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’ SUMMARY

The CD4 molecules on the target macrophage and T cell are the primary receptors for the
HIV-1 surface glycoprotein, gp120. In addition, chemokine receptors on the macrophage and T cell
serve as co-receptors in the virus-cell interactions. An understanding of the mechanism of virus-cell
interactions requires quantitative analyses of the structure-function correlations of the surface epitopes on
gp120 which contains several constant (C) and variable (V) subdomains linked as C1-V1-V2-C2-V3-C3-
V4-C4-V5-C5. The surface epitope inside the C4 loop is critical for CD4 binding. The epitopes inside
the V1-V2 and V3 loops elicit HIV-1 neutralizing response as well as determine tropism, fusion, and
infectivity of the virus. In absence of a high resolution structure of the entire gp120, we have adopted an
alternative approach to analyzing the structural properties of these surface epitopes. For this purpose, we
have combined theoretical and experimental techniques including sequence analysis, molecular modeling,
polypeptide engineering, NMR spectroscopy, antibody binding, and neutralization assays. First, we
have analyzed the sequence-structure-antigenicity correlations of the third variable (V3) loop of gp120
both as a cyclic 35 amino acid long peptide and in the context of the native gp120. Second, we have
obtained average low-energy structures of various other subdomains of gp120 including the V1-V2 and
V4-C4 loops. Finally, we have constructed a working model of gp120 based upon the knowledge of
(i) the structures of the gp120 subdomains obtained by molecular modeling in conjunction with NMR and
other spectroscopic data, (ii) the surface exposure data of various contiguous regions in gp120, and (iii)
the data on subdomain-subdomain interactions obtained from replication competency, monoclonal
antibody binding, fusion, and infectivity assays. The working model of gp120 adequately describes the |
sequence-structure-binding properties of the functional epitopes on gp120 such as those inside V1-V2,
V3, and C4.

(Key Words: gpl120 subdomains/ NMR and modeling!/ a working model of gpl120)/ interacting |
functional epitopes)




A. RESEARCH OBJECTIVES

Interaction between the surface glycoprotein, gp120, and the CD4 receptor on the target T
cell and macrophage define the first step in HIV-1 pathogenesis [1-12]. gp120 is made up of several
well-defined disulfide-bridged constant (C) and variable (V) subdomains or loops [4] linked as C1-V1-
V2-C2-V3-C3-V4-C4-V5-C5 (see Figure 1). Receptor and antibody binding experiments [13-19] reveal
that a discontinuous epitope formed by residues in C2, C3, and C4 define the contact interface for CD4
binding; the region inside C4 is most critical for binding. Although, it is not directly involved in CD4
binding, the cyclic 35 amino acid (aa) long V3 loop of gp120 contains neutralizing epitopes, i.e.,
monoclonal antibodies (mAb) directed against sequences inside the V3 loop can neutralize HIV-1 [21-
32]. Therefore, it appears that the V3 loop is involved in the post-CD4 binding phase of viral
pathogenesis. In fact, it has been reported that the V3 loop is involved in HIV-1 tropism, cell-virus
fusion, and replication competency of the virus [52-56, 60-65]. However, the effective use of the V3
loop as a neutralizing target has been complicated by its extensive sequence variation across HIV-1

isolates.

(Research Objective 1) During submission of this project, our primary research objective was to
theoretically predict and to test by two-dimensional nuclear magnetic resonance (2D NMR) spectroscopy
how the sequence variation correlates with the global structure of the V3 loop and the local structure of
the neutralizing determinant (ND) inside the V3 loop.

Since the submission of this proposal in 1991, the following major advances have been
made in defining the surface epitopes of gp120 involved in HIV-1 pathogenesis.
(i) In addition to the V3 loop, the V1-V2 loop has also been shown to contain neutralizing epitopes [33-
39] and it is also implicated in cell tropism, viral fusion, and replication competency [57-59].
(ii) In addition to the CD4 molecule (the primary receptor), the CC or CXC chemokine receptor (CCR or
CXCR) on the target T cell and macrophage acts as a co-receptor during viral fusion [5-12]. There is
uncertainty about the exact site on gp120 that is responsible for CCR (or (CXCR) binding. Studies with
different gp120 chimeras indicate that the V3 loop (and not the V1-V2 loop) is important for binding of
gp120 to CCR on macrophages [10]. However, since the 35 aa long V3 loop peptide in linear or cyclic
form shows no binding to CCR or CXCR [20], it implies that the V3 loop should be presented in the
context of the native gp120 such that its local structure and interactions with other loops are preserved.
(iii) Indeed, for quite some time it has been recognized that different loops of gp120, that are distant in
sequence, can functionally (or spatially) interact with each other in the native protein [40-50]. Of
particular importance are the interactions involving V3 and C4. This interactions may, in fact, be critical
in determining HIV tropism, mAb binding, and viral fusion.

These research advances promoted us to expand our research objectives.
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Figure 1. Constant (C) and variable (V) loops in gp120. Surface exposures of various contiguous aa
segments in gp120 are also included [data taken from ref. 69].




In absence of a high resolution structure of gp120 by X-ray crystallography, the currently
available data in the literature fall short of explaining the structural basis for epitope recognition either by
receptors or by mAbs. Therefore, we have attempted to develop and apply an alternative method for
obtaining a working model of gp120 that accurately defines the structural properties of various functional
epitopes. Characterizations of these epitopes in terms of their sequence-structure-binding correlations
will help us better understand the pathogenesis of HIV-1.

(Research Objective 2). To determine the structure-antigenicity correlations of the V3 loop both as a
cyclic peptide and in the context of the native gp120. For this purpose, we have combined (molecular
modeling and 2D NMR spectroscopy) with (mAb binding and neutralization studies).

(Research Objective 3). To obtain a working model of gp120 that accurately defines the local
structures of the individual loops and inter-loop interactions. For this purpose, we have first determined
the models of V3, V1-V2, and V4-C4 subdomains of gp120. We have then used a simulated annealing
method to assemble these subdomains by mainly utilizing the ﬂexibility of the linker regions. The final
set of working models has been obtained by screening the sampled structures against (i) the surface
exposure data of different contiguous regions on gp120 from the immunochemical maps [21-39, 69] and
(ii) the inter-domain interaction data from replication competency, fusion, and infectivity assays [40-50].

Successful completion of these research objectives enables us to obtain a comprehensive
knowledge of the sequence-structure-binding correlations of various surface epitopes of gp120 that are
involved either in viral pathogenesis or in eliciting neutralizing immune response. This knowledge can be
utilized in designing antigens for directing immunity against HIV-1. For example, we have been able to
design a multivalent HIV-1 antigen in which the conserved structural element of the V3 loop is multiply
presented.

B. BACKGROUND AND RATIONALE

In the literature, three types of information are available about the disulfide-bridged
subdomains (or loops) of gp120: (i) functional roles of these loops in viral replication, fusion, infectivity,
and cell tropism [52-65], (ii) surface exposures of these loops [21-39, 69], and (iii) inter-loop
interactions [40-50]. Very recently it has been shown that gp120 also contains epitopes for co-receptors
present on CD4+ T cells and macrophages [5-12].

(i) Functional Roles
The V3 loop of gp120 has been extensively studied. Sequence determinants for HIV-1
tropism have been located inside the V3 loop [52-56]. It has also been reported that the net positive
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BAT085

Figure 2. Description of linear and conformational epitopes [36] in the V1-V2 loop with three disulfide
bridges. The linear epitope for mAb, BATO085, includes the predicted helical segment inside V2. The
conformational epitope (shaded) for CRA-3 consists of non-contiguous aa segments. Secondary
structural elements are as predicted by our modeling method (see later in Figure 11A): helix=cylinder,
beta strand=arrow.




MAD epitope

Figure 3. CD4-blocking mAbs raised against MN-gp120 [15] are directed against the C4 helix (shaded)
of V4-C4. Secondary structural elements are as predicted by our modeling method (see later in Figure
11B): helix=cylinder, beta strand=arrow.




: c;harge on the V3 loop is a possible indicator for syncytium inducing (SI) ability of a HIV-1 strain, i.e.,
SI strains have high net positive charge on their V3 loops whereas the non-SI strains have low net
positive charges on their V3 loops [60-65]. However, it has also been argued that HIV-1 tropism and SI
ability may not only be due to the V3 loop (and its charge) but also be due to its interactions with other
loops (C4 in particular) of gp120. In addition to the V3 loop, the V1-V2 loop has also been implicated in
HIV-1 wopism. Interestingly, the level of glycosylation, the net charge, the length of the V2 loop seem
to contribute to the observed tropism [57-59]. Table 1 shows sequences of various V1-V2 loops to
document variations in glycosylation, the net charge, and the length of the V2 loop. Table 2 shows
sequences of various V4-C4 loops; note that although V4 shows extensive sequence variation, C4 is
fairly conserved especially in the putative helical segment.

Also, both V3 and V1-V2 loops have been shown to play important roles in viral
replication, virus-cell fusion, viral infectivity [57-65]. Single site mutations at the highly conserved
GPGR-crest drastically reduce the virus-cell fusion [62]. Also elimination of the disulfide bridge
between the conserved 1st and 35th C's in the 35 aa long V3 loop completely disables the cleavage of
gp160 into gp120 and gp41, whichis a pre-reqﬁisite for virus-cell fusion. Similarly, single and double
site mutations inside the V1-V2 loop alter the SI ability of fhé mutated HIV-1 strains [59]. It has also
been proposed that a putative proteolytic site inside the V3 loop may determine viral fusion to T cell
which bears a membrane-bound protease [66-68].

(ii) Surface Exposures

Antibody binding data are useful for determining the surface exposure of various epitopes
on gpl120. Specificity of a given epitope on gp120 for a given mAb implies that the epitope in question is
either permanently or transiently exposed. Mainly two classes of murine and human anti-gp120-mAbs
are reported in literature: (a) mAbs that recognize epitopes on the variable V3 and V1-V2 loops and (b)
mAbs that recognize epitopes on the constant C2, C3, and C4 loops. The mAbs specific for the variable
regions of gp120 neutralize HIV-1 in a type-specific manner, whereas the mAbs specific for the constant
regions of gp120 show broadly cross-reactive neutralizing activity [16]. However, the latter are quite
difficult to raise in animals and mice probably due to epitope masking.

The majority of the V3-specific mAbs bind to the crest of the loop that contains the GPGR
B turn [21-32]. For some of these mAbs, the epitopes include the N-terminal sequence flanking the
GPGR, whereas for some other mAbs the epitopes include the C-terminal sequence flanking the GPGR,;
for a few mADs (e.g., mAb 9284), the epitopes include both the N and C-terminal sequences flanking the
GPGR. A new type of V3-specific mAb has also been identified; this mAb recognizes the sequence N-
terminal to the 1st C involved in the disulfide bridge only when gp120 is denatured or in presence of a
mADb that is specific for the CD4-binding region of gp120 [50]. This means that the N-terminal sequence
in the V3 loop is masked in the native gp120 and it is unmasked in presence of denaturing agents or
mADbs specific for the CD4-binding region.




Both murine and human V1-V2 specific mAbs have been isolated [33-39]. These mAbs
are specific either for linear or conformational epitopes inside the V1-V2 loop (see Figure 2). Single and
double site mutations on gp120 that diminish or enhance the mAb binding have also been reported.
These mutations generally lie inside the V1-V2 loop for mAbs specific for linear epitopes whereas they lie
both inside and outside the V1-V2 loop for mAbs specific for conformational epitopes [36].

Binding studies reveal that a discontinuous epitope formed by C2, C3, and C4 regions on
gp120 determine the specificity for CD4 binding. CD4-blocking mAbs compete for the sites on C2, C3,
and C4 (in particular) for binding (see Figure 3). CD4-blocking mAbs are generally cross-reactive across
HIV-1 isolates [15-19].

Moore and co-workers have identified surface exposures of various sites on gp120 based
upon a detailed analyses of mAb and CD4 binding data [69]. These analyses allow classification of
different regions of gp120 as well-exposed, partially exposed, and completely buried, although the
surface exposures of several other regions of gp120 remain undetermined (see Figure 1). The surface
exposure of an aa segment in a gp120 model can be determined by computing the accessible surface areas
of the residues (X) in the segment relative to those in the extended GXG tripeptide. In a well-exposed
segment, accessible surface areas of the residues (X) should be larger than those in GXG. Similarly in a
buried segment, accessible surface areas of the residues (X) should be lower than those in GXG.

