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Conserved Sequence and Structural Elements in the 
HIV- 1 Principal Neutralizing Determinant 

The principal neutralizing determinant (PND) of human immunodeficiency virus 
HIV-1 is part of a &sulfide bridged loop in the third variable region of the external 
envelope protein, gp120. Analysis of the amino acid sequences of this domain from 
245 different HIV-1 isolates revealed that the PND is less variable than thought 
originally. Conservation to better than 80 percent of the amino acids in 9 out of 14 
positions in the central portion of the PND and the occurrence of particular 
oligopeptide sequences in a majority of the isolates suggest that there are constraints 
on PND variability. One constraining influence may be the structural motif (P 
strand-type I1 P turn-p strand-< helix) predicted for the consensus PND sequence 
by a neural network approach. Isolates with a PND similar to the commonly 
investigated human T cell lymphoma virus IIIB (HTLV-IIIB) and LAV-1 (BRU) 
strains were rare, and only 14 percent of sera from 86 randomly selected HIV-1 
seropositive donors contained antibodies that recognized the PND' of these virus 
isolates. In contrast, over 6 5  percent of these sera reacted with peptides containing 
more common PND sequences. These results suggest that HIV vaccine immunogens 
chosen because of their similarity to the consensus PND sequence and structure are 
likely to induce antibodies that neutralize a majority of HIV-1 isolates. 

T HE PROGRESS OF HIV-1 VACCINE 

development has been impeded by 
the amino asid sequence variability 

among different isolates of HIV-1. This 
variability is particularly high in the external 
envelope protein, gp120, which is the pri- 
mary target for antibodies that neutralize 
virus infectivity (1-3). The PND of gp120 
lies within a loop formed by a disulfide 
bridge between two invariant cysteines at 
positions 303 and 338 (4-7). Polyclonal 
antisera elicited by peptides of the PND, as 
well as monoclonal antibodies that bind the 
PND, neutralize virus infectivity (4, 5, 7-9), 
and PND peptides absorb most of the neu- 
tralizing antibodies elicited by gp120 or its 
precursor, gp160 (4). The PND is one of 
the more variable regions of the envelope 
and differs by as much as 50% among HIV- 
1 isolates (10). Because of this variability, 

G. 1. LaRosa. A. T. Prol?. S. D. Putnev. Reolieen 

neutralizing antibodies elicited by the PND 
from one isolate generally do not neutralize 
isolates with PNDs of different amino acid 
sequence (4). To develop a vaccine that 
elicits antibodies that neutralize a majority 
of HIV-1 isolates by binding to the PND, it 
is necessary to analyze PND sequences from 
a large number of HIV-1-infected individ- 
uals. 

T o  obtain the PND sequences, we collect- 
ed peripheral blood mononuclear cells 
(PBMCs) from 133 HIV- 1-infected donors 
and cocultured these cells for 14 days with 
uninfected PBMCs (113 donors) or with 
H 9  or CEM cell lines (20 donors) (1 1). The 
HIV-1-infected PBMCs were obtained 
from 95 randomly selected U.S. Air Force 
personnel from diverse geographic locations 
or from 38 infected persons in seven major 
U.S. cities and are likely to be representative 
of HIV-1 isolates from the United States. 
Donors were chosen irrespective of clinical 
symptoms. ,. L "  

&&oration, cambridge, A 02139. c in or PBMCs were cultured with unin- 
J. P. Davide, J. A. Waterbury, J. A. Lewis, E. A. Emini, 
Merck Sharp & Dohme Research Laboratories. West fected PBMCs rather 
Point, PA 19486. than defective virus genomes. (Similar se- 
K. Weinhold, A. J. Langlois, P. Shadduck, D. P. Bolo Uence results were obtained when PND nesi, T. J. Matthews, Department of Sur ery, D& q 
University Medical School, Durham, NC 2A10. sequences were determined from unampli- 
G. R. Dreesman, BioTech Resources, Inc., San Antonio, fied virus cultures.) ~~~~l cellular DNA was TY OQ7AO 
AX. ,""A,. 

R. N. Boswell, De artment of Medicine, Wilford Hall, extracted, and the region encoding the PND 
US. Air Force ~ e i c a l  Center, Lackland Air Force Base, was amplified by the polymerase (hain reac- TX 78236. 
M. Karplus and L. H. Holler, Department of Chemistry, tion (PCR) with oligonucleotide primers 
Harvard University, Cambridge, MA 02138. that hybridize with conserved flanking se- 
*To whom correspondence should be addressed. quences (1 1, 12). The PCR product was 

SCIENCE, VOL. 249 



Table 1. Frequently occurring amino acid se- 
quences within the PND. 

