in sequences longer than 
three residues. 

Conclusions 
The NMR results presented here show that the guanidinium 
group (Arg4) at the third position from the carboxy-terminus of 
a peptide sequence with six residues (L-Arg-L-Val-Gly-L-Arg-L- 
Val-Gly) has a pronounced tendency to interact with the C- 
terminal carboxylate group in DMSO solution at pH 6.5. In 
fact, the considerable downfield shift of the Arg4N"H signal 
upon neutralization and the magnetically non-equivalent 
methylene protons of the same residue at pH 6.5 further confirm 
our previous observations for a non-covalent hydrogen- 
bonding interaction between guanidinium and C-terminal 
carboxylate groups in the arginine-containing tripeptides 
L-Arg-X-Gly (X = L-Ala, Val, Leu) in DMSO solution at 
neutral pH. Besides that, the simultaneous presence of a second 
guanidinium group (Arg') at the amino terminus of the peptide 
sequence, which does not participate in any intramolecular 
interaction, allows the establishment of a general probe for the 
study of Arg side-chain mobility and accessibility in hydrogen 
bonding interactions in peptides and proteins. 

The intense backbone-backbone NOE connectivities attes- 
ted for the ~ - A r g ~ - ~ - V a l  '-Gly6 C-terminal sequence, the NOE 

connectivities of Arg4 methylene protons and the ABX system 
of Gly6 moiety point to a local rigid conformation around this 
part of the molecule and provide further support for an 
intramolecular interaction between Arg4 guanidinium and Gly6 
C-terminal carboxylate groups at neutral pH. 
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