(ii) Inter-loop Interactions

The binding data not only provide information about local structures and surface
exposures of various loops but also information about long-range loop-loop interactions. In a continuous
conformational epitope, the structure of the epitope is stabilized not only by its amino acid sequence and
local disulfide bridge but also by its interactions with other regions distant in sequence; the
conformational epitope in V2 is one such example [36]. Long-range loop-loop interactions are also
relevant for the discontinuous epitope in which regions distant in sequence come close in space to create
the contact interface for mAb binding; the discontinuous epitope for the CD4-blocking mAb, 1125H, is
one such example [13]. In addition to the mAb binding data, replication competency, fusion, and
infectivity assays reveal functional (and perhaps spatial) interactions between pairs of loops in gp120 [40-
51], e.g., (V3 and V1-V2), (V3 and C4), (V1 and C4), etc. It is important to examine whether the inter-
loop interactions from the functional assay indeed correspond to spatial interactions in our gp120 model.
For example, the N-terminal V3 sequence appears to be functionally correlated with the putative helical
segment in C4. We have, therefore, examined the spatial proximity of these two fragments in our gp120
model. Similarly since W427 in C4 functionally interacts with residues in V1, we have examined the
spatial proximity of W427 with other residues and in particular the residues inside V1. In fact, we have
tested spatial interactions for residue-pairs involved in long-range functional interactions.

In this project, special attention is paid to deciphering the role of the variable loops of
gp120 in surface recognition. We believe that the interplay between the constant and variable regions of
gp120 is critical in determining tropism, fusion, and infectivity although a truncated gp120 with only the




c‘onstant regions (i.e., without V1-V2 and V3) can produce high affinity binding to CD4 [73].
Previously, linear and cyclic peptides with V3 epitopes were used as immunogens [74]. Recently, a
bispecific linear peptide containing the V3 and C4 epitopes [75] and peptamer containing several putative
C4 helical segments [76] have also been tricd as immunogens. While the potential use of these
constructs as HIV vaccines remains to be seen, the subdomains chosen in our study will have equal (if
not better) promise as immunogens since they closely mimic the native gp120 (the natural immunogen)
due to the presence of disulfide bridges and inter-loop interactions.

(iv) Surface Epitopes on gp120 for CCR OR CXCR (or co-receptor) Binding

Recent studies have shown that the binding of gp120 to CD4 on T cells or macrophages is
not enough for virus-cell fusion. Additional factors (or co-receptors) are needed to complete the gp120-
mediated membrane fusion that is a prerequisite for HIV-1 infection. On macrophages these receptors are
CCR5 or CCR3 [7-8, 10] and on T cells they are fusins or CXCR [9]. Both CCR and fusin are G-
protein coupled receptors with seven transmembrane spanning helix segments [7-12]. Use of various
gp120 chimera suggests that the V3 loop (and not the V1-V2 loop) is probably involved in the binding of
gp120 to CCR. Similarly, the V3 loop may also be involved in the binding of gp120 to fusin since the
V3-specific mAb, D47, blocks HIV-1 fusion to T cells bearing CD4 and fusin. However, attempts in
various laboratories have failed to demonstrate that the 35 aa long V3 loop peptide itself binds to CCR or
fusin (or CXCR). Since it shows characteristic difference in sequence between macrophage and T cell,
the V3 loop appears to be the logical target for CCR and fusin, i.e., V3-specific recognition of gp120 by
CCR and fusin is expected to guide the HIV-1 fusion to macrophage and T cell, respectively. Various
studies [56] indicate that the structure of the V3 loop and its interactions with other loops (rather than the
V3 loop alone) determine HIV-1 tropism. In a similar manner, the structure of the V3 loop and its
interactions with other loops (rather than the V3 loop alone) may also determine the binding of gp120 to
CCR or fusin.

C. PROGRESS REPORT

We have studied (in collaboration with the NCI/NIH and CDC) the structure-antigenicity
correlations of the V3 loops as isolated cyclic peptides and also in the context of the native gp120. For
this work, we have combined various theoretical and experimental tools including sequence analyses,
molecular modeling, NMR spectroscopy, mAb binding by ELISA and BIAcore, syncytium, and
neutralization assays [77-87]. The work on the V3 loop has resulted in the identification of a conserved
structural element at the crest of the V3 loop and subsequently we have designed multivalent V3-specific
HIV-1 antigens in which this conserved structural element has been multiply expressed. However, we
have not only restricted this project to the V3 loop but also included studies on the V1-V2 and V4-C4
loops of gp120. We have also utilized the circular dichroism (CD) data that show the presence of a
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putative o—helix in the V1-V2 and V4-C4 loops and explained how these data are utilized in obtaining
molecular models of V1-V2 and V4-C4. Finally, we have developed and applied a molecular modeling
method for assembling different subdomains of gp120 in a native fold.

C.1 Cyclic V3 Loops: Sequence-Structure-Antigenicity Correlations

C.la Structural Requirement for Antigen-Antibody Interactions: A Case Study of the
HIV-MN V3 Antigen

Theoretical studies [77-78] revealed that the variability in sequence and structure of the V3
loop is confined to the N- and C-terminal sides of the conserved GPG-crest. This leaves three regions of
the V3 loop conserved both in sequence and secondary structure. Figure 4 shows the V3 loop sequences
- of various HIV-1 isolates; the three conserved secondary structural elements are underlined.

Figure 4. Cyclic V3 and Mini-V3 Loops
turns turn helix
V3-MN :CTRPNYNKRKRIHIGPGRAFYTTKNIIGTIROAHC
Mini V3 : CRIHIGPGRAFYTTKC
V3-RF {=m e e e N=T==8=TK=-~-—-=-VI-A-GQ—-—-D——-K--—
V3-Florida:-—----—- YT--G-R------V-AAEK---D--R--—-
Mini V3 : CG-R--—----V-AAEC
v3-Haiti :;-----D-T--S-PM-—-K-——A-GD---N-————-
Vv3-Thailand:----SN-T-TS-T----QV--R-GD=-—--D==K=-Y~
Mini V3 : CS-T==——QV--R-GC

We have carried out NMR studies [79-80, 83] to test the validity of our theoretical
predictions. Structural studies were performed for the HIV-MN V3 loop in the linear and cyclic (S-S
bridged) forms. While the linear V3 loop in water is devoid of ordered structure except for a loose turn at
the GPG-crest, the cyclic form shows a well defined structure in water. Moreover, in (7:3) water:TFE
mixed solvent (less polar than water), the cyclic V3 loop shows higher order both in terms of secondary
structure content and rigidity. The three conserved regions of the HIV-MN V3 loop in the mixed solvent
adopt the predicted secondary structural elements. TFE-induced helix formation in the C-terminal
segment is also documented by us in the Haitian V3 loop. TFE induced, less polar environment for helix
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stabilization is biologically relevant in the context of the native structure of gp120. As discussed in the
following section, our modeling studies show that the proximity of the C3 region provides a hydrophobic
environment for the C-terminal segment of the V3 loop (see Figure 10).

The observation of the three conserved secondary structures in the V3 loop leads to a
simple rule that the sequence variability of the V3 loop can be tracked by finding the associated variability
brought about by different structural elements on either side of the GPG-crest. Finally, the
conformational requirement of the neutralizing determinant (ND) in the V3 loop-antibody interaction is
tested by monitoring the mAb binding to the HIV-MN V3 loop in the linear and cyclic forms by ELISA
[79]. The cyclization through the (S-S)-bridge between C1 and C35 and changing the solvent
environment provide interesting insights into the structure-binding correlation of the HIV V3 loop.
Binding of linear and cyclic V3-MN loops to three different monoclonal antibodies are compared in
Figure 5. Antibodies 1510, 1511, and 1289 bind to the V3 epitopes KRIHI, HIGPGR, and GPGRAF,
respectively. Note that the cyclic V3-MN loop is a better ligand than the linear analog in all three cases.
This is consistent with the experimental evidence that the cyclic V3-MN loop is more structured than the
linear analog. As expected, the most pronounced difference in binding occurs for the mAB 1510 which
recognizes the sequence KRIHI on the N-terminal side of the GPG-crest; this sequence also shows more
ordered structure upon cyclization. For the other two antibodies, the difference in binding is smaller
because both of them include the GPGR which even in the linear analog shows a residual turn.
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Therefore, the NMR and antibody binding studies imply that vaccine attempts using the
cyclic V3 loop would be more effective than the linear analog in inducing protective humoral immunity to
the conserved structural features. The binding profiles of mAb 1510 and 1511 (both derived from AIDS
infected patients) reinforce the notion that the cyclic V3 loop presents the epitope structures similar to that
found in native gp120. Interestingly, the (K10-R11-112-H13-14-G15-P16-G17) fragment which is a
part of the neutralizing epitope of the cyclic MN V3 loop shows the same structure in water and in the
mixed solvent as in the co-crystal of the neutralizing antibody (mAb 50.1) and the MN V3 loop peptide

antigen complex [88].

C.1b Conserved Structure at the Immunogenic Tip of the V3 Loop: Design of a
Chimeric Multivalent HIV Antigen that Contains Multiple Copies of this Conserved
Structural Element

We carried out molecular modeling and two-dimensional (2D) NMR studies on the V3
loops sequences shown in Figure 4 to identify the structural features of the V3 loop, especially at the ND,
that remain conserved irrespective of the sequence variation. The conserved structure of the ND is a
solvent accessible protruding motif or a knob (Figure 6). Interestingly, we also showed (Figure 6) by 2D
NMR spectroscopy [81-82] that the HIV ND knobs are structurally isomorphous with the
immunodominant knobs in the tandem repeat protein, human mucin Muc-1 (a tumor antigen for breast,
pancreatic, and ovarian cancer). Each 20 amino acid repeat of Muc-1 consists of
(TSAPDTRAPGSTAPPAHGYV). The antigenic knob of Muc-1 is located at APDTR. Therefore, we
replaced the mucin antigenic knobs by the HIV ND knobs in a set of chimeric Muc-1/V3 antigens. The
repeat sequences of the chimera are: (TSGPGRAFAPGSTAPPAHGV)n,
(IHIGPGRAFAPGSTAPPAHG)n, and (HIGPGRAPAPGSTAPPAHGV)n. The V3 inserts are
underlined. This produced multivalent HIV antigens in which NDs are located at regular intervals and

separated by extended mucin spacers. We have shown by 2D NMR spectroscopy that the multivalent
antigens preserve the NDs in their native structure. We have also demonstrated by enzyme-linked-ELISA
that the antigens correctly present the NDs to produce binding with monoclonal antibodies (mAbs) and
polyclonal antisera from AIDS infected patients. The antibody binding of these chimera is equivalent to
the cyclic form MN V3 loop.

Muc-1/V3 antigens are unique in the following ways. (i) NMR and antibody binding data
[81] verify that they reproduce the native structure of the NDs even when they are presented in the context
of a totally unrelated protein like mucin Muc-1. (ii) Immunogens containing identical NDs within the
Muc-1 chimeras effectively allows enhanced presentation of a conserved structural feature of the virus in
a fashion not possible with non-chimeric HIV antigens. The true advantage of this approach will be to
induce either T-dependent or T-independent antibody responses to the ND depending on the precise
construction of the antigen. (iii) Multiple NDs, present in these chimeric proteins, may be advantageous
in enhancing the immune response by significantly increasing the affinity of antibody binding. The
importance of multiple NDs being present in the same antigen becomes clear by analyzing the relative
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Binding of Muc-1/V3 HIGPGRAPAPGSTAPPAHGV)3,6 peptides to different antisera. The data show
that the 120 residue peptide is a better ligand than the 60 residue peptide for the majority of the antisera
we tested. This is probably due to the fact that the higher number of ND knobs in the 120 residue
peptides are correctly disposed along the long axis of the molecule to facilitate the binding of bivalent
antibodies. (iv) Alternatively, the nature of the Muc-1/V3 structure (Figure 6) suggests that if two or
more different NDs are grafted alternately along the chain, there is enough flexibility in the spacers such
that two or more antibodies specific for two different NDs can both bind bivalently, interdigitating along
the molecule. Finally, there is no reason why more than two NDs cannot be introduced in the molecule.
This may be critical in designing vaccines for a highly mutating pathogen like HIV.

3 Tandem Repeats of the Human MUC1 Protein Core

R18 | dominant
Qe Tandem Repeat ,2’,',’;‘,;‘:" ominan
16 Boundary -
A
pre g
V)
G
[ /
Extended Spacer
MUC1-V3 Loop Chimeric Protein

HIV PND / Immunodominant Knobs \
G G G
IR oy

MN

Figure 6. (A) Superimposition of the protruding motifs of two NMR structures: the V3 loop from the
HIV-MN isolate (designated as"MN) and that from the Thailand TN243 isolate (named TN). The
sequences of two motifs are: MN, RIHIGPGRAFYT and TN, SITIGPGQVFYR. Note that the GPGR
or GPGQ crests are oriented in the same way. (B) The principle of design. The V3 sequences above the
Muc-1 sequences actually replace the Muc-1 residues in the chimeras.

