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The solution structure of a peptide corresponding to the VP1 region 141-160 of foot-and-mouth disease VLrUs 
(FMDV) serotype A variant USA has been studied by NMR and computer calculations and compared with the 
results from a study on a highly homologous peptide deriving from serotype A, variant A. The two peptides 
differ in their serological behaviour and contain the immunodomhant epitope of the virus which partly 
overlaps with its receptor binding region. Distance constraints. derived both from 2D and 3D homonuclear 
NMR and 2D-heteronuclear NMR experiments. were combined with DG calculations to yield 50 structures. 
After refinement through EM and restrained molecular dynamics simulations the selected structures shared 
several general features. In particular the 151-158 region was a helix in all cases while a large loop similar to 
that found in peptide A but comprising less residues and stabillzed by an H-bond between the side chains of 
D147 and S150 was found in the majority of structures. A further loop, common to all structures, was 
identifled around the RGD sequence (145-147). This was different from that found in the corresponding region 
of peptide A as were the conformations of the individual residues within the RGDX sequence. 

The different structural features shown by the two peptides were rationalized in terms of the S 148 (peptide A) 
to F148 (peptide USA) mutation. The second mutation, that at position 153 (L in A. P in USA) did not appear to 
affect the structure of the peptide significantly although the different dimensions of the loop in the central 
region and the type of H-bond stabillzing it could be potentially ascribed to this second mutation. 
All criteria used pointed to different structural features for the two peptides consistent with their serological 

behaviour. 
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INTRODUCTION 

In the accompanying paper the solution structure of 
a peptide (peptide A) corresponding to the 141-160 
sequence of FMDV. serotype A, was calculated using 
NMR parameters coupled to computer calculations. 
In this paper a similar study is described for peptide 
USA, a sequence corresponding to the 141-160 
region of a different FMDV variant, the USA variant, 
which, despite only two mutations at positions 1 4 8  
and 153 (Figure 1). has been shown to have a 
serological behaviour different from that of peptide 
A 111. 

To obtain representative models of the solution 
structure of this peptide, NOE-derived interproton 
distances were used. It should be emphasized, 
however, that the NMR parameters were suggestive 
of conformational averaging. Thus the NOE-derived 
interproton distances were used to draw qualitative 
conclusions about the conformational space adopted 
by peptide USA and, above all, to combine, at the 
atomic level, the conformational differences between 
these two peptides which had been inferred from 

preliminary CD spectroscopy studies [2, 31 and 
serological studies [ 11. 

MATERIALS AND METHODS 

Materials 
The peptide was synthesized as a carboxyamide 
derivative on a solid support (MBHA resin) using t- 
BOC chemistry. After HF cleavage the peptide was 
purifled by RP-HPLC (purity > 97%) and identifled by 
FAB-MS (expected 2039; found M + H 2040). 

CF&DflH ("FE-d2) was obtained by distillation 
of a 1 : 1 (v/v) mixture of C F d D a D  (Cambridge 
Isotope Laboratories Ltd, Cambridge, UK) and H20. 
The fractions used for the NMR experiments had 
boiling points ranging from 73 to 75 "C. 

NMR Spectroscopy 

NMR spectra were obtained on either a Bruker AM- 
500 spectrometer or a Bruker AMX 600 MHz,  using 

14 1-142- 143-144-145-146-147-148- 149-1 50-1 5 1- 152-153- 1 54-1 55- 1 56- 157- 158-1 59- 160 

Gly-Ser-Gly-Val-Arg-Gly-AsgPhe-Gly-Ser-Leu-~a-Pro-Arg-Val-~a-~g-Gln-~-~o (USA) 

Gly-Ser-Gly-Val-Arg-Gly-Asp-Ser-Gly-Ser-Leu-~a-Leu-Arg-Val-~a-~~-Gln-Leu-Pro (A) 

Gly-Ser-Gly-Val-Arg~ly-~p-Leu-Gly-Ser-L~-~a-Pro-Arg-Val-~a-Arg-Gln-Leu-Pro (B) 

Gly-Ser-Gly-Val-Arg-Gly-Asp-Scr-Gly-Ser-~-~a-Ser-~g-Val-~a-~g-Gln-L~-Pro (C) 

Figure 1 Amino acid sequence of the 141-160 region of four antigenic variants 
[A, B, C and USA) of FMDV. serotype A. sub-type 12, straln 119. The four 
peptides differ for the residues at positions 153 and 148. In the text the 
residues were numbered from 1 to 20. 
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Figure 2 'H-NMR spectra of peptide USA in TFE-d2 solutions (2 m). NH-aCH region of: clean-TOCSY (a) and N O S Y  (b). The 
spectra were acquired on a Bruker AM-500 spectrometer, the spectral width was 6250 Hz and 512 tl increments were 
implemented over 2048 points in t dimension. Data matrixwas zero filled to 1024 in Fl and a n/2 shifted sine-bell window was 
applied in both dimensions. The mixing times used for the two sequences were 50 and 450 ms, respectively. 