Sequence 
Occurrence in 245 

PND sequences 
(%) 

SIHIGPGRAFY 
SIHIGPG 
IHIGPGRAFY 
IHIGPGRAF 
IHIGPGRA 
IHIGPGR 

IGPGRAFY 
IGPGRAF 
IGPGRA 
GPGRAF 

cloned into a plasmid vector and used to 
transform Escherichia coli; the sequence of the 
PND from one or more clones was deter- 
mined. Each different PND sequence ob- 
tained from each PCR product was included 
in the analysis, resulting in a total of 222 
PND sequences, to which were added 23 
published sequences (1 0). None of the PND 
sequences contained termination codons, 
large deletions or insertions, or apparent 
frame shifts. 

To analyze the sequences, we derived a 
consensus PND sequence by determining 
the amino acid occurring most often at each 
position (Fig. 1). Of the 245 sequences, 222 
(91%) contained 35 amino acids from cyste- 
ine to cysteine; the remaining sequences 
contained one or two amino acid insertions 
or deletions. To accommodate an alignment 
of the sequences, gaps were introduced so 
that the consensus would contain 40 amino 

........................................ 

acid positions (Fig. 1). -IC--.-.......N..............o-......... 
.................................... 

........................................ The amino acids midway bmveen the two ,- ..............p: ........................ 

cysteines (particularly the GPG tripeptide ........................................ 
------------.. p-.............Dv.......n. 
.... 

Ad the fl&ne: amino acids) are the bind- 
s.-....I..p..............D........-. 

.... p......I..p..............D--.....--- " .l...l...<.n.p............-.A.K.N...... 

ing site for neutralizing antibodies (13, 14). ........................................ 
........................................ 

The frequency of occurrence of amino acids ...........n..N.........--A..D.......... 
D- --.. R..N...........A..D.......... 

at each position within the central 17 is 90- ---------.. ".." ........... ".."-'........ 
------.---. l..N...........A..A.......... 

shown ii~ig. 2. The central proline and the 
two flanking glycines were highly con- 
served, and the GPG tripeptide was present 
in 237 of the 245 sequences. A single amino 
acid occurred in 80% or more sequences at 
six other positions (11, 14, 16, 22, 23, and 
25). In addition, there was a tendency to 
conserve amino acid character (nonpolar, 
polar, or charged) at particular positions. 
This was particularly true in the positions 

Fig. 1. Alignment of the 245 PND sequences oylmm- ;!;;;;IIIII;;I:IIIIII;;;;;!;;:IIIIIIII; 
with the consensus sequence. The entire C-C ..........S.P.S.........P-li. R.......... 

mU2 ---. y....".a.Ls.........R.,.n....I...... 
region of each sequence is shown in decreasing ........... m.S .....---.v.yATK.......... 

order of similarityto the consensus. In the com- 
parison to the consensus, we first determined similarity at the position of the consensus, a single-letter amino acid code where the residue is different, and 
central proline, then determined similarity at the position of the flanking a period where there is a deletion (13). Published sequences (10) are 
glycines, and so on. Isolates with substitutions relative to the consensus at indicated by name to the left of the sequence. Although similar; the 
the center of the PND were therefore considered less similar to the consensus sequences obtained from the virus isolates from the Air Force perso~lnel 
than isolates with differences only near either end of the PND. The sequences tended to be more similar to the consensus than those from persons living in 
(1 to 245) are shown with a dash where the residue is identical to the major U.S. cities. The reason for this difference is not understood. 
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COOH terminal to the GPG (for example, the fourth position, or both, COOH termi- 
amino acids 22, 23, and 24 tended to be nal to the GPG [in 232 of the 245 se- 
positively charged, nonpolar, and nonpolar, quences (95%)]. We also observed conser- 
respectively). An aromatic amino acid tend- vation on the NH2 terminal side of the 
ed to be present in the third position, or GPG, with positions 14 and 16 usually 

Fig. 2. Frequency of occurrence of amino acids at positions 11 to 27 of the consensus PND. The 245 
sequences were analyzed with a multiple-sequence alignment program to find the most frequently 
occurring amino acids and the extent of variability at positions in the central region of the PND. The 
amino acids occurring at positions 11 to 27 are shown with the number of times they occur at these 
positions. Periods indicate deletions. 