C.1c Sequence Variability at the Two Ends of the ND: Camouflaging of the Conserved
Secondary Structural Element

- NMR studies on the V3 loop sequences listed in Figure 4 are summarized as follows
(Figure 7A-C). (i) A GPG type II turn is present at the crest of the V3 loop in all the sequences. (ii)
Stretches of [B-strand adjacent to the GPG-turn on the N- and C-terminal side are common to all the
sequences. (iii) The residues in the C-terminal segment form a few turns in water and a helix in the less
polar mixed solvent. (iv) In spite of the constraints of secondary structures [(i)-(iii)] and the disulfide
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bﬁdge, the V3 loop exhibits conformational flexibility as evidenced by the absence of long range NOESY
interactions commonly observed in well folded globular proteins. However, a "protruding knob" formed
by the central GPG-turn and the B-strands on either side emerges as the secondary structural feature
conserved among diverse V3 loop sequences. The single crystal structure of the HIV-1 neutralizing
antibody (mAb 50.1) complexed to 16-residue long linear MN V3 fragment shows the hint of such a
"protruding knob" although the segment on the C-terminal side of the GPGR type turn remains
disordered [88]. The crystallographic observation suggests that the protruding knob of the V3 loop that
includes the neutralizing epitope might well be specifically recognized by the antibody. However, we
cannot count on the fact that the conserved "protruding knob" of the V3 loop will always be presented in
its conformationally pure form because HIV will always find a way to mask this conserved secondary
structural element. In this work we report one such mechanism of masking as revealed by the "close”
state in Figure 7D. In this form of the Haitian V3 loop, the NMR data indicate an arching of the residues
on the C-terminal side of the GPGK-turn. This is a departure from the "protruding knob" motif that
contains the central GPG-turn and two B-strands on either side. Such an arched conformation of the
neutralizing epitope has also been observed in an antibody (mAb 59.1) complexed with a linear V3
fragment [36]. When combined with the single crystal data on mAb-V3 complex, our NMR data indicate
that the "closed" or "arched" conformation of the neutralizing epitope of the V3 loop is possible and can
be recognized by the antibody. In addition, our data also indicate that an equilibrium between the
"closed" and "open state" (Figure 7D) is possible. The arching around A20-F21 tends to mask A20 and
F21 as shown by the solvent exposure data of the open and close forms of the Haitian V3 loop. The
close form of the V3 loop may camouflage some essential elements of the neutralizing epitope from the
immune system. For instance, this masking will interfere with the binding of antibodies that recognize
the PGRAF epitope. Most importantly such a local masking of A20 and F21 should affect the proteolysis
of the R/Q/K19-A20 peptide bond by thrombin and tryptase [66-67]; the second enzyme lies on the T-
cell surface. When gp120 is used as a substrate unlike other proteases these two enzymes show
exceptional specificity for cleavage of the R/Q/K19-A20 peptide bond inside the V3 loop. The most
striking is the observation that the V3 loops of T-cell tropic virus strains are 1,000 times more susceptible
to cleavage by these two enzymes than the V3 loops of macrophage tropic strains [67]. The T-cell tropic
V3 loops are more positively charged than the macrophage tropic V3 loops [53]. Our studies reveal that
the open state of the neutralizing epitope of the V3 loop is exclusively preferred for MN and RF V3 loops
with net charges > +5 whereas the close state of the neutralizing epitope begins to appear for the Haitian
V3 loop with net charge of +3. Therefore, we believe that the proteolysis data [66-67] are consistent with
our structural conclusiors.

We have carried out 2D NMR and molecular modeling studies on three mini V3 loops
which are 17-amino-acids-long derived from the MN, Florida, and Thailand V3 sequences (Figure 5).
These mini V3 loops contain the central GPG and the flanking sequences that are required for antibody
binding. We show that the presence of the (S-S) bridge between the 1st and the 17th C leads to a B-
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*hairpin conformation for all three mini V3 loops with quite different sequences. Therefore, by this design
the conformational camouflaging can be avoided.

C.2 The V3 Loop in the Context of the Native gp120

C.2a An Insight into the Neutralization Escape Mutants of HIV-1: Molecular Modeling
and Neutralization Assays on gpl20 Mutants with Single Site Mutations inside the V3
Loop
| A dramatic effect of a single amino acid substitution in the V3 loop was encountered by
monitoring a patient over a period of time. The patient, in 1985, had the virus with the GPGRA sequence
at the crest of the V3 loop. mAb (M77) that binds to this V3 loop could neutralize the virus. In 1987, the
virus isolated from the same patient showed only one change in the V3 loop, i.e., A21T substitution. The
single A21T substitution had a dramatic effect: (i) M77 could no longer bind the singly mutated V3 loop
and, therefore, (ii) M77 could not neutralize the new virus of 1987 thus leading to an escape mutant due
to a single A21T substitution. N
Monte Carlo (MC) Simulated Annealing studies [85-86] suggested that the residue 21 is

involved in M77 recognition via "indirect reading” (Figure 8-1) as opposed to "direct reading" (Figure 8-
2) in which residue 21 should make direct contacts in the antibody binding cavity. In the "indirect
reading" mechanism, the contact domain of the V3 loop (amino acids 14-27 in Figure 8) in the native V3
loop forms a protruding moiety which shows surface complementarity in the antibody binding pocket of
M77; A2l is not on the surface of the binding domain but in the specific cavity which can only
accommodate A21 and not T21 (Figure 8-1). Therefore, A21T substitution would result in the expansion
of the cavity and the surface area of the contact domain, thereby leading to the loss of M77 specificity.

Binding Domain of mAb Binding Domain of mAb

S~

m (2)
Figurq 8. "Indirect Reading” (1) and "Direct Reading" (2) mechanisms of antibody (mAb M77)
recognition. Four different residues, i.e., A, T, S, and I, occupy the position 21 of the V3 loop.
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If the hypothesis of "indirect reading" mechanism of M77 recognition is true, the
following predictions can be made: (i) A21S substitution should not alter the M77 specificity because A
and S have about the same size, and therefore both should be accommodated in the same cavity, and (ii)
A211 substitution should result in the loss of M77 specificity because 121 will be too large to fit in the
same cavity that snugly fits A21. Both predictions were experimentally tested and were found to be true
[85-86]. The work was done in collaboration with Drs. Fulvia Veronese and Marjorie Robert-Guroff of
the NCI/NIH. Figure 8 shows that A21 is involved in interactions (marked by dashed lines in 8-1) with
the residues that are distant from the GPG-crest. Subsequent to our work, the crystal structure of a linear
V3 epitope complexed with a broadly neutralizing antibody (mAb 59.1) has been reported [89]. In this
complex, the residue 21 also stays far from the GPG-crest.

C.2b Effect of Single Site Mutations at the GPGR-Crest of the V3 Loop of gp120

It has been shown that any mutation in the GPG-sequence of the V3 loop that destabilizes
the type II turn also affects the fusion activity of the virus. This suggests that the type II turn in the V3
loop is critical in the life cycle of the virus. The four residues in GPGR/K/Q are numbered as G1, P2,
G3, and R/K/Q4, respectively. The positions 1 and 3 in the (¢,y)-plot show stereochemical preference
for G. This is especially true for the position 1 which should strictly prefer G and probably can
accommodate A with a distortion in the turn [90]. Interestingly HIV-1 mutant with G1->T1 mutation in
the type II turn leads to a non-infectious virus for Sup-T1 T cells [61]. However, after 40 days of
coculture a T1->A1 revertant is identified. This revertant becomes infectious to Sup-T1 T cells. Note
that T->G mutation requires 3 base changes in the codon while T->A reversion requires a single change
in the second position of the codon.

Experiments discussed above and our NMR data prove the importance of a type II turn at
the GPG-crest of the V3 loop for viral pathogenesis. However, it remains unclear whether residues like
R/K/Q are also critically needed following the GPG sequence. We (in collaboration with the NCI/NIH)
have set up the following experiment (unpublished data) in order to examine the importance of a basic
(R/K) or a neutral (Q) residue after the conserved GPG sequence. We have performed molecular
modeling of various V3 loop sequences with a GPGE-crest (instead of GPGR/K/Q) and our results
showed that the global structure of the V3 loop remains the same as well as the type II turn at GPGE. We
have then constructed HIV-1 mutants with GPGR->E mutants inside the V3 loop of gp120. The mutant
virus replicated as well as the wild one. The mutant virus also appears to express the same number of
gp120 molecules on the surface as the wild one. However, the mutant virus is the NSI type while the
wild one is the SI type. But after a passage of three weeks in the co-culture, there has been a
revertant population (70%) of the virus. This revertant virus appears to change from GPGE to GPGK
sequence and the virus becomes SI active. Note that E->K reversion requires only a single base change
in the first position of the triplet codon. This leads us to conclude that R, K, or Q after GPG sequence is
important in the life cycle of the virus.
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C.3 Molecular Modeling of the V1-V2 and V4-C4 Subdomains

We have completed small-scale chemical synthesis and purification of the cyclic V1-V2
domain of the MN isolate. This domain is 79 amino-acid-long (Table 1) and contains two internal
disulfide bridges of the structure shown in Figure 2. The presence of the two disulfide bridges is
confirmed by mass spectroscopy. Figure 9 shows the CD spectra of the MN V1-V2 domain with
different TFE solvent fractions. TFE is used to unmask the helical propensity of the residues inside the
V2 loop (Figure 2). A helical content of 15% is observed even in the polar aqueous environment. With
increasing fraction of TFE in the solvent mixture the helical content levels off to 23% at 20%TFE. This
probably implies that the core helical segment is still present in water. In TFE:water mixture the end-
fraying is arrested and a longer helix is stabilized. Interestingly, our secondary structure prediction [77-
78] identified a helical stretch of 16 residues as shown in Figure 2. This agrees with the CD data at
20%TFE. Our MC simulated annealing method has produced an ensemble of energy-minimized
structures in which a stable helix is located inside the V2 loop. In this model, the percentages of B-
strand and turns are also close to what have been observed for the V1-V2 domain in 20%TFE. The fact
that the helix region (Figure 2; Table 1) shows TFE-induced transition we have attempted to visualize
how a helix->B-strand transition can be accommodated in the V1-V2 under the constraint of disulfide
bridges and minimum changes in the rest of the molecule. Similarly, CD data [92] and secondary
structure prediction algorithm seem to indicate the presence of a putative helix inside C4 of the V4-C4
subdomain (see Figure 3).

. .
15 T T ¥

T T
HIV=1 VIV2 loop

. D datz i sing the oot und . . -
Flgure 9. (A) CD C'D data reductien using the Hennessey and Johnson program

tra of the t (S S) 15 ¢=0.14 mg/ml, S mM Phosphate buffer pil=6.0, T=20 C
spectra o e two (O~ ) oy
bridged V1-V2 sub- 10 b & &

0% TFE:
ss H E T

. . B ?*F: % 0.15 0.20 0.16
domain at three different 5 **%i‘.a = n 12 16 12
jfﬂ@r & 8 TR

o E‘_ ss H E T

water/TFE  ratios.
Helical content is
increased upon
increasing the TFE % in
the mixture. Note that a
12% helix is present in
the structure even in
aqueous environment.
pH 6-8 did not alter the
CD pattern. Induction
of 20% helix is
consistent with a helical
stretch spanning 167-
182 which can undergo

a helix to B-strand

Malar Ellipticiy {mdeg’cm*2/dmal)

transition inside the V1- A5 : . : : : .
V2 sub-domain. 180 a0 200 213 220 230 240

22

250




o

We have utilized the secondary structure pfediction algorithm and/or CD data to obtain low-

energy folded models of the doubly disulfide-bridged V1-V2 and V4-C4 loops. The methodology
consisted of the following steps.
Stepl (Prediction of Secondary Structures). The secondary structural elements are predicted for
a cyclic loop sequence (with two or more disulfide bridges) by computing the probability S of a given
residue i in the loop to adopt a k-type of conformation (k = 'h' for helix; k= 'b' for beta sheet; k = ¢’ for
coil; k="t for turn), where

Y Pk, i+l)
S(k,i) = X
-y 111+1

(The summation is over 1 = -y to y, where y = size of the window chosen to account for the effect of the
neighboring amino acid residues: =S5 for h; =3 for b; and = 4 for ¢ or t.) P(k, i) = potential for the &
type of conformation of individual residue i derived from the analysis of the single crystal structures of
about 65 proteins. The highest S(k,i) determines the conformation k for the i residue. Use of any existing
algorithm for secondary structure prediction is only 60% accurate. In order to improve accuracy, we test
our predictions by requiring an S-S bridge formation that achieves local energy minima for the loop; this
leads to the_next in our method.

Step 2 (Generation of the Energy-Minimized S-S-Bridged Loop). This step involves
obtaining an energetically stable S-S-bridged structure for a V3 loop sequence given the secondary
structural states of the constituent amino acids residues as obtained after step 1. Appropnate ranges of (¢,
) values are assigned to all amino acids. For example,

@ = -550+250,  y =-5504250 for residues in a helix,
¢ = -1400+ 309, y =140° +300 for residues in a beta strand,

@ 1+1=-6504 200, Wi 1=-500420: @ +2=-9004200, i +2=00+200
for residues in a type-I turn,

¢ i+1=-65°4200, yi+1=12094+200, ¢ j+2 =900 +200, yj+2=00+20°
for residues in a type-II turn.