2 mM samples of peptide in TFE-d2 unless otherwise 
specifled. 

2D homonuclear experiments were performed 
as described for peptide A [accompanying paper). 
The 3D NOE-HOHAHA 14) spectrum was recorded 
on a 10 mM sample of peptide in TFE-d2. FIDs (512 
words, 16 scans preceded by 2 dummy scans) were 
acquired with the carrier positioned in the middle 
of the spectrum. The solvent peak was suppressed 
by irradiation during the relaxation delay of 1.5 s. 
The entire acquisition procedure was repeated for 
256 t2 times and 128 tl times, thus resulting in a 
total measuring time of eight days. The spectral 
width in all domains was 6250Hz. The mixing 
time to allow for NOE magnetization transfer was 
300 ms. A MLEV-17 sequence of 50 ms with two 

trim pulses at the beginning and the end of the 
mixing time was used for the homonuclear 
Hartman-Hahn transfer. No zero-filling was per- 
formed and a cosine-bell window was used in all 
dimensions. 

The heteronuclear 2D 'H-13C SQC-NOESY 151 
experiment was performed at 305 "K on a 10 m~ 
sample of peptide using the pulse sequence de- 
scribed by Molinari et aL [S]. The delays were based 
on a JHca of 143 Hz; the spin-lock purging pulses 
were set to 3.5 ms and z, to 450 ms. GARPl was 
employed as a decoupling scheme, using a 13C 90" 
pulse of 44.5 ps. The acquisition times were 0.141 s 
in t2 and 0.026 s in tl; 512 transients were collected 
for each tl increment. The spectrum was processed 
using a cosine-bell window function. 
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Figure 3 Amide region of the 2D-NOESY spectrum of 
peptide USA where NH-NH NOES are shown. The spectrum 
was acquired on a Bmker AMX-600 spectrometer, the 
spectral width was 7500 Hz and 5 1 2  tl increments were 
implemented over 2048 points in tz dimension. Data matrix 
was zero med to 1024 in Fl and a n/2  shifted sine-bell 
window was applied in both dimensions. A mixing time of 
200 ms was employed. 

Molecular Modelling 

All calculations were carried out using essentially the 
Same approach as described in the accompanying 
paper. 

RESULTS 

2D and 3D-NMR Assignments of Peptide USA 
The majority of sequence-speciflc and sequential 
assignments were made at 500 and 600 MHz using 
a combination of TOCSY, NOESY and 'H-13C SQC- 
NOESY experiments (Figures 2 and 3; Tables 1 and 2) 
17.81. Spectral overlap (e.g. the NHs of R5 and G6 and 
those of S 1 0  and L11) did not allow, however, the 
completion of the assignment of the proton spec- 
trum. 

To complete the latter a 3 D  homonuclear NOE- 
HOHAHA experiment 141 was carried out at 500 MHz. 
This permitted the separation of the resonances 
overlapping in conventional 2 D  spectra as shown in 
Figure 4 for the amide protons of R5 and G6 (Table 1). 
Furthermore, the 3 D  experiment provided an addi- 
tional independent method for the crude evaluation 
of some interproton distances according to the 
procedure discussed below. 

JN,-coupling constants were measured both at 
500 and 600MHz using a DQFCOSY experiment 
(Table 3). 7, was measured from a heteronuclear 
'H-13C SQC-NOESY experiment [5, 6, 91 using as 
reference the distance of 0.25 nm separating the fl  
and y protons of proline. A r ,=0 .9  ns was thus 
obtained. 

Internuclear Distance Evaluation from NMR Data 

The influence of spin diffusion on the NOE intensities 
is negligible when wz, is close to the NOE crossover 
value (wzc= 1.21 (10, 111. Furthermore when NOE 
data collected in the mixing time range 80-600 ms 
were used together with a correlation time of 0.9 ns 
to measure interproton distances for Gramicidin S, 
agreement was found with the X-ray structure of the 
cyclic peptide [ 121. In the case of the peptide studied 
here 7, was also 0.9 ns and NOE data were collected 
using mixing times ranging from 200 to 450 ms. This 
was used to conclude that the observed NOE 
intensities could be used to derive interproton 
distances (Figure 5). In the case of the homonuclear 
NOESYs at 500 and 600MHz, distances were 
obtained using the fist rate approximation method 
171 (Figure 5). 

An approximate measure of the a5N6, a9N10, 
a7B10 and a17N18 distances was obtained from the 
3 D  spectrum using the procedure described by 
Vuister et aL I41 (Figure 5). 