Flg. 3. Average neural net- 
work output for the 245 
PND sequences. The neural 
network produces two out- 
puts for each residue, the 
helix tendency and the sheet 
tendency. These are convert- 
ed to predictions with the 
aid of a threshold, which is 
0.37 for both helix and 
sheet. Average helix tenden- 
cies (solid bars) are plotted 
upward, and average sheet 
tendencies (hatched bars) 

C T R P I N N N .  . T R K S I  H I  . . G P G R A F Y .  T T G E I  I G D I R Q A H C  

0 . 8 8  

are plotted downward. 1 , , , , ~ , , , ~ 1 ~ ~ ~ . 1 ~ ~ ~ , 1 , , , , 1 , , , ~ 1 ~ ~ ~ ~ 1 ~ ~ ~ , 1  I 
Dashed lines mark the 5 10 15 20 25 30 35 40 
thresholds within which coil 
is predicted. The consensus 
sequence is given at the top of the graph. 

Alignment position 

Table 2. Predicted secondary structure of 20 sample PNDs. H indicates a helix, E indicates P strand, 
and - indicates coil. 

Isolate Structure 

--EEEEE ------- ------- HHHHH-- 
--EEEEE ------E E------HHHH--- 
--EEEEE ------E E------HHHH--- 
-EEEEE- ------- -------------- 
---EEEE -----EE E-----EE------ 
---EEEE ------- ------- HHHH--- 
------- -----EE -------HHHHH-- 
------- ---- EEE -------HHHH--- 
---EE-- ------- ------- HHHH--- 
--EEEEE ------- ------- HHHH--- 
---EEE- ------- ------- HHHH--- 
---EEEE -----EE E----EEE------ 
---EEEE ------E E------HHHH--- 
--- EEE- ---- HHH HHHHH--HHHH--- 
---EEEEE------EE EE--- -------- 
-EEEEE- ------E EE -- -------- 
---EEEE -----EE EEE----------- 
--EEEEE ----- EE E------HHHH--- 
--- EEE- ------- ------- HHHHH-- 
--- -EE-------EE EE--- -------- 

occupied by hydrophobic residues and posi- 
tion 12 usually occupied by a positively 
charged residue. Even the more variable 
positions were occupied by a limited num- 
ber of mino  acids (five or less) in more than 
80% of the sequences. In addition, the three 
positions at which insertions occurred with- 
in the central 17 positions (17, 18, and 26) 
were unoccupied in more than 95% of the 
sequences. 

Specific peptide sequences were present in 
a significant percentage of the virus isolates 
(Table 1). Given that an antibody bound to 
the PND will neutralize virus infectivity, 
and that six or seven amino acids can consti- 
tute a linear antibody binding site (15, 14 ,  
this suggests that, for example, an antibody 
that binds GPGRAF as contained in the 
gp120 glycoprotein will neutralize roughly 
60% of randomly selected virus isolates. 
Antibodies have been elicited that .bind the 
peptide GPGRAF (1 7). These antisera effec- 
tively neutralized all HIV- 1 isolates we have 
assayed that contain the sequence GPGRAF 
(for example, those with PND isolate num- 
bers 51, 86, 113, and 168) and did not 
neutralize those lacking GPGRAF (isolates 
152 and 194). 

These data suggest that, although the 
PND is variable (compared to conserved 
regions of gp120), there is selective pressure 
preserving particular types of amino acids 
and peptide sequences at most of the posi- 
tions of the PND. One possible reason for 
this is the necessity to preserve a structural 
motif in the PND. To determine if structur- 
al elements are likely to be conserved in the 
PND, we generated-secondary structure pre- 
dictions for the 245 PNDs by means of the 
neural network method (18). We used a 
neural network that had been trained to 
"learn" the relation between amino acid 
sequence and secondary structure on a set of 
62 proteins of known structure (19). The 
secondary structure predictions for a repre- 
sentative sample of the PNDs are given in 
Table 2. Of the 245 sequences, 93% are 
predicted to have a 6 strand around posi- 
uons 13 to 16, even though this region 
contains two of the more variable positions 
(13 and 15). The sequences that do not have 
a p strand in 13 to 16 have a 
proline at position 15. Sixty-six percent of 
the sequences are predicted to have a short 
helix in ~ositions 34 to 37. and 49% of the 
sequences show a p strand near position 25. 
The average helix and sheet tendencies for 
the 245 sequences are shown in Fig. 3. The 
conserved GPGR (positions 19 to 22) 