Residues in the coil state are set free to choose any point in the allowed space. We simplify the sequence
by assuming A for residues with side chains extending beyond CB atom, except for the Ps and the terminal
Cs. Our rationale for doing this is that the allowed (¢, W) space of residues with a side chain longer than A
is only a subspace of that allowed for A.
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We have obtained an S-S-bridged structure of a loop by using a linked-atom-least-square

refinement equation that minimizes function F in the space (¢, ¥ ):
F= I, MGl + Z; (djjmn - pmn)2,

where G), (= | rq - 011 = 0) indicates distance constraints for an S-S bridge. Distances in the S-S-bridged
V3 loop configuration are defined as ry= S(C1) - S(35), ro= CB(C1) -S(C35), r3= CB(C35) - S(C1), and
r4= CB(C1) - CB(C35); corresponding equilibrium distances are 191 = 2.04 A, 102 =103=3.054,104 =
3.85 A. ] indicates Lagrangian multipliers; djjMn indicates distance between atom i (type m) and atom j
(type n); and DM indicates the contact limit between atom (type m) and atom (type n). In this refinement
(¢, ) of various residues are treated as elastic variables (i.e., variables with weights) such that by
appropriate choice of weights the predicted secondary structural states of residues (after step 1) are
minimally altered. This method guarantees a stereochemically orthodox structure for the S-S-bridged
sequence. Finally, appropriate sidechains are attached (in place of As) to generate an actual sequence and
the potential energy of the system is minimized in the (¢, V¥, ®, x)-space using the force-field of Scheraga
and co-workers. The total conformational energy, ETOT (KCal/Mole), has the following components:

ETOT = EES (Coulomb interactions between pairs of partial charges, dielectric constant = 80)
+ ETOR (Torsional energy due barriers around single and partially double C-N bonds)
+ ENB (van der Waal attraction and repulsion terms between non-bonded atom-pairs)
+ ESS (constraint energy due to S-S bonds)
+ EDIS (energy due to distance constraints as present in different secondary
Several starting configurations are chosen within the allowed domains of the (@,y)-space.
Step 3 (Exploration of the Conformational Flexibility By Monte Carlo Simulated
Annealing). The simulated annealing is performed in the following manner. First, a starting energy-

minimized structure is chosen and Monte Carlo (MC) simulations are performed for 50,000 steps at 600K
in the (@, V¥, ®, %)-space and the lowest energy configuration is stored. Second, 50,000 MC steps are
repeated in several cycles of gradually decreasing temperature until a temperature of 100K is reached.
Third, the lowest energy configuration at 100K is further energy minimized to a low energy-gradient.

Steps 1-3 are repeated for several different starting configurations. This results in several
low-energy structures of V1-V2 and V4-C4. If these structurees belong to the same energy basin, an
average model can be obtained that represents a given global fold.

C4. A Model of gpl120

We have used molecular modeling to construct a model of MN-gp120. Details are given
in reference 86. Briefly, our methodology is as follows. The mature form of the gp120 protein of the
MN variant of HIV-1 contains 513 residues. At present, we have modeled a fragment of gp120 spanning
the V1-V2-C2-V3-C3-V4-C4 region (see Figure 1); the C1 and V5/C5 fragments are ignored. This
fragment contain 6 disulfide bridges. The first six C's define the V1 and V2 loops (V1-V2), the 9th to
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* 12th C's lock a central domain of the C2 region (C2b), the 13th and 14th C's define the V3 loop and the
last four C's form the V4 and the C4 loops (V4-C4). We will use the following steps to model the
fragment:
(1) We have chosen the average energy-minimized models of the following sub-domains except for V3
for which we have used the NMR model:

(a) the V1-V2 region (residues: 118-210)

(b) the C2b region (residues: 223-252)

(c) V3 loop (residues: 301-335)

(d) the V4-C4 region (residues: 381-445)
(2) We have joined these sub-domains with the appropriate linkers (i.e., C2, C3 etc., as shown in Figure
1).
(3) We have performed MD simulated annealing to generate the (¢) V1-V2-C2-V3 (residues:118-335)
and the (f) V3-C3-V4-C4 (residues:301-445) fragments. V1-V2, C2b, V4-C4, and V3 have been varied
around their average structures in accordance with their observed conformational flexibility as revealed by
NMR or modeling. We have started with linkers in fully extended conformations. These regions include
the N- and C-terminal peptides of the C2 region (residues: 21 1-222, C2a region, and residues: 253-300,
C2c region). The two fragments have then been subjected to 200 ps of molecular dynamics (MD) at 500
K using united atom Amber 4.0 force field. We have used a bulky terminal group of van der Wall radius
5 A to model minimal N-glycosylation. 100 structures (i.e., one after every 2 ps) have been selected
froma 200-ps MD trajectory after equilibration. Representative structures for each fragment have been
annealed and then minimized using 2000 steps of conjugate gradients.
(4) Once folded, the two fragments have been fused together by superimposing the helical region of the
V3 loop present in both fragments. The structure have then been minimized to relieve initial strains from
the docking of the two structures and equilibrated at 300 K for 50 ps of molecular dynamics. The
configuration at the end of the 50-ps trajectory have been annealed and minimized for 2000 conjugate
gradient steps. This has resulted in an energy-minimized model of the (V1-V2-C2-V3-C3-V4-C4)
fragment of gp120. We have repeated this step with several different starting models of the (V1-V2-C2-
V3) and (V3-C3-V4-C4) fragments.
(5) An ensemble of energy-minimized structures of the (C1-V1-V2-C2-V3-C3-V4-C4) have been tested
against the surface accessibility data from the immunochemical maps [21-39, 69] and long-range
interaction data from various functional assays [40-50].
(6) The screened gp120 models have been analyzed to study (i) the overall tertiary folding, (ii) the
structures of various linear epitopes, (iii) specific interactions stabilizing intradomain interactions, (iv)
masking of the constant regions by the variable regions, and (v) the role of inter-domain interactions in
creating discontinuous epitopes. Finally, a few of the critical inter-domain interactions have been
identified for the experimental testing of the model.

We have used the Molecular Surface Package, version 2.6.2., for computing the solvent
accessible surfaces. For the solvent accessibility calculations a probe sphere of 1.5 A of radius has been
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The HIV-1 GP120

Figure 10. A ribbon diagram of the (V1-V2-C2-V3-C3-V4-C4) fragment of MN gp120. This is a
representative model of gp120 that is consistent with the data from immunochemical maps and other

functional assays. Color coding: green for V1, blue for V2, red for V3, magenta for C4, gray for C2 &C3,
and yellow for the (S-S) bridges.

26




Interdomain hydrogen—bonds: V4/V3 (continue):
N ALA

319 0 404 TRP
OG 396 SER 0 329
V2/V1: N 397 THR OEl 332 gﬁﬁ
N 165 ASD 0 128 LEU N 402 ASN OGl 322 THR
N 124 LEU 0 200 SER N 403 THR 0Gl 322 THR
Nz 173 LYS 0 127 THR N 307 ASN 0Gl 408 THR
N 126 VAL OD1 172 ASP NH1 309 ARG 0 404 TRP
N 127 THR OD1 172 ASP NH2 309 ARG 0 404 TRP
N 127 THR OD2 172 ASP NZ 310 LYS 406 ASD
N 148 SER OD2 185 ASP N 311 ARG OD1 405 AsSD
0G 169 SER 0Gl 127 THR ND2 325 ASN 400 GLY
oG 200 SER oG 148 SER N 325 ASN OGl 403 THR
oG 200 SER oG 150 SER 0Gl 403 THR 0Gl 322 THR
ND2 145 aSN OD2 185 ASP ND2 305 ASN OGl 397 THR
NZ 310 LYS OD1 406 ASD
C2/V1: NE 311 ARG OD1 405 ASD
N 204 SER o 129 ASD NZ 324 LYS 0Gl1 408 THR
N 208 GLN o 119 VAL NE2 332 GLN 0Gl 397 THR
N 209 ALA (o) 119 VAL V4/C3:
N 119 VAL 0 209 ALA .
N 121 LEU 0 206 ILE N 417 GLN o 377 HIP
N 131 THR 0o 204 SER N 371 ASP 0 390 THR
oG 204 SER 0o 122 THR QG 391 SER (¢] 373 GLU
O0Gl1 207 THR o 153 THR ND1 377 HIP 0 415 THR
NZ 212 LYS 0o 148 SER 0Gl 390 THR OD2 371 asp
NZ 241 LYS 0o 142 SER NE2 377 HIP oG 391 SER
N 147 ASN OEl 216 GLU
NZ 237 LYS OG1 143 THR C4/v1:
NZ 241 LYS OEl1 151 GLU NE2 428 GLN 0 137 THR
ND2 146 ASD OE1 216 GLU ND2 138 ASN 0 427 TRP
ND2 146 ASD OE2 216 GLU OH 435 TYR OD1 140 ASD
C2UV2: - C4IC2: 299
N ILE o] 438 PRO
N 293 THR O 139 ILE NE2 442 GIN oDl 300 ASD
N 190 asp 0 271 ALA
N 192 ASP o) 285 ASN C4/V3:
N 202 AsSD OE2 177 GLU ND2 300 ASD 0 436 ALA
NzZ 236 LYS 0 187 VAL ND2 300 ASD 0 437 PRO
NZ 236 LYS 0 192 ASP N 302 THR OE1 442 GLN
NE 278 ARG 0 184 LEU NH1 303 ARG 442 GLN
N 287 LYS OD1 192 ASP NH2 303 ARG 0 441 GLY
N 288 THR OD1 192 asPp
N 289 ILE OD2 192 asp C4/C3:
NZ 183 LYS (o] 273 GLU N 383 GLY 0o 443 ILE
N 188 SER OE2 273 GLU N 442 GIN OD1 344 ASP
N2Z 212 LYS OD1 185 AsSP N 443 ILE OD1 344 ASP
NZ_ 236 LYS 0Gl 194 THR NE 444 ARG OD2 344 ASP
0Gl 288 THR OD1 192 ASP NH1 444 ARG OD2 344 ASP
NZ 183 LYS OEl1 273 GLU NHZ 444 ARG OE1 355 GLU
Nz 183 LYS OE2 274 GLU NH1 444 ARG OE2 355 GLU
0Gl 194 THR OGl 288 THR NH2 444 ARG OE2 355 GLU
NZ 341 LYS OEl 440 GLU
V3/V1: NZ 341 LYS OE2 440 GLU
ND2 307 ASN oDl 138 ASN 0G1 345 THR OE1l 440 GLU
NZ 308 LYS OGl1 136 THR
NZ 308 LYS OD1 138 ASN C4/V4:
N 419 LYS OD1 413 ASD
V3/V2: . NE2 422 GLN 0 416 LEU
OGl 323 THR O - 195 SER N 423 ILE OD1 412 ASN
N 197 ARG OGl1 323 THR NEL 427 TRP o 409 GLY
ND2 413 ASD 0 419 LYS
V3/C2: ND2 413 ASD 420 ILE
N 310 LYS OE1 208 GLN NE2 422 GLN OD1 413 ASD
N 312 ILE OGl1 203 THR
NH1 331 ARG o) 288 THR
NH1 331 ARG 0 291 VAL
NE2 208 GLN 0 310 LYS
NH2 303 ARG OD1 300 ASD . . . .
ND1 313 HIP oDl 202 ASD Interdomain hydrophobic interactions:
NH1I 331 ARG OD1 235 ASP
NH2 331 ARG OD1 235 ASP V1-V2/V3:
NH2 331 ARG OD2 235 ASP 186 ILE 327 ILE
196 TYR 327 ILE
C3/C2: 199 ILE 313 HIP
N 338 SER o} 296 SER 199 ILE 321 TYR
OG 338 SER 0 296 SER
OH 387 TYR 0 289 ILE V4-C4/V3:
394 PHE 330 ILE
C3/V3: 398 TRP 326 ILE
N 336 ASD o) 334 HIP 404 TRP 319 ALA
404 TRP 320 PHE Table 3
V4/vV3: 416 LEU 306 TYR
N 396 SER o) 329 THR 426 MET 306 TYR
N 408 THR 0 309 ARG 427 TRP 306 TYR
N 309 ARG 0 406 ASD 434 MET 304 PRO
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Figure 11A. Inter-domain interactions of the residues in the (V1-V2) sub-domain. Color coding: purple
for V1, yellow for the (S-S) bridges, cyan for the linear epitope in V2, purple for the conformational
epitope in V2, gray for the rest of the V2, green for the interacting polar residues, and red for the
interacting non-polar residues. Note that the linear V2 epitope adopts a helix whereas the conformational
V2 epitope adopts a b-hairpin in the folded gp120. Also note that the b-hairpin is involved in several
inter-domain long-range interactions with the residues in C2 and V4. The turn at residues 135-140 of V1
makes contact with W427 in C4; 'W427 is critical for the binding of the CD4-blocking antibodies.
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Figure 11B. Long-range inter-domain interactions involving residues from the V1, V3, and C4 loops.
Color coding: purple for V4, blue for C4, yellow for the (S-S) bridges, green for interacting charged
residues from the V1, V3, and C3 regions, red for the interacting non-polar residues from the V1, V3,
and C3 regions. A turn at V1, the N-terminal V3 segment, and a helical stretch in C4 form an intricate
contact interface. P437 is critical in inducing a sharp turn in C4.
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used. To compute the residue-specific accessible surfaces, the accessible surface for each residue (X) is
normalized by the surface of the same residue (X) in a fully extended conformation of G-X-G.
Figure 10 shows a representative low energy structure of the V1-V2-C2-V3-C3-V4-C4
fragment of gp120. It is clear from Figure 10 that the tip of the V3 loop, the helix inside the V2, and a
part of the C4 loop are all solvent exposed. Theoretical solvent accessibility data are computed for all the
residues in our model of the V1-V2-C2-V3-C3-V4-C4 fragment; note that (see Appendix I) the computed
values agreed well with the observed data [69]. Table 3 lists a set of H-bonding interactions stabilizing
intra- and inter-domain structures. Three types of H-bonds in Table 3 originate from three different types
of interactions, namely, backbone-backbone, backbone-sidechain, and sidechain-sidechain (the last two
interactions are sequence specific). For example, in our model (Figure 11) OH-Y435(of C4) is H-
bonded to OD1-D22(of V1) and NZ-K341(of C3) is H-bonded to OE1/OE2-E440 (of C4). Table 3 also
lists key hydrophobic interactions involving residue-pairs from different domains. Most of these
interactions involve residue-pairs inside a tight cavity showing either van der Waal contacts [e.g., I186(of
V2)---1337 (of V3)] or stacking overlaps [e.g., Y306 (of V3) and W427 (of C4)]. Figure 11 shows the
inter-domain interactions involving (A) (V3 and V1/V2 ) and (B) (V3 and C4) , i.e., N*¥135-T136-
T137-N138-N139-N140 (of V1), N*300-C301-T302-R303-P304-N305-Y306-N307 ( of V3), and
Q422-I423-I424-N425-M426-W427-Q428-E429-V430-G431-K432—A433-M434-Y435-A436 (of C4)-
- key residues in these segments are marked in bold (N*=glycosylated N). As shown in Figure 11A, the
linear V2 epitope adopts a helix whereas the conformational V2 epitope adopts a [B-hairpin in the folded
- - gpl20. Also note that the B-hairpin is involved in several inter-domain long-range interactions with the
residues in C2 and V4. The turn at residues 135-140 of Vi makes contact With W427 in C4; W427 is
critical for the binding of the CD4-blocking antibodies. Experimental data also support the presence of
(V1 and C4) interactions in the native gp120. Table 3 shows that K183/L184/D185 of the V2 loop are all
involved in inter-domain H-bonds. The C=O of L184 is H-bonded to the basic sidechain of R278
whereas the acidic sidechain of D185 is H-bonded to the basic sidechain of K212; also the sidechains of
E274 and L184 are within 5 A. Therefore, if such a B-hairpin is critical for antibody binding a double
site mutation, L184/D185-D184/1.185, would be catastrophic because this would bring D184 close to
E274 and L185 in steric clash with K212 (both of which would destabilize the B-hairpin). Indeed, a
L184/D185-D184/L.185 double mutation reduces the binding affinity of antibodies specific for
conformational epitopes inside the V2 loop. Table 3 shows that R303 and N*300 form sidechain-
sidechain H-bonding which stabilizes a turn at residues 300-303. This turn (as shown in Figure 11)
brings the Y306 ring in close proximity with the W437 ring. The turn at residues 300-303 also locks _
R303 in H-bonding interactions with (G441 and Q442) and N*300 in H-bonding interactions with (A436
and P437)-- see Table 3. The key residues, W427 and Y435, also show sidechain-backbone H-bonds
with N138 and N*140 (Table 3). Therefore, we predict that the residues N*300 and R303 of V3 and the
residue W427 of C4 are critical in bringing V1, V3, and C4 in spatial proximity. Interestingly from
antibody binding studies, it has been demonstrated that R303G substitution exposes the N-terminal V3
fragment; from our model we predict that such a substitution would abolish several key inter-interactions
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) inlvolving the (V1 and V3) and (V3 and C4) loops. Similarly, antibody binding studies reveal that