NMR Temperature Studies 

1D spectra were recorded in the temperature range 
290-320 K and at 5 K intervals. TOCSY experiments 
were carnied out at the two extreme temperatures. Of 
the 17 temperature coefficients thus measured 
(Table 3). 6 had values less than 4p.p.b./K (G6, 
S10,  L11, R14, R17 and Q18) and were assigned to 
hydrogen bonded NHs, whereas 3 residues (F8, G9, 
A16) had their NH temperature coeffkients larger 
than approximately 6 p.p.b./K which was probably 
consistent with their being solvent-exposed. The 
remaining values (S2, G3, V4, R5, D7, A12, V15 
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Table 1 'H Chemical Shifts (p.p.m.) of Peptide USA in TFE at 305 K 

Residue NH aH BH YH Other 

G1 
s 2  
G3 
v4 
R5 

G6 
D7 
F8 

G9 
s10 
L11 
A12 
P13 
R14 

V15 
A16 
R17 

918 
L19 
p20 

8.40 
8.29 
7.73 
7.94 

7.94 
8.02 
8.07 

8.18 
7.80 
7.77 
7.87 

7.69 

7.82 
8.08 
7.56 

7.97 
7.61 

- 

- 

4.62 
4.22/4.02 

4.17 
4.38 

4.00 
4.90 
4.51 

4.04/3.95 
4.53 
4.50 
4.43 
4.44 
4.3 1 

4.00 
4.30 
4.40 

4.35 
4.80 
4.47 

4.23/4.09 

2.25 
2.00 

2.98 
3.25 

4.10/3.96 
1.78 
1.49 

2.39/1.96 
2.05 

2.25 
1.52 

2.05/ 1.95 

1.80/ 1.52 
1.83/1.76 
2.32/2.09 

2.09 
1.85/1.75 

1.77 

2.19/2.07 
1.85/1.75 

1.06/1.03 

1.76/1.84 

2.50 
1.75 
2.85 

'CHz = 3.29 
"NH=7.10 

2.6H = 7.35 
3,5H = 7.36 
4H = 7.42 

*CH3 = 1.02/0.95 

'CH2 =3.80/3.72 
'CHz = 3.24 
"NH = 7.10 

*CHz = 3.29 
"NH = 7.10 

'CH3 = 1.02 
*&CH2=3.87/3.69 

Table 2 13C Chemical Shifts (p.p.m.1 of Peptide USA in TFE at 305 K 

Residue "C 42 YC *C Other 

G1 
s 2  
G3 
v4 
R5 
G6 
D7 
F8 

G9 
s10 
L11 
A12 
P13 
R14 
V15 
A16 
R17 
918 
L19 
P20 

41.0 
a 61.6 

42.7 
61.2 29.8 
54.6 27.8 
42.9 

34.8 
57.5 36.5 

a 

43.2 
- 61.6 

60.5 40.1 
51.5 13.8 
62.3 28.7 
55.2 27.8 
61.8 29.8 
51.1 15.5 
54.6 27.8 
53.4 27.0 

40.1 
62.3 28.9 

a 

17.8 
24.7 40.5 

2,6Ar: 128.9 
4Ar: 127.1 
3,5Ar: 128.6 

24.7 19.7/20.1 

24.9 47.5 
24.7 40.5 
17.8 

24.7 40.5 
31.4 
24.7 21.4/2 1.8 
24.2 47.4 

a Correlations not dehed since the corresponding proton was under the HDO peak. 
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Figure 4 3D NOE-HOHAHA spectrum of a 10 m~ solution of peptide USA in 
TFE-d2 at 305 K, NH-uCH region. The spectrum was acquired on a Bruker 
AM-500 spectrometer: the spectral width was 6250 Hz, 128 t, and 256 t2 

increments were implemented over 2048 points in t3 dimension. 
The top panel shows a schematic representation of a 3 D  03 cross-section, 

where the diagonal is the intersection with the HOHAHA plane while the 
horizontal and vertical lines carry the back-transfer and NOE cross-peaks 
respectively. The bottom panel shows the aCH5-NH5 and aCH5-NH6 cross- 
peaks in the w3 cross-section, taken at aCH6 frequency. These cross-peaks 
completely overlapped in the 2D-NMR spectra. 

and L19) ranged from 4.1 to 5 p.p.b./K and might 
reflect less dehed  hydrogen bonds. 