\L 

matches the most probable amino acids for a 
type I1 turn at positions i + 1 (P), i + 2 
(G), and i + 3 (R) (20). Positiori i of the 
type I1 turn shows no strong residue prefer- 
ence. In the neural network method, the 



Table 3. Frequency of reactivity of PND peptides with randomly selected sera. Eighty-six randomly 
selected adult and pediatric HIV-positive human sera were screened in a standard ELISA for binding 
activity to the peptides found in positions 6 to 33 of the PND. All sera were confirmed HIV-positive by 
protein irnmunoblot. PND peptides were plated in Linbro E.I.A. I1 Plus Microtitration plates (Flow 
Laboratories), at concentration determined to be optimum: 1 pglml for MN, SC, RE peptides, and 2 
pglml for WMJ-2 and 111, peptides. Seropositive test and seronegative control human sera were 
incubated in duplicate wells for 90 min. The sera were tested a 1 : 200 dilution. 

Number of HIV sera 
Isolate Peptide sequence reacting with PND 

peptides (%) 

4 1 NNTTRSIHIGPGRAFYATGDIIGC 56 (65)' 
51 YNKRKRIHIGPGRAFY'ITKNIIGC 57 (66) 

122 NNVRRSLSIGPGRAFRTREIIGC 61 (71) 
167 NNTRKSIRIQRGPGRAEVTIGKIGC 12 (14) 
194 NNTRKSITKGPGRVIYATGQIIGC 19 (22) 

magnitudes of helix and sheet output corre- 
late with prediction accuracy (18). Given 
this result, we have the most confidence in 
the predictions for the GPG turn, the first P 
stmid, the helix, and the second P strand, in 
that order. Taking these observations to- 
gether, the most probable structure for the 
consensus PND is: C--P strand-type I1 
turn-p strand-a helix-C. 

The sequence comparison also reveals that 
the HTLV-IIIB and the LAV-1 (BRU) 
isolates have rare PND sequences that differ 
from the consensus sequence. The PND of 
both of these isolates contains a Q R  dipep- 
tide NH2 terminal to the GPG (21, 22); this 
dipeptide occurs in only 10 of the 245 
sequences (4%). Because they were the 
HIV- 1 isolates initially identified and char- 
acterized (23, 24), they have been widely 
used for vaccine development and other 
studies. Antibodies elicited by the PND 
from the IIIB/LAV-l isolates are type-spe- 
cific and neutralize only a small percentage 
of virus isolates (4, 14). Thus, efforts at 
vaccine development that use envelope sole- 
ly from the IIIB/LAV-1 isolates should be 
expanded to include more representative 
HIV-1 isolates. 

We also investigated the prevalence of 
virus isolates serologically by measuring the 
reactivity of HIV-positive human antisera to 
PND peptides. Sera from 86 randomly se- 
lected donors (not included in the sequence 
analysis) were assayed by direct enzyme- 
labeled imrnunosorbent assay (ELISA) for 
antibodies that bind to five peptides (Table 
3). A majority of infected people appeared 
to be infected with viruses containing. se- " 
quences similar to the consensus sequence. 
This serological analysis is in accord with the 
sequence data showing that consensus-like 
viruses are more common than those of the 
IIIB/LAV-1 or RF type. The results also 
agree with an analysis of sera from 33 HIV- 
1-infected human donors in which a 
COOH terminal fragment of the gp120 

protein or similar synthetic peptides were 
used (25, 26). 

It is not known what function the PND 
plays in virus infection or what effects the 
differences in amino acid sequence have on 
that process. Because antibddies bound to 
the PND prevent virus infection, as with 
viruses such as influenza (27, 28), HIV-1 
may undergo changes in the PND to escape 
selective p;essure imposed by neutralizing 
antibody in vivo. HIV-1 isolates have been 
generated that are resistant to PND-directed 
antibody (29, 30). 

The mechanism by which initial virus 
infection occurs is not well understood, nor 
is it known whether  articular HIV-1 iso- 
lates are more infectious and should there- 
fore be the major focus of vaccine efforts. 
However, our data are encouraging in that 
thev indicate the restricted nature of the 
most prevalent PND sequences in the virus 
population and suggest that a limited set of 
peptide sequences will be able to elicit neu- 
tralizing antibodies against a large percent- 
age of HIV- 1 isolates. 
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