W427S substitution exposes the residues 420-435 in the C4 fragment; from our model we also predict
that such a substitution would disable several key inter-interactions involving the (V1 and V3) and (V3
and C4) loops.

Additional data on gp120 modeling in Appendix I include the following.
(i) (Figure 12) The MN-gp120 sequence is aligned with IIIB-gp120 sequence (note that most of the
experimental data have been obtained for IIIIB-gp120).
(ii) (Figure 13) A (¢,y) plot of the residues in V1-V2-C2-V3-C3-V4-C4 as shown in Figure 10 (this
plot shows that most of the residues fall within the allowed region of the plot).
(iii) (Figure 14) Solvent accessibility of various contiguous amino acid stretches computed for V1-
V2-C2-V3-C3-V4-C4 as shown in Figure 10 (the computed values agree well those obtained from the
immunochemical maps of gp120).
(iv) (Figure 15) A close-up view of the (A) V1-V2 and (B) (V4-C4) loops taken from Figure 10
(note that the average low-energy models of these two loops are also quite similar).
(v) (Figure 16) A close-up view of the B-hairpin (residues 183-188) that is an important part of the
conformational epitope inside V1-V?2 (the effect of L184/D185-D184/L185 mutations are described).
(vi) Table 4 Listing of inter-domain H-bonds involving backbone-backbone, backbone-sidechain,

and sidechain-sidechain interactions.

Appendix II includes our structural biology work on the human mucin, Muc-1, a breast
cancer tumor antigen. This tandem repeat protein is critically important in breast cancer research, a major
research initiative in the US Army.
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APPENDIX I




Fiéﬁre 12. In-frame alignment of MN and IIIB gp120. Note that most of the i hemi
functional assays are performed on single and double site mutants of IITB gplzl(r)n[%,nff1 ;OC] emical and other

HIVMN
10 20 30 © 40 50 60 70 80
MRVKG IRRNYQHWWGWGTMLLGLLMICSATEKLWVTVYYGVPVWKEATTTLFCASDAKAYDTEVENVWATQACVPTDPNP
90 100 110 120 130 140 150 160
QEVELVNVTENFNMWKNNMVEQMHEDI I SLWDQSLKPCVKLTPLCVTLNCTDLRNTTNTNNSTANNNSNSEGTIKGGEMK
170 180 190 200 210 220 230 240
NCSFNITTSIRDKMQKEYALLYKLDIVSIDNDSTSYRLISCNTSVITQACPKISFEPIPIHYCAPAGFAILKCNDKKFSG
250 260 270 280 290 300 310 320
KGSCKNVSTVQCTHGIRPVVSTQLLLNGSLAEEEVVIRSENFTDNAKTIIVHLNESVQINCTRPNYNKRKRIHIGPGRAF
330 340 350 360 370 380 390 400
YTTKNIIGTIRQAHCNISRAKWNDTLRQIVSKLKEQFKNKTIVFNQSSGGDPEIVMHSFNCGGEFFYCNTSPLFNSTWNG
410 420 430 440 450 460 470 480
NNTWNNTTGSNNNITLQCKIKQIINMWQEVGKAMYAPPIEGQIRCSSNITGLLLTRDGGKDTDTNDTEIFRPGGGDMRDN
490 - 500 510
WRSELYKYKVVTIEPLGVAPTKAKRRVVQREKR

HIVHXB2R .
10 20 30 40 50 60 70 80

MRVKEKYQHLWRWGWRWGTMLLGMLMICSATEKLWVTVYYGVPVWKEATTTLFCASDAKAYDTEVHNVWATHACVPTDPN
90 100 110 120 130 140 150 160
PQEVVLVNVTENFNMWKNDMVEQMHEDIISLWDQSLKPCVKLTPLCVSLKCTDLKNDTNTNSSSGRMIMEKGEIKNCSFN
170 180 190 200 210 220 230 240
ISTSIRGKVQKEYAFFYKLDIIPIDNDTTSYKLTSCNTSVITQACPKVSFEPIPIHYCAPAGFAILKCNNKTFNGTGPCT
250 260 270 280 290 300 310 320
NVSTVQCTHGIRPVVSTQLLLNGSLAEEEVVIRSVNFTDNAKTIIVQLNTSVEINCTRPNNNTRKRIRIQRGPGRAFVTI
330 - 340 .350 360 370 380 390 400
GKIGNMRQAHCNISRAKWNNTLKQIASKLREQFGNNKTIIFKQSSGGDPEIVTHSFNCGGEFFYCNSTQLFNSTWFNSTW
410 420 430 440 450 460 470 480
STEGSNNTEGSDTITLPCRIKQIINMWQKVGKAMYAPPISGQIRCSSNITGLLLTRDGGNSNNESEIFRPGGGDMRDNWR
490 500 510
SELYKYKVVKIEPLGVAPTKAKRRVVQREKR
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Figure 13. (@,y) values of the residues in the gp120 model of Figure 10. Note that most of the residues

lie within the allowed regions of the Ramachandran plot. A few non-Glycine residues in the disallowed

region (i.e., the center of the right bottom quadrant) are marked. This plot proves the stereochemical
feasibility of our model and the validity of our conformational search.
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Figure 14. Site-specific solvent accessible surface area (in A2). The MAS (maximum accessible surface)
values are given for the most exposed non-hydrogen atom in a residue after scaling it by the surface area of
the same atom in the same residue (X) of the extended G-X-G. Therefore MAS values well above 1
implies well exposed residues. Color coding: green for V1, cyan for V2, black for C2 and C3, red for
V3, magenta for V4, and blue for C4. Observed accessibility data for different segments of gp120 are
shown as bars, i.e., the bars with MAS > 4 represent well exposed segments, the bars with MAS ~1
represent poorly exposed segments, and the bars with MAS ~ O represent buried segments. The location
and length of the bars define the epitope on gp120. Note that the calculated surface accessibility areas of
the epitopes inside the V1, V2, V3, V4, and C4 loops agree well with the observed data [69].

10 T T T T T T

Vi V2 C2 V3 C3 V4 C4

150 200 250 300 350 400
residue number

35




< TI:ablc 4 Spmmax_'y of intra- and inter-domain backbone-backbone (bb), backbone-sidechain (bs), and
sidechain-sidechain H-bonds. The cut-off for the donor-acceptor distance is 3 A and the cut-off for the

donor-proton-acceptor angle is 1200. The presence of a large number of intradomain H-bonds inside the
C2 and C3 sub-domains imply that they form well folded structures. Also note that there are a significant
number of inter-domain H-bonds between the C2 and C3 sub-domains (which constitute a part of the
discontinuous epitope for CD4 binding). The number of intra- and inter-domain H-bonds are averages
over sampled gp120 models that are consistent with the data from the immunochemical maps [69] and
other functional assays [40-50].

('A% V2 c2 V3 C3 V4 C4

vl 16 4 6 0 0 0 0 bb

14 8 6 0 0 0 2 bs

10 4 4 3 0 0 1 ss

V2 4 26 4 0 0 0 0 bb
8 9 9 2 0 0 0 bs -

4 10 6 0 0 0 0 ss

Cc2 6 4 28 0 1 0 1 bb

6 9 41 5 2 0 2 bs

4 6 16 5 0 0 1 ss

v3 0 0 0 le 1 4 0 bb

0 2 5 14 0 11 4 bs

3 0 5 5 0 6 0 Ss

Cc3 0 0 1 1 16 4 1l bb

0 0 2 0 29 2 3 bs

0 0 0 0 9 2 8 ss

va 0 0 0 4 7 -0  bb

0 0 0 11 2 12 7 bs

0 0 0 6 2 2 1 ss

C4 0 0 1 0 1 0 17 bb

2 0 2 4 3 7 5 bs

1 0 1 0 8 1 3 ss
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Figure 15A. A close-up view of the V1-V2 loop taken from Figure 10. As in Figure 2, three disulfide
bridges (colored yellow) are present in this subdomain. The V1 loop is shown in green whereas the V2
loop is shown in magenta and the rest in gray.

7

V1-V2 Domain

37




Figure 15B. A close-up view of the V4-C4 loop taken from Figure 10; color coding: V4 in green, C4 in
magenta, and the two disulfide bridges in yellow.