Although these NOES were consistent with a p-turn 
of type I1 around residues 4 to 7, the existence of a 
turn involving residues 5-8 could not be excluded 
since the crucial crH6-NH8 could have been obscured 

coefficient of 4.1 p.p.b./K found for NH7, which 

Of NMR Data Indicating the ExiJtence Of 
by overlapping. Howmer a temperature 

Regular Secondary Structure Elements 

The NOE data observed in the RGD region (Figures 2, 
3 and 5) showed the following correlations: aH5-NH6 
(strong), NH6-NH7 (strong) and crH5NH7 (weak). 

contrasted with that of 6.6 p.p.b./K for residue 8, 
suggested that the P-turn involving residues 4 and 7 
was a more likely explanation for the NOE data. Both 



REC STRUCTURE OF TWO ANTIGENIC FMDV PEPTIDES 97 

G1 S2 63 V4 R5 G6 D7 FB G9 S10 L11 A12 P13 R14 V15 A16 R17 018 L1Q P20 

NHi-NHi+l - 
aCHI-NHI+l 

bCHI-NH,j -- B 

aCH,-l%H,& - - 
aCHI-NHI+2 - 
aCHl-NHl+3 - 
NHl-NHld -I 

Figure 5 Summary of main chain NOE connectivities observed at 500 and 600 MHz. Gray areas of sequential NOEs indicate 
the presence of more than one overlapping peak. Strong, medium and weak NOEs are represented by line of different 
thickness. Some of the long range backbone-side chain connectivities are omitted for clarity reasons. 

Table 3 Vicinal Coupling Constants and Temperature 
Coefficients of Peptide USA 

G1 
s2 
G3 
v4 
R5 
G6 
D7 
F8 
G9 
s10 
L11 
A12 
P13 
R14 
V15 
A16 
R17 
Ql8 
L19 
P20 

7.4 
7.2/7.2b 
6.6 
6.6 

7.2/7.2b 
7.4 
7. lb 

7.1/7.1b 
7.3 
7.3 
3.6 

7.0 
6.1 
7.2b 
7.0 
7. lb 
7.8 

- 

- 

4.8 
4.4 
4.9 
4.9 
3.8 
4.1 
6.6 
5.9 
3.0 
3.3 
5.2 

1.9 
5.0 
7.4 
2.3 
2.4 
4.1 
- 

a Vicinal coupling constants at 298 K. 
Measured from COSYDQF (600 MHz). 

prediction studies for the RGD sequence and experi- 
mental Andings for RGD-containing peptides 1131 
were consistent with this conclusion. 

The temperature coefficient of the amide proton of 
G6 was 3.8 p.p.b./K and assigned the latter to a H- 
bonded proton. This, together with the NOE dis- 
cussed above, could be interpreted as indicating the 
existence of two consecutive y-turns, 4-6 and 5-7. 

The latter was recently proposed for a model FMDV 
peptide based on MD calculations [ 14). 

The following data assigned the 7-12 region to a 
helix: (1) NHrNHI+l NOEs (Figure 5): (2) the aH7- 
/?HlO correlation; (3) all fi-N NOEs expected for 
helical structures: and (4) the small NH temperature 
coefficients found for S 1 0  and L11. I t  should be 
noted, however, that several other NOE constraints 
typical of compact a-helix or 310 helix were not 
observed. 

The NH12-613 NOE assigned a trans conforma- 
tion to the alanine-proline amide bond wNle the 
NH14-613 NOE and the NH-R14 temperature coeffi- 
cient of 1.9 p.p.b./K suggested that the latter was 
involved in a turn, either fi  or y. The /?-turn seemed to 
be a less likely explanation because, in this assump- 
tion, proline would occupy the less favoured position 
i+  2 of the turn [IS]. Furthermore the a 1 1-NH14 and 
NHl2-NH14 NOEs typical of /?-turns were not 
detected. I t  was therefore concluded that the NH of 
R14 was hydrogen bonded to CO-A12, thus defining 
a y-turn. 

The NOE pattern assigned the 14-20 region to a 
helix (Figure 5). The temperature coefficients of the 
NH protons of residues 17, 18  and 19 Vable 3) were 
consistent with either a 310 helix beginning with the 
CO of R14 or an a-helix starting with the CO of P13. 

Simulations 

Ninety-three NOE constraints (60 inter-residue and 
23 inter-residue constraints) were used to generate 
structures by distance geometry calculations (16. 
17). Most of the 50 structures thus obtained had an 
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Table 4 Epot (kcal) and 
Structures Selected after DG Calculations 

(A) of the 23 

Epot Epot < rdol > 
Structure (before RMD) (after RMD) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

182 
187 
169 
139 
132 
127 
158 
154 
185 
188 
141 
170 
183 
181 
176 
145 
144 
190 
176 
171 
153 
127 
185 

172 
127 
154 
82 
125 
113 
12 1 
138 
139 
119 
124 
135 
118 
113 
123 
100 
103 
130 
120 
118 
105 
100 
115 

0.09 
0.11 
0.11 
0.09 
0.10 
0.09 
0.09 
0.12 
0.09 
0.11 
0.13 
0.09 
0.10 
0.09 
0.10 
0.10 
0.10 
0.09 
0.10 
0.10 
0.12 
0.11 
0.11 

inverse y-turn around P13, small restraint energies 
and high potential energies. The latter decreased 
after the subsequent EM [18] calculations. The 
structures were classified according to their (1) total 
potential energy, &ot, (2) distance restraint energy, 
Ge,, (3) number of distance restraint violations, Naol 
(a violation was counted when a given distance 
exceeded the experimental input by 0.4& (4) 
average distance violation < raOl > 1191, and (5) 
consistency with the NMR parameters. Twenty-three 
structures (Table 4) showed consistency with the 
NMR-derived H-bonding pattern, had Got within 
60 kcal mol-' of the structure with the lowest Et,, 
and < rdol > less than 0.2 A. RMD calculations 120- 
221 were carried out on these selected structures. 

After RMD calculations the average backbone 
RMS for the whole peptide was 5 k 1 A; it decreased 
to 3.2 += 0.8 A when the region 2-10 was considered 
and to 2.2 f 0.7 A in the case of region 11-19. 
As with peptide A, a conformation was assigned to 

each residue of the 23 structures using the Rama- 
chandran classification (Table 5). This led to struc- 
tures 1, 2. 3, 5, 11, 13 and 20 being considered as 
less likely to represent the solution structure of the 

peptide. since one or more than one residue in each 
of these structures was found well-outside the 
allowed regions of the Ramachandran plot ("able 5). 
Structure 9 was discarded because of a cis amide 
bond between R5 and G6. Structure 17, which had 
the shape of a large cycle with the N-terminal region 
embedded in the cycle and within H-bonding dis- 
tances of the c-terminal residues, was considered 
unlikely to occur in the virus structure which 
contains this peptide. The 14 structures thus 
remaining were then analysed and the structural 
features of individual regions of the peptide dis- 
cussed hereafter. 

The C-ferrnind Region. Inspection of Table 5 as well 
as computer superposition (Figure 6) revealed that 
the 14 structures were less homogeneous than those 
found for peptide A. However, as with the latter, the 
C-terminal region (sequence 11-17) was essentially 
the same in all examples and mainly helical (Figure 
7). Proline was inside the fist  turn of this helix at 
position 1+3. This induced A12 to adopt almost 
exclusively an A(ar) (A hereafter) conformation (see 
Table 5 for definition of A. B, etc.) instead of the B(j) 
(B hereafter) conformation generally found in Ala-Pro 
dipeptides 1231. 

The H-bonding pattern around P13 (Table 6 and 
Figure 8) and the average backbone angles at P13 
(Table 7) excluded the existence of a y-turn. This was 
not in contrast with the NMR data since the NH of 
R14 was, in all structures, shielded from the solvent. 

The Cenhd Region of the Peptide. H-bonds between 
COOH-D7 and either the O H 4 8  and N H S 8  (struc- 
tures 4, 6, 8, 14, 15, 18, 19 and 21) (Table 6) or C& 
S10 (structure 23) concentrated the side chain of D7 
in a limited conformational space (Figure 9). A similar 
conclusion applied to structures 12, 16 and 22 where 
the H-bond was between OH-SlO and C-6. These 
H-bonds generated a loop comprising residues 7 to 
10 (Figures 10 and 11). F8 occupied one of the 
comers of the loop and had its aromatic ring pointing 
outward and solvent exposed. The three residues 
inside the loop, i.e. F8, G9 and S10, were assigned to 
a short extended strand which contrasted with the 
helix assignment based on a qualitative interpreta- 
tion of the NOE data (see above). NH-SlO was either 
free but solvent-shielded or H-bonded to COOH-D7 
(Table 6). consistent with its small NMR temperature 
coefficient. 

The above conclusions applied to nearly all the 
structures investigated. The only exceptions were 
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Table 5 Ramachandran ClassiAcation of Each of the Residues Contained in the 23 Structures of Peptide USA 
Obtained after DG and RMD Calculations 

Residue n 
~ 

St ruc tu ren  S2 G 3  V4 R5 G6  D7 F8 G9 S10 L11 A12 P13 R14 V15 A16 R17 Q18  L19 

USAl 
USA2 
USAS 
USA4 
USA5 
USA6 
USA7 
USA8 
USAS 
USA10 
USA11 
USA12 
USAl 3 
USA14 
USAl 5 
UA17 
USA18 
USA19 
USA20 
USA21 
USA22 
USA23 