V4—-C4 Domain
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f:'i'gure 16. A part of the B-hairpin (residues 183-188). Note that K183/L184/D185 of the V2 loop are all
involved in inter-domain H-bonds (see also Table 3). The C=0O of L184 is H-bonded to the basic
sidechain of R278 whereas the acidic sidechain of D185 is H-bonded to the basic sidechain of K212; also

the sidechains of E274 and L184 are within 5 A. Therefore, if such a B-hairpin is critical for antibody
binding a double site mutation, L184/D185-D184/L185, would be catastrophic because this would bring

D184 close to E274 and L1835 in steric clash with K212 (both of which would destabilize the B-hairpin).
Indeed, a double L184/D185-D184/L185 mutation reduces the binding affinity of antibodies specific for
conformational epitopes inside the V2 loop [33-39].

dist 0 #0:183@0:273@OE2 3.41
dist 1 #0:273@0E1:183@0 3.20
dist 2 #0:274@CD:184@CG 4.73
dist 3 #0:215@HN:186 @0 3.57
dist 4 #0:185@0D1:212@3HNZ 1.87
dist 5 #0:185@0D2:212@ 1HNZ 2.43
NCA(182
A(273 GLU)
Ny A\ #A(215 PHE)
S CA(187 VAY) 1>~
N N A(21
(274°GLU) \CA(186 ITE) (212LYS)
§~‘:"
4(183 LYS)
SN
= A(185 ASP)~"""""

x(184 L0)

UCSF MidasPlus

Conformational epitope inside the V2 loop
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APPENDIX II




* Structural Studies on the Human Mucin, Muc-1: effect of O-Glycosylation at

Threonine Residues

Human mucins are a family of high molecular weight, heavily O-glycosylated proteins
which are dominated by large tandem repeat domains. Mucin tandem repeat domains vary in size, proline
content, and potential extent of O-glycosylation. Underglycosylation of the human mucin Muc-1 tandem
repeat domain in certain breast, pancreatic and ovarian tumors results in the unmasking of protein core
epitopes. Tumor reactive, mucin-specific monoclonal antibodies reveal differences between the surface
of Muc-1 derived from tumors and normal tissues. Synthetic peptide studies show that most tumor
specific antibodies recognize an epitope within the tandem repeat protein core of Muc-1. Two-
dimensional nuclear magnetic resonance experiments are performed on chemically synthesized mucin
tandem repeat polypeptides, (P1D2T3R4P5A6P7G8S9T10A11P12P13A14H15G16V17T18519A20)n
for n=1,3. These studies demonstrate how the tandem repeats assemble in space giving rise to the overall
tertiary structure, and the local structure and presentation of the (underlined) antigenic site (APDTR) at the
junction of two neighboring repeats. The NMR data (Figure 17) reveal repeating knob-like structures
connected by extended spacers. The knobs protrude awa)'f from the long-axis of Muc-1 and the
predominant antigenic site (APDTR) forms the accessible tip of the knob. Multiple tandem repeats
enhance the rigidity and presentation of the knob-like structures. We have enzymatically O-glycosylated
the Muc-1 tandem repeat (PDTRPAPGSTAPPAHGVTSA)3. The glycosylation occurs preferentially at
the T-residues except at the T belonging to the immunodominant (APDTR) knob. Detailed NMR
analyses show that the pentapeptide, (APDTR) maintains the same turn as in the unglycosylated form
while additions of GalNAc at T10 and T18 in the glycosylated mucin alter the local structure (Figure 18).
Also the glycosylated structure is less flexible.
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Figure 17. 2D NOESY crosssection of the O-linked GalNaC-conjugated T10 and T18 of Muc-1,

(P1D2T3R4P5A6P7G8S9T10A11P12P13A14H15G16V17T18S19A20)3. Mixing time = 400 ms,
temperature =10 OC.
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Immunodominant Knobs

Tandem Repeat ’ Tandem Repeat
Boundary \ P D T Boundary A
S P
T A
A\ P
PDTRPAPGSTAPPAHG G‘S'TAPPAH STAPPAHGVTSA

} /

Extended Spacer
Structure

Figure 18. (top) A schematic representation of Muc-1 in which the immunodominant knobs containing
(APDTR) are connected by extended spacers. (bottom) Solution structure of
(P1D2T3R4P5A6P7G8SIT10A11P12P13A14H15G16V17T18519A20)3 (shown in cyan) in the
unglycosylated form. Solution structure of
(P1D2T3R4P5A6P7G8S9T10A11P12P13A14H15G16V17T18519A20)3 (shown in green and brown) in
which T10 and T18 in each repeat are GalNaC-conjugated. The fact that T3 of APDTR escapes
glycosylation by GalNaC transferase implies that T3 is part of a structured (and less exposed) element.
GalNaC moieties are modeled using the force field parameters from refs. 93-94.
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Abstract

The principal neutralizing determinant (PND) of human immunodeficiency virus (HIV) is
located inside the third variable loop (designated the V3 loop) of the envelope glycoprotein
gp120. The V3 loop is typically 35 amino-acids long, and the 1st and the 35th residues
in the loop are invariant cystines involved in a disulfide-bridge. Although PNDs from dif-
ferent HIV isolates contain a conserved GPG-sequence, the amino acids flanking the conser-
ved sequence show hypervariability among HIV isolates; the GPG and the two flanking
regions are collectively referred to as the GPG-crest or the PND. The amino acid sequence
variability in the GPG-crest gives rise to different antigenic specificities for different PNDs
from different HIV isolates. By combining two-dimensional nuclear magnetic resonance
(2D NMR) and molecular modeling techniques, we have developed a method to study (1) the
global tertiary fold of the V3 loops of HIV and (2) the local structure of the PND at the tip of
the V3 loop. In this article, we report the results of our structural studies on the V3 loop of a
Thailand HIV isolate. The sequential assignment is made by combining DQF-COSY, TOCSY.
and NOESY/ROESY experiments. Various intra- and inter-residue inter-proton distances
are estimated by full-matrix analyses of the NOESY data at 100 and 400 ms of mixing times
and of the ROESY data at 60 and 200 ms of mixing times. 100 inter-residue distances are used

Abbreviations: Human Immunodeficiency Virus (HIV), Principal Neutralizing Determinant (PND),
Correlation Spectroscopy (COSY), Double Quantum Filtered COSY (DQF-COSY), Total COSY (TOCSY),
Nuclear Overhauser and Exchange Spectroscopy (NOESY), Rotating Frame Nuclear Overhauser and
Exchange Spectroscopy (ROESY).
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as structural constraints in a simulated annealing procedure to derive energetically stable struc-
tures. Two functional motifs in the V3 loop, ie., the glycosylation site and the GPG-crest, form
defined structures: a turn is located at the glycosylation site, and the GPG-crest forms a protruding
domain with a type-Il GPGQ turn. The other regions of the V3 loop are rather flexible —especially
the C-terminal DIRKAYC-stretch. These flexible regions of the V3 loop lead to conformational
flexure of the entire V3 loop without altering the local structures of the glycosylation site or the
GPG-crest. However, the ROESY experiments revealed no slow exchange among different V3
loop conformations, and therefore the flexible conformations are in fast exhange within the NMR
time scale. The extent of this conformational flexibility is also discussed.

Introduction

Studies on the feasibility of a subunit vaccine to protect against HIV-1 infection
have mainly focused on the outer envelope glycoprotein, gr120 [1]. The PND is
located inside the V3 loop of gp120 [2]. Antibodies elicited by the PND block virus
infectivity, thus neutralizing the virus [3-5]. Neutralizing antibodies can also block
viralinfection by inhibiting fusion of HIV-infected cells with CD4-positive uninfec-
ted cells [6]. The role of the PND in virus neutralization and inhibition of cell fusion
has made them the focus of intense research in the development of vaccine directed
against HIV infection. However, progress in vaccine development has been impeded
by amino acid sequence variability among different HIV isolates, particularlyin the
V3 loop [7]. Neutralizing antibodies elicited by the PND from one HIV isolate do
not neutralize other HIV isolates [8]. Sequence and structure analyses of the V3
loops from a large number of HIV isolates are therefore required to accurately
define global and local structural differences among different V3 loop sequences.
Because an antibody recognizes a specific three-dimensional structure of the antigen
[9]. performing the above analyses is central to understanding the specific interac-
tions that govern PND-antibody complex formation. Such studies are also relevant
because the (S-S)-bridged V3 loop is the smallest part of gp120 that is likely to pre-
sent the PND to the antibody in a manner similar to the entire envelope protein. A
systematic study of several different V3 loop sequences will allow us to map the
amino acid sequence variability in terms of the global structure of the entire V3 loop
and the local structures of various functional motifs located inside the V3 loop,i.e.,
the glycosylation site and the GPG-crest. In this article we outline the results of our
studies on the Thailand TN243 viral V3 loop sequence (Figure 1) combining 2D
NMR and molecular modeling techniques. This V3 loop sequence which is quite
different from the viral V3 loop sequence found in North America [8], may account
for the virulence and tranmissibility of this vival strain [25,26].

Materials and Methods
Chemical Synthesis and purification

The V3 loop sequence was reported by McCutchan et al. [25]. First, the 36-amino-acids-
long linear peptide was synthesized using Merrifield’s solid phase synthesis protocol.
Two cystine residues (i,e., C2 and C36) involved in the (S-S)-bridge were protected using a
methyl benzyl group (MeBzl), and the terminal C1 was protected by using an acetamide-
methyl group (ACM). The MeBzl groups on C2 and C36 were removed by using
anhydrous hydrogent fluoride (HF) while the terminal C1 was still blocked. A pro-
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longed oxidation experiment was carried out for the formation of the (S-S)-bridge
between C2 and C36. After the completion of the oxidation step, the cyclic V3 loop
was purified by analytical HPLC.

NMR

All NMR experiments are performed using a 500 MHz (Varian Unity) NMR
spectrometer.

The following steps are performed for the analysis of the NMR data.
(i) Sequential Assignment

At first, fingerprint HN-H® correlations are obtained from the corresponding TOCSY
and DQF-COSY cross-sections of the V3 loop in 90%H,0+10%D,0. The sidechains
are identified from HN-H®HP & H%HP-H"-H?® correlations in the TOCSY spectra
and H%-HP, HP-H", & H'-H® correlations in the DQF-COSY spectra of the V3loopin
90%H,0+10%D,0 and in 100%D,0. Once isolated spin-systems belonging to con-
stituent amino acids are identified the sequential connectivity is obtained by mon-
itoring the NOESY/ROESY cross-peaks for H(i)-HN(i+1), HP()-HN(i+1), &
HN(i)-HN(i+ 1) interactions. NOESY data are collected for mixing times of 100 and
400 ms. ROESY data are collected for mixing times of 60 and 200 ms.

(ii) Extraction of Inter-proton Distances as Structural Constraints

This step involves obtaining an energetically stable (S-S)-bridged structure for the Thailand
TN243 loop sequence given the secondary structural states of the constituentamino
acids residues as obtained by analyzing the sequential NOESY and ROESY pattern.
Appropriate ranges of (¢, v) values are assigned to all amino acids. For example,

@ = —55°4+25°, y = —55°+25° for residues in a helix;

@ = —140°+50°, v = 140°+50° for residues in a beta strand or in an
exended conformation;

@0 = —65°4£20°, ;= —50°£20°
—90°+20°, w;,, = 0°+20° for residues in a type-I turn;

Dit2

0. = —65°£20°, i, = 120°+20°
0, = 90°+20°, ., =0°+20° for residues in a type-II turn.

(0, v) of residues in the coil state are set free to chose any point in the allowed space [for
definitions of different secondary structures and corresponding (¢, y)-values, reference
10]. First we obtain (S-S)-bridged structure for a pseudo (CA33Cg-sequence in the follow-
ing manner. All residues with sidechains extending beyond C* atoms are treated as A,
except the Ps & Gs and the terminal Cs. Our rationale for doing this is that the allowed (¢,
v) space of residues with a sidechain longer than A is only a subspace of that allowed for
A [10]. We obtain an (S-S)-bridged structure of a V3 loop by a linked-atom-least-
square refinement [11] by minimizing a function, F, only in the (¢, v) space.
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F = R-Factor + Z, A, G, + Zij (dijmn - Dm“)2 S 1]
=llodc]
R-Factor = ——— .
=lo

lo = observed NOESY intensity and |c =calculated NOESY intensity by full-
maitrix NOESY simulations. The sum extends over all pairs (i,j) of observed NOESY
cross-peaks.

G, (=l r,-1°; | =0) indicates distance constraints for an (5-S) bridge. Distances in the
(S-S)-bridged V3 loop configuration are defined as r;= S(C1)-S(35), I, = CB(CI)-
S(C35), 1y = CP(C35)-S(C1) and r, = C*(C1)-CP(C35); corresponding equilibrium
distances are 1°; = 2.04A, r°, = r°; = 3.05A, r°, = 3.85A [12,13]. A, indicates
Lagrangian multipliers; d;™" indicates the distance between atom i (type m) and
atom j (type n); and Dmn indicates the contact limit between atom (type m) and
atom (type n) [10]. In this refinement, the (¢, y) values of various residues are treated
as elastic variables (i.e., variables with weights) such that by appropriate choice of
weights the experimentally determined secondary structural states of residues are
minimally altered [14]. This method guarantees a stereochemically orthodox struc-
ture for the (S-S)-bridged (CA4;C)-like sequence. Finally appropriate sidechains
are attached to generate an actual V3 loop sequence and the potential energy of the
system is minimized in the (¢, ¥, ®, x)-space using the force-field of Scheraga and co-
workers [12]. The minimization of the function, F, for the virtual (S-S)-bridged
(CA;5C) system followed by the energy minimization for the actual V3 loop is
repeated for 50 different starting structures (Fletcher, 1984). At the end of this step we
obtain a set of 50 models in agreement with the NOESY and ROESY data. From
these models, a set of inter-proton distances are extracted as structural constraints
required for agreement with the NOESY/ROESY data. Each pairwise distance rep-
resenting a structural constraint provides an upper and a lower limit of the distance.
Two types of constraints are identified.