L 
B 
L 
L 
L 
L 
L 
L 
L 
B 
B 
L 
L 
B 
L 
A 
L 
L 
B 
A 
B 
L 

L B t B A t B A A H A A A A L B  
L B t B A i ' A H A A A A A A L B  

A B t  B A t I ' B A A A A A A A L B  
B B Y ~ ~ A  H ri B A A B B L A A H B 

B B ~ B H Y H A A A A A A A A B  
B B t B A t A A A A A A A A A B  
B B t"' B A t' A A A A A A A A B L 
L L t " ' B A t  B A A A A A A A A B  
L B t" B A t" B A A A A A B L A B 
L B t  B A t I ' B A A A A A B L L B  
A B Y H A A A A A B L L B L L B  
B B t  A A t '  B A A A A A A A B B  
b b T B A t A H A A A A A B A B  
B B t  B A t ' B A A A A A A A L B  
L L t  A L t '  A A B A A A A A B B  
B B t B A Y A A A A A A A A B L  
B B t" B B tf' A A A A A A A A A B 
€3 B t"' B A tr A A A A A A A A A B 
B B t  B A P ' H A A A A A A A A L  
A B t B A t"' H A A A A A A A L L  
B B t  A A t " B A A A A A A A B I 3  
L B t"' B A t" B A A A A A B L B B 

The Ramachandran classifications were expressed as H =disallowed regions, A= a-helix, B = j-sheet. L = left-handed helix 
and for Gly residues as t, t', t" e tttt where the latter refer to the upper left, upper right lower left and lower right quadrant 
respectively of the 4, 'p distribution map. 

Each classfication, which contained the most favoured regions of the Ramachandran plot as well as additionally allowed 
regions, was carried out  using the program PROCHECK (Lasowsky et aL. 1993). 

The Arst (Gly) and last (Pro) residues of the sequence a re  not shown since their NMR parameters were not sufficiently dehed. 
Those structures which, owing to  residues in disallowed region of the 4, 'p distribution map, were not considered in the 

discussion (see text) are shown in bold and italic. 

structure 7 where the loop region was completely 
absent and structure 10 where it was less pro- 
nounced. 

me RGD Region. The RGD regions of the 14 
structures are superimposed in Figure 10. Turns 
stabilized by H-bonds were found only in a few cases 
(e.g. inverse y-turn NHGKOV4 - structures 10, 12 
and 14 - fl  I1 turn NHD7-COV4 - structure 21). The 
remaining models did not display any H-bond 
involving the RGD triplet and their backbone dihe- 
dral angles were not consistent with regular turns. 
The NHs of G6 and D7 were shielded from the solvent 
in agreement with NMR temperature studies (Table 
3). The conformation of R5 and D7 was essentially 
the same in all 14 structures (Table 5). 

DISCUSSION 

NMR parameters were derived for a peptide corre- 
sponding to the immunodominant region (141-160) 
of FMDV serotype A, variant USA. Although the 
majority of these parameters indicated conforma- 
tional averaging, amide proton temperature coeffi- 
cients, which ranged from 1.9 to 7.4, suggested the 
existence of H-bonded structures. This conclusion 
was in agreement with previous CD studies con- 
ducted in W E  [2, 31 where the spectrum of peptide 
USA was characterized by minima at 206 and 
222 nm. Since the main aim of this work was to 
assess the structural differences between peptides A 
and USA, NOE constraints were used to generate 3D 
hypotheses which could explain the different serolo- 
gical behaviour of these two peptides. 
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Figure 6 Ribbon structure of the 14 models of peptide USA 
obtained after DG, EM and RMD calculations. The struc- 
tures are grouped according to their similarities calculated 
over the V4-Ql8 region. The N- and C-terminal residues 
were not well-defined owing to a small number of NOE 
constraints obtained both from 2D- and 3D-NOESY spectra. 
(A) structures 4, 12, 16, 22; (B) structures 7, 10. 23; [C) 
structures 6, 8, 14, 18; (D) structures 15; (E) structures 19 
and 21. 

The models obtained were less homogeneous than 
those derived for peptide A. However, when the 
various regions of the peptide were analysed sepa- 
rately, several general characteristics were identified 
which were common to the majority of the models 
and consistent with both other NMR derived para- 
meters and previous CD studies. In particular three 
separate regions could be identified which had the 
following characteristics: 

1. 

2. 

A helical region spanning the entire C-terminal 
sequence of the peptide and containing a proline 
residue in the less common position i + 3  of the 
fist turn. A further characteristic of the helix was 
the conformation of A12 which was of type A in 
contrast to the expected B conformation predicted 
for Ala-Pro dipeptides [23]. 
A loop involving residues 7 to 1 0  which was 
common to the majority of the structures. This 

turn was stabilized by H-bonds involving either 
residues D7 and S 1 0  or G6 and S10.  The position 
of the loop (i-e. adjacent to the C-terminal helix) 
and the type of residues (i.e. D7 and S10) involved 
in its stabilization were reminiscent of the 'capping 
box' [24, 251. The latter is defhed as the helix stop 
signal region of peptides and proteins and is 
generally characterized by the presence of a 
reciprocal backboneside chain H-bonding inter- 
action between residue i and i+  3 [25]. In the case 
of peptide USA the H-bonding interaction was 
found mainly between D7 (residue i of the 'capping 
box') and the OH of S 1 0  ( i+ 3) and not with the NH 
of the latter as instead described for those proteins 
where the capping box has been identified. How- 
ever, the average 4 and t+b angles of D7 in the 
majority of structures were -92Of38" and 
100" f 40" and compared favourably with those 
expected for the fist residue of the capping box 
I251. 

3. The RGDF sequence which was characterized by a 
turn around G6 and, in the majority of cases, not 
stabilkzed by H-bonds. The conformation of resi- 
dues R5, D7 and F8 were mostly constant in the 
structures investigated and different from those of 
equivalent residues in peptide A. 

The amino acid substitution at position 8 (148 in 
the virus structure) has been proposed to play a key 
role in the serological tests involving the FMDV 
peptides. Furthermore this position is adjacent to 
the RGD triplet, the cell binding site which has been 
shown to partially overlap with the peptide/virus 
antibody binding site [26]. Any structural difference 
found at the level of position 8 and adjacent residues 
might therefore account for the different serological 
behaviour of peptides A and USA. 

Indeed comparison of the Ramachandran confor- 
mation indicated that the largest levels of difference 
were in the N-terminal half of the peptides, the C- 
terminal region being similar and largely helical in 
both cases. Within the RGDX (X = S, F) sequence the 
conformation of residues R5, D7 and F8 was 
essentially the same in all models and different fi-on 
that of the same residues in peptide A (Table 5 and 
accompanying paper). 

The influence of residue 8 on the adjacent region is 
illustrated in Figure 11 and discussed hereafter. In 
peptide A, where the side chains of D7 and S8 were 
within H-bond distance, an additional H-bond, that 
between NH-D7 and CO-Al2, generated a large loop 
whose comers were occupied by S8 and S 1 0  (Figure 
12). In peptide USA, where a H-bond between D7 and 
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Figure 7 The 11-19 region of 14 structures of peptide USA obtained from computer 
calculations and a screening procedure which took into account the residues q5 and Y 
distribution map. The figure illustrates the helical character of the C-terminal region which 
in some of the structures (see Table 5) was interrupted at the level of Q 18. 

Pro1 

Figure 8 Superposition of the backbone of the 12-15 region 
of 14 structure of peptide USA. The H-bonds between C012 
and either NH14 or NH15 are shown. 

F8 was not possible, the turn was restricted to fewer 
residues and stabilized by interactions between S10 
and either D7 or G6 (structure 7 which in this region 
was in an extended conformation was the only 
exception to these general characteristics). 

As to any perturbation arising from the second 
amino acid substitution, that at position 13, there 

were contrasting arguments. Thus in peptide A CO- 
A12 was H-bonded to NH-D7 whereas in peptide USA 
it formed H-bonds with residues C-carboxyl to P13. 
Therefore, based on these observations only, the 
substitution at position 13 would have a profound 
impact on the structure of RGDX and flanking 
residues. 

On the other hand the chemical nature of the side 
chains of residues 7 and 8 could be indirectly 
responsible for the long-range interactions found in 
both peptides. by favouring in one case (peptide A) 
the H-bond between COOH-D7 and OH-= while 
forcing, in the other case, the side chains of D7 and 
F8 to adopt an anti-parallel orientation. The COOH 
group would then be free to form a H-bond with OH- 
S10. In this assumption the structure of the N- 
terminal half of the peptide would be independent of 
the mutation at position 13. The data presented here 
were not sufficient to distinguish between the two 
hypotheses. 
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Table 6 List of H-bonds Present in the Selected Structuresa 

H-bond Structures 

8 
6 
7 
4 
4 
4 
7 
4 
6 
6 
4 
7 

10 
8 
8 
6 
7 
6 
12 
6 
10 
14 
6 
10 

12 14 
12 14 16 
10 14 23 
7 8 10 12 14 15 16 18 21 22 23 
10 12 15 16 18 19 21 22 
7 8 15 21 
15 16 23 
8 14 15 19 
16 18 21 
18 22 23 
10 12 
19 21 23 

a Only those H-bonds present in at least 4 of the 14 selected structures (4, 6, 7, 8, 10, 12, 14, 15, 16, 18, 19, 
21, 22. 23) are reported. 

i 
\ 

Figure 9 Backbone superposition at the RGD triplet of the 
14 structures of peptide USA considered in the text. 

Asp7 SerlO Asp7 Ser lO  

Figure 10 The D7410 region of peptide USA forms a loop stabilized by H-bonds 
between either residues G6 and S10 (A, structures 12, 16 and 22) or residues D7 and 
SlO (B. structures 4. 6, 7. 10. 14, 18. 19 and 21). 