Tipe 1
This is given as
EDIST= 0 if the distance r is within a specified range r1 & r2
= k(r-r1)* if r < rl
= k(r-12)? if r > 12. k : force constant.

Tpe II
This is given as
EDIST=0ifr>rl
= k(r-r])*if r < rl.

This type is particularly useful for an unobserved NOE where we can set a lowest
allowable distance limit for the corresponding proton pair.

(iii) Exploration of the Conformational Flexibility Subject to the NMR Data

The energy term, EDIST, is added to the force-field as in Scheraga and co-workers
[12; QCEP 454]. The simulated annealing is performed [15] in the following manner.
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First, a starting energy-minimized structure is chosen and Monte Carlo (MC)
simulations are performed for 50,000 steps at 600K in the (9, v, ®, x)-space; the last
accepted configuration is stored to be subsequently used as a starting configuration
in the nextlower temperature-cycle. Second, 50,000 MC steps are repeated in several
cycles of gradually decreasing temperature until a temperature of 100K is reached.
Third, the lowest energy configuration at 100K is further energy-minimized to a low
energy gradient. This is the "temperature quenching” step in which thermally
excited single bond rotations around the equilibrium positions are quenched.
Finally, first through third steps are repeated for 100 different starting con-
figurations which comprise of the 50 starting structures obtained after the Step (ii)
discussed in the previous paragraph and 50 other structures as obtained after carry-
ing out first through third steps of the simulated annealing protocol on the very
same 50 starting structures as discussed in the previous paragraph.

(iv) Analyses of the V3 Loop Structures

Low energy structures are analyzed in terms of their (¢, ¥, @, x), agreement with the
NMR data and agreement with the @-values as estimated from the HN-H* J-
coupling data obtained from the DQF-COSY experiments. For Jy " > 7 Hz the
stipulated constrainton @ is 110° +40°. However, no @-constraintis imposed during
simulated annealing; but in the final model if ¢ falls far outside the expected range
(as determined from the DQF-COSY data in Figures 3 & 7), then the corresponding
model is discarded.

Results
NMR Data

Figure 1 shows the amino acid sequence of the Chiang Mai V31loop sequence. TheN-
terminal modified C1 is added for facilitating conjugation in antibody production
experiments. Note that C2 and C36 areinvolved in (S-S) bridge formation. A total of
35 HN protons are present in the system, i.e., excluding two Ps in the sequence and
including the terminal blocking group at C1. Figure 2 shows the TOCSY HN-H®
fingerprint region of the Thailand TN243 V3 loop at 10°C. All the spin systems are
observed; the only exception is the HN of the blocking group. The sequential assign-
ment of all the cross-peaks are indicated in Figure 2. The amino acid residues that
occur only once in the sequence are easily assigned, e.g., Q19, V20, F21,K33, & A34.
The spin systems of G and S are distinguished by examining the DQF-COSY H*-
H* & H*-HP cross-peak patterns. The spin system of the branched sidechains of T
and I areidentified by monitoring the H-HP-HY TOCSY and DQF-COSY coupling
patterns. The spin system of R is identified by monitoring the H®-HP-H" J-coupling
pattern and H'-H®-NH NOE pattern. The spin system of Y is assigned by monitor-
ingthe H*-HP & 2,6H-3,5H J-coupling patterns and the HP-Hring NOE pattern. The
spin systems of D and N are distinguished by the presence of the NH2 group. Figure
3 displays the fingerprint region of a DQF-COSY spectrum of the Thailand TN243
V3 loop at 10°C showing the HN-H" cross-peaks. Positive and negative contour are
plotted without distinction. Here the shapes of the peaks are distorted because both
sine-bell and shifted sine-bell apodization functions are used to sharpen the peaks.
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Chiang Mai V3 Loop

Figure 1: The amino acid (aa) sequence of the Thailand TN243 V3 loop. C2 and C36 form a (S-S) bridge. A mod-
ified C1 is present at the N-terminal. The protecting group on the N-terminal is removed before conjugation to
BSA-a step involved in antibody production. Amino acid containing the GPG-crest and the two flanking regions
{extending up to 4-5 aa on each side) define the immunogenic tip of the V3 loop. N7 (within the recognition element
N7-N8-T9) s the site of N-linked glycosylation. Although epitope mapping for this particular V3 loop is not repor-
ted, amino acids within the aal3-27 stretch of the V3 loop generally make contact with the antibody [22.23].
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Figure 2: HN-H® fingerprint TOCSY cross-section. The TOCSY experiment is performed under the
following conditions: temperature = 10 °C, pH = 4.5, polypetide concentration = 8 mM, solvent com-
position = 90%H,0+ 10%D,0. The acquisition parameters: data points in {2 = 2048; complex data points
intl = 256; relaxation delay; RD = 1.5s; mixing time = 35 ms. The HDO signal is suppressed by employ-
ing the pulse sequence of Sklenar and Bax [15]. Sevaral contours are drawn starting from the lower level
of intensity in order to show all the (HN-H") crosspeaks.

However, for accurate measurement of the J(H*-HN) couplings (see Figure 7 below),
appropriate apodization functions and line-width corrections are used to make the two
extrema as symmetric to each other as possible [17]. Out of the 34 possible (HN,H%)spin
systems, J(HN-H®) coupling data are obtained for 27 residues. No DQF-COSY HN-H"
cross-peaks are obtained for C1, G18, & G29. Overlap of the HN-H" cross-peaks for
K33 & A34 precluded measurements of the corresponding J couplings. The HN-H*
cross-peak of T3 is too weak and poorly defined to allow measurement of J coupling. A
weak HN-H® cross-peak is observed for only one of the G16 H* protons.

Even though isolated spin systems of all the amino acids are identified from the
TOCSY and the DQF-COSY experiments, the sequential assignment is possible
only after examining the inter-residue H*(i)-HN(i+1) and HP(i)-HN(i+1) NOESY
connectivities as shown in Figures 4 and 5, respectively.
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Figure 3: HN-H® fingerprint DQF-COSY cross-section. The DQF-COSY experiment is performed
under the following conditions: temperature = 10 °C, pH = 4.5, polypetide concentration = 8 mM, solvent
composition = 90%H,0+ 10%D,0. The acquisition parameters: data pointsin t2 = 2048; t] increments =
256; relaxation delay; RD = 1.5 5. The HDO signal is presaturated for I s during the relaxation delay.
Fourier transformation is performed on a (2048X1024) data matrix with a combination of gaussian, sin-
bell, and shifted sine-bell apodization functions.

Figure 4 shows the H-HN NOESY cross-section (mixing time = 400 ms) of the
Thailand TN243 V3 loop at 10°C. Note thata NOESY cross-peak corresponding to
H-HN interaction of the N-term is observed in this cross-section. A few intra- and
inter-residue HP-HN interactions are also observed in this cross-section. The NOE
pattern is consistent with the presence of three turns located at R4-P5-S6-N7, G16-
P17-G18-Q19,and T24-G25-D26-127. The sequential H-HN NOEs and distinctive
long range NOEs for HN(C2)-H*(S6) & HN(C2)-HB(S6) support the presence of a
type-I turn at R4-P5-S6-N7. The sequential H*(P17)-HN(G18) overlaps with the
intra-residue H*-HN of T9; however, other sequential H-HN in the G16-P17-G 18-
Q19 is consistent with a type-II turn with a single H-bond between C=0(Gl6) &
HN(Q19). In view of the fact that a strong H(P17)-HN(G18) NOE distinguishes a
type-II from a type-I turn [18], the overlap of this cross-peak in the spectrum (Figure
4) prevents us from unequivocally suggesting a G16-P17-G18-Q19 type-II turn.
However, in other V3 loop sequences with GPGR-sequence, a type-II turn is indicated
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Figure 4: HN-H® NOESY cross-section. The NOESY experiments are performed under the following
conditions: temperature = 10 °C; pH = 4.5, polypeptide concentration = 8 mM; solvent composition =
90%H,0+10%D,0. The acquisition parameters: data points in t2 = 2048,complex data points in t1 = 256
relaxation delay, RD = 1.5s; mixing time = 400 ms. The HDO signal is suppressed by presaturation (for 1

s) during the relaxation delay.

[19,20]. In addition, simulated annealing of the GPGQ-fragment shows the energetic
preference of type-II over type-I turn. Therefore, we considered a type-II turn for the
GPGQ-sequence of the Chiang Mai V3 loop. The sequential H%HN NOE pattern
and weak H*(G25)-HN(27) and HN(T24)-H*(127) NOEs suggest a type-I turn for
the T24-G25-D26-127 sequence. An extended conformation (which includes the
single B-strand) is identified for the 128-G29-D30-131 sequence because of the pre-
sence of mostly strong sequential H*-HN NOESY cross-peaks in Figure 4. An
extended conformation is also located at the T11-S12-113-T14-115 sequence:; residues
in this segment show sequential H*-HN NOESY cross-peaks of medium intensity
(see Figure 7 below for the summary of NOE and ROE data). The centers of H*-HN
NOESY cross-peaks for the T11-S12-113-T14-I15 sequence are not clearly defined
in Figure 4. However, the centers of H*-HN NOESY cross-peaks for T11-S12 & S12-
113 are distinguished by examining the NOESY cross-section at 100 ms mixing time
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Table I
Chemical shift values in ppm. The assignment is obtained by analyzing TOCSY, DQF-COSY, &
NOESY data of the Thailand TN243 V3 loop in 90%H,0+ 10%D,0 and TOCSY data in 100%D,0. TSP is
used as an internal standard. Note that the complete spin system of R4, R10 and R23 beyond yCH/BCH
could not be assigned. The sidechain NHs of these residues appear as broad peaks at (6.52,6.81 ppm).

Residue HN H® Hf Other

Cl 8.29 4.59 3.12.3.10

2 8.23 431 3.19.3.00

T3 8.28 436 424 YyCH3 1.18

R4 8.46 440 1.82,1.82 YCH2 1.59

P5 - 4.40 2.202.20 YCH2 1.96,1.96; 8CH?2 3.75,3.56
S6 8.35 4.50 3.833.83

N7 8.55 4.70 2.782.78 NH 6.94,7.62

N§ 8.49 473 2.822.76 NH 6.96,7.64

T9 8.63 439 424 YyCH3 1.18

R10 8.37 428 1.92,1.92 YyCH2 1.62

TIt 8.20 437 428 yCH3 1.18

SI2 8.51 4.40 3.89.3.84

113 8.20 414 1.82 YCH2 1.43,1.20; y & & CH3 0.85
T14 8.32 436 411 YyCH3 1.12

115 8.28 408 1.80 yCH2 1.43.1.20; vy & 8 CH3 0.85
Gl6 834 4.16,4.03

P17 - 441 224224 YCH2 2.00,2.00; 5CH2 3.75,3.56
GI8 8.64 3.92,3.94

QL9 8.07 428 2.12,1.90

V20 8.10 402 1.81 YCH3 0.81,0.70

F21 833 462 2.882.88 26H 7.14; 3,5H 7.24

Y22 8.50 457 2.932.97 2,6 H 6.78; 3.54H 7.09

R23 8.63 426 1.98.1.98

T24 8.56 437 424 YyCH3 1.18

G25 8.46 3.923.92

D26 8.28 4.68 2.822.79

27 8.18 412 1.85 YCH2 1.43,1.20; vy & & CH3 0.85
128 830 422 1.63 YCH2 1.43,1.20; vy & & CH3 0.85
G29 8.51 401.3.89

D30 8.32 469 2.842.76

131 8.33 428 1.82 YCH2 1.43,1.20; y & & CH3 0.85
R32 8.43 4.59 1.84 yCH2 1.62; 5CH2 3.10; NH 7.24.7.30
K33 8.22 424 1.84,1.84 yCH2 136; 8CH2 1.65: eCH2 2.95; NH 7.54
A34 8.24 426 1.26

Y35 822 431 2.982.87 2.6H 6.74; 3,5H 7.05

C36 8.18 431 2.822.90

and the ROESY cross-section at 60 ms mixing time (data not shown). The inter-
residue H>-HN NOESY cross-peaks for 113-T14 & T14-115 are always partially
overlapping in all NOESY and ROESY cross-sections. The assignments of (H* HN)
of C2, T3, & R4 do not readily folllow from the connectivity route because H* of C2,
T3, & R4 are not sufficiently resolved in chemical shift so as to allow construction of
aclear H(i)-HN(i+ 1) connectivity. Because there are other possible H(i)-HN(i+1)
connectivities involving T-R/R-T sequences, we first constructed the H()-HN(i+1)
connectivity route for the relatively non-overlapping regions of the spectrum. We
deferred the assignment of C2, T3, & R4 till the end when C2 is distingushed from
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Figure 5: HN-H? NOESY (mixing time = 400 ms) cross-section. The experimental and solutions con-
ditions are the same as in Figure 4.