T
ab

le
 7
 A

ve
ra

ge
 4

 a
nd

 Y
 D

ih
ed

ra
l A

ng
le

s 
of

 R
es

id
ue

s V
4 

an
d 

G
-1

8 
C

on
ta

in
ed

 in
 t

he
 1

4 
S

tr
uc

tu
re

s 
D

is
cu

ss
ed

 in
 th

e 
T

ex
t 

D
ih

ed
ra

l 
V

4b
 

G
97

su
p;

b,
c 

S
lo

b
 

L1
 l

b
 

A
12

b 
P 

1
 3
b
*
d
 

R
14

b 
V

15
b 

A
16

b 
R

17
b 

Q
18

b 
A

ng
le

 
~~

 
~ 

~~
 

~~
 

~~
 

~ 

+
+
t
a
 

4 
-1

0
6

f2
6

 
1

4
9

f4
4

 
-1

lO
f3

2
 

-1
0

4
f2

9
 

-
6
4
f
5
 

-4
7

fl
l 

-5
4

f1
8

 
-8

2
f1

9
 

-6
1

f7
 

-7
8

f1
3

 
-8

7
f7

 
* 

7
6

f8
 

75
41

20
 

-1
7

0
f3

3
 

-6
7

f2
3

 
-4

3
f7

 
-1

8
5

1
4

 
-5

0
f1

0
 

-3
2

f1
4

 
-4

0
f1

6
 

-2
2

fl
 

6
3

f8
 

5
5

f6
 

-7
0

f7
 

+ +
a
 

4 
5

7
f 

17
 

-1
2

8
f4

9
 

-9
6

f3
5

 
-
 66

 
-7

8 
f
 2

 
* 

7
8

f 
15

 
-7

0
f2

4
 

-7
1p

m
;2

9 
15

1 
9

4
f1

2
 

8
4

f5
 

-4
8

fl
l 

+
a
 

4 
-1

07
 f
 2

5 
-
 1

52
 

6
7

f 
17

 
* 

-7
0

f 
12

 
73

 
71

 f
 1

3 

a 
Fo

r e
ac

h 
re

si
du

e,
 a

 m
ax

im
um

 of
 th

re
e 

di
ff

er
en

t s
et
s 

of 
di

he
dr

al
 an

gl
es

 w
er

e 
ob

ta
in

ed
 fr

om
 th

e 
R

am
ac

ha
nd

ra
n 

cl
as

si
fi

ca
tio

n o
f T

ab
le

 5
. F

or
 in

st
an

ce
 R

17
 w

as
 fo

un
d 

to
 

be
 in

 e
ith

er
 A

 ( 1
 1
 ca

se
s)

, L
 (2

 ca
se

s)
 o

r B
 c

on
fo

rm
at

io
n 

(1
 ca

se
).

 T
hu

s,
 fo

r R
17

. (
 + 

+ 
+ )

 re
fe

rs
 to

 th
e 

av
er

ag
e d

ih
ed

ra
l a

ng
le

s o
f 
all
 t

he
 st

ru
ct

ur
es

 w
it

h 
a 

A
 c

on
fo

rm
at

io
n.

 
( +

 + 
) 
to

 th
e 

L
 c

on
fo

rm
at

io
n 

an
d 

( +
 1 to

 th
e 

B
 c

on
fo

rm
at

io
n.

 
A

ve
ra

ge
 d

ih
ed

ra
l a

ng
le

s a
re

 s
ho

w
n 

w
ith

 th
ei

r S
D

. 
In

 t
he

 c
as

e 
of

 G
ly

-9
 th

e 
an

gl
es

 of
 s

tr
uc

tu
re

s 
6

 a
nd

 8
 w

er
e 

co
m

pu
te

d 
to

ge
th

er
 w

ith
 t

ho
se

 o
f 

cl
as

s 
(+

 + 
+

) 
si

nc
e 

th
ei

r 
4 

an
gl

es
 w

er
e 

ve
ry

 c
lo

se
 to

 -
 1

80
" 

an
d 

th
e 

Y
 

an
gl

es
 a

ll
 p

os
iti

ve
. 

In
 th

e 
ca

se
 of

 p
ro

h
e 

on
ly

 1
2 

st
ru

ct
ur

es
 w

er
e 

co
ns

id
er

ed
. T

he
 4

 a
nd

 Y
 a

ng
le

s o
f 

st
ru

ct
ur

e 
6

 w
er

e 
-2
" 

an
d 

-6
7"

 r
es

pe
ct

iv
el

y,
 th

os
e 

of
 s

tr
uc

tu
re

 1
8,

 -
 1

3"
 a

nd
 -

59
".

 

B !I $ B 



Str. USA 4 Str. A 7 

Figure 1 1 Comparison between the lop region of two representative models of peptide USA and 
peptide A. In the case of peptide USA, structure 4 shows the loop between residues D7 and S10 
stabilized by a H-bond involving the side chains of these two residues. In the case of structure 7 
of peptide A the side chain of D7 forms a H-bond with the CO of A12 thus establishing a larger 
loop between these two residues. 
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