C36 by the presence of C2-S6 interactions and T3 and R4 are easily distingushed in
terms of their intra-residue TOCSY/NOESY HN-H? spin correlation. Note that the
centers of the (H*-HN) NOESY cross-peaks (Figure 4) are not as clearly defined as
the corresponding TOCSY (Figure 2) or DQF-COSY (Figure 3) cross-peaks. Therefore,
there are mismatches between the the centers of TOCSY cross-peak and the apparent
centers of the corresponding NOESY cross-peaks. We, however, have been consis-
tent by adhering to the peak centers as determined from the TOCSY (Figure 2) or
DQF-COSY (Figure 3) cross-sections and therefore, lines in the NOESY cross-
section (Figure 4) appear not to exactly pass through the apparent centers of two
(H%HN) cross-peaks. Chemical shift values are given in Table I correspond to the
centers of TOCY peaks.

Figure S shows the HP-HN NOESY cross-section (mixing time = 400 ms) of the
Thailand TN243 V3 loop at 10°C. Note the presence of sequential HB(i)-HN(i+ 1)
NOESY connectivity for the residues in the C-terminal 131-R32-K33-A34-Y35 seg-
ment. Such an NOE pattern is expected for residues in an a-helical segment.
However, the absence of sequential HN-HN NOESY cross-peaks for all the residues
in the segment (Figure 6) suggests that the residues in this segment are only partially
folded and do not form a regular rigid helix (see Figures 8 & 9 below). The R32 shows
the intra-residue HN-H® NOE and the inter-residue HB(I31)-HN(R32) NOE. Inter-
residue NOE is also observed for the sequential HB(Q19)-HNW 20) interaction. The
NOEs involving HBz(PS)-HN(N 7) are consistent with a turn at the T4-P5-S6-N7
sequence. The strong and medium NOEs in Figures 4 and 5 are also present in the
corresponding NOESY cross-sections at 100 ms of mixing. However, the sequential
HN-HN NOESY cross-peaks are only observed at 400 ms of mixing. Figure 6 shows
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Figure 6: HN-HN NOESY (mixing time = 400 ms) cross-section. The experimental and solutions con-
ditions are the same as in Figure 4.

this cross-section. The cross-peak for HN(G18)-HN(Q19) interaction is consistent
with a turn at G16-P17-G18-Q19. In the partially folded segment, the cross-peak
HN(R32)-HN(K33) is clearly visible; the cross-peaks due to HN(K33)-HN(A34) &
HN(A34)-HN(Y35) are too close to the diagonal to be clearly visible. Considering the fact
that strong NOESY cross-peaks are obtained for HY(K33)-HN(A34) & HA(A34)-HN(Y35)
interactions even at 100 ms mixing time, medium NOESY intensities with soft force
constants (k = 1KCal/Mole) are assumed for these two distances. The cross-peak for
HN(G25)-HN(D26) is consistent with type-I turn T24-G25-D26-127.

Solution NMR studies were previously reported for two other types of the V3 loop
sequences [19,20]. As in the present case, the structure determination from the 2D
NMR data in the previous two cases, was complicated by poor resolution and peak
overlap in the NOESY spectrum. As also noted in the previous studies, the com-
plications in the NMR spectrum were primarily due to the flexible nature of the V3
loops. Although some local structures are formed mostly in the form of putative
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turns [19,20], the overall folding of the two previously reported V3 loops were rather
loose. In addition, the simulataneous observation of the sequential H*-HN (typical
fora an extended or a beta conformation) and the sequential HN-HN (typical for an
alpha helical conformation) NOESY crosspeaks indicated that perhaps the V3 loop
(especially for the HIV-MN isolate, reference 19) was sampling two widely different
conformations. However, in the case of the Thailand TN243 V3 loop, only weak
sequential HN-HN NOESY crosspeaks are observed for a few residues [except for
NH(G18)-NH(Q19) which is of medium intensity); whereas the sequential H*-HN
crosspeaks for the residues assigned in the extended or beta conformation are quite
strong. This coupled with the (H*-HN) J-coupling data (Figure 7) suggest that most
of the residues (though flexible) are, indeed, in the extended or beta conformation.

As discussed in the following section, here we have made an attempt to visualize the
nature of the conformational flexibility of a particular V3 loop from a Thailand HIV
isolate. The flexibility is analyzed subject to the NMR data which shows the pre-
sence of three localized turns and two stretches of extended conformation.

Structure and Flexibility

Figure 7 summarizes the results of NMR experiments [18]. The majority of the
observed NOEs are due to intra-residue and nearest-neighbor inter-residue interactions.
Seven observed inter-residue NOEs are due to long-range interactions, i.e., pair-
wise interactions involving residues that are not nearest neighbors. The interaction
involving P5 and N7 suggests a type-I turn at the site of glycosylation R4-P5-S6-N7*
(N7* being the locus of N-linked glycosylation). Similarly, the interaction involving
T24 and 127 suggests a type-I turn at T24-G25-D26-127. In addition, a type-II turn at
G16-P-17-G18-Q19 and two B-strands/extended conformations flanking this turn
are indicated on the basis of intra-residue and nearest-neighbor inter-residue
NOEs. The secondary structural features mentioned above and the constraints of
the (S-S) bridge between C2 and C36 (Figure 1) are used in Step (ii) of Materials and
Methods to obtain various models in agreement with the NOESY/ROESY data.
From these models a set of 100 inter-residue distances are extracted as structural
constraints that are crucial for agreement with the NMR data. Observation of
almost all intra-residue H*-HN NOESY cross-peaks suggests that the effective tum-
bling time of the individual peptide units in the V3loop is long enough so that we are
able to capture distances less than 3 A in the laboratory frame NOESY experiment.
However, the inherent flexibility of the link between two neighboring peptides
allows a whole range of dynamics for the sequential interactions. The absence of a
given sequential NOESY cross-peak does not necessarily imply that the corres-
ponding distance is beyond a certain limit. The local dynamics of the link between
two neighboring peptide units may reduce the effective correlation time and thereby
place wt, in the intermediate range and elude the observation of corresponding
NOESY peaks in the laboratory frame experiments. We, therefore, supplemented
2D NOESY (100 & 400 ms of mixing time) with the ROESY (60 & 200 ms of mixing
time) data. This allowed us to observe inter-proton distances below a limit regard-
less of their effective correlation time. Full Relaxation-Matrix analyses allowed us
to stipulate two types of constraints: (1) upper and lower distance limits for the
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observed NOESY/ROESY peaks and (2) the lower distance limits for the unobser-
ved NOESY/ROESY peaks. These constraints are discussed in the Materials Methods
and in Table Il of the supplementary material. Only inter-residue distances are used
as distance constraints. The force constants, k, for the distance constraints corres-
ponding to the observed peaks are set at 5 KCal/Mole. During MC simulated
annealing and energy minimization if these constraints are violated by more than 1
A, then kisincreased to 50 KCal/Mole to bring the distances close to the constrained
values. The force constant, k, for the unobserved distances are set at 0.5 Kcal/Mole
so that the conformational search is not biased by these sets of constraints. A soft
force constant, k, of 1 KCal/Mole is used for the distances that correspond to the
observed (i) and (i+2/3/4) NOEs/ROEs (that are weak in intensity even at 400 ms
mixing time).

MC simulated annealing, followed by energy minimization subject to 100 distance
constraints, led to about 100 low energy structures in agreement with the NMR data
[see step (iii) of Materials and Methods). Out of these, 37 models with lowest energies
and rms deviations of 0.40+10 A with respect to the 100 distance constraints are
chosen as structural solutions. This rms deviation is on top of the allowed distance
range stipulated for agreement with the NMR data. Hypothetically, if this deviation
were zero then we would have a perfect agreement with the NMR data. Although
several starting structures are chosen, the simulated annealing protocol used in this
work is by no means an exhaustive search in the conformational space of the V3
loop. This method allows us to search for the local minima on the sampled space of
the V3 loop. The sampling is guided by the force-field and the set of inter-residue
distance constraints that satisfy the NMR data. The inherent nature of the flexibility
of this V3 loop is visualized by making the following observations. Although in the
set of energy-minimized structures the standard deviations in the (¢, y)-values are
within 30°, the average rms deviations in the spatial position of the C%atoms among
37 structures (Figure 8B) are aslarge as 1.5 A. This shows that even small changes in
(¢, y)-values when appropriately correlated causes a large overall change. Data pre-
sented here shows the nature of the conformational flexibility in the Chiang Mai V3
loop arising due mainly to correlated motions around the single bond torsions, i.e.,
peptide backbone angles (o, ), with little cost of energy. The extent of flexibility
shown here merely reflects the lowest possible values because the thermal motions
are filtered out after energy minimization.

Figure 8A shows the average folding pattern of the V3 loop; different secondary
structural elements are color coded. Although most of the residues are in the beta/
extended state (shown in green), the constituent secondary structural elements are
so assembled that in all 37 structures the GPG-crest at the center of the V3 loop
forms a protruding surface with Q19 exposed to the environment. Also the turn at
R4-P5-S6-N7* exposes N7* to the environment such that N7* is accessible for
glycosylation (Figure 8B). It may be noted that the amino acid site of glycosylation
often forms a beta-turn and resides on the exposed surface of the protein [21].

As shown in Figure 9, the extent of the flexibility of the Chiang Mai V3 loop is best
described by analyzing the average and the corresponding standard deviations of
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Table IX
Inter-residue distance constraints for 101 proton-pairs. The constraints belong to two categories : (1) con-
straints with specified ranges; (2) constraints specifying that the target distances should be above the
specified upperlimits. DIST = average distance for a proton-pair; standard deviation is shown inside the
parenthesis. DEQI and DEQ are the lower and upper distance limits. DEV = average deviation from the
specified constraint. Note that only about 10 constraints are violated by more than 1 A.

ATOMI1 RESI ATOM2 RES2 DIST DEQ! DEQ DEV
HA CYS2 HN THR 3 3.66 (.02) 4.00 5.00 .34
HN CYS2 HA SER 6 441 (.17) 3.00 4.00 41
HN CYS2 HB SER 6 5.04 (.19) 4.00 5.00 10 .
HA THR 3 HN ARG 4 3.71 (.05) 3.00 4.00 .00
HA PRO5 HN SER 6 2.27 (.08) 4.00 5.00 1.73
HA SER 6 HN ASN 7 2.68 (.07) 3.50 4.50 .82
HA ASN 7 HN ASN 8 2.60 (.07) 2.50 3.00 .00 *
HA ASN 8 HN THR 9 2.64 (.08) 4.50 5.50 1.86
HA THR 9 HN ARGI10 2.24 (.13) 5.00 5.00 2.76
HA ARGI10 HN THR11 2.35(.04) 2.50 3.00 15
HA THRI1 HN SERI2 2.52(.07) 2.50 3.00 02
HA SERI2 HN ISO13 2.34 (.07) 2.50 3.00 .16
HA ISO13 HN THRI14 2.19 (.01) 2.50 3.00 31
HA THR14 HN ISO15 2.82 (.05) 2.50 3.00 00
HA 1SO15 HN GLYl16 2.18 (.01) 3.50 4.50 1.32
HA PRO17 HN GLY18 249 (.07) 2.00 2.50 02
HA GLY18 HN GLNI19 3.49 (.03) 3.00 3.75 00
HA GLN19 HN VAL20 3.42 (.05) 3.00 3.75 .00
HA VAL20 HN PHE2] 2.46 (.05) 2.20 2.70 .00
HA PHE2] HN TYR22 230 (.11) 4.00 5.00 1.70
HA TYR22 HN ARG23 2.24 (.05) 4.50 5.50 2.26
HA ARG23 HN THR24 2.30 (.05) 3.50 4.50 1.20
HA THR24 HN GLY25 2.21 (.02) 295 295 74
HA GLY25 HN ASP26 2.83 (.28) 2.20 270 .19
HA ASP26 HN 1S0O27 2.47 (.04) 2.20 2.70 .00
HA 1SO27 HN 15028 227 (.02) 220 270 00
HA 1S028 HN GLY29 2.31(.03) 220 2.70 .00
HA GLY29 HN ASP30 2.74 (21) 2.50 3.00 01
HA ASP30 HN 1SO31 2.39 (.04) 2.50 3.00 A1
HA ISO31 HN ARG32 2.52 (.04) 2.50 3.00 .01
HA ARG32 HN LYS33 2.95(.27) 4.00 4.00 1.05
HA LYS33 HN ALA34 2.93 (.16) 4.00 4.00 1.07
HA ALA34 HN TYR35 3.17 (.16) 4.00 4.00 .83
HA TYR35 HN CYS36 2.94 (.07) 4.00 4.00 1.06
HB CYS2 HN THR 3 3.78 (.15) 4.50 4.50 72
HB THR 3 HN ARG 4 3.06 (:20) 2.50 3.50 .00
HB PRO 5 HN SER 6 4.21 (.17) 4.50 4.50 29
HB SER 6 HN ASN 7 3.64 (.10) 4.50 4.50 .86
HB ASN 7 HN ASN 8 4.73 (01) 4.50 4.50 23
HB ASN 8 HN THR 9 3.76 (.09) 4.50 4.50 74
HB THR 9 HN ARGI10 4.21 (.36) 4.50 4.50 29
HB ARGI10 HN THRI11 431 (.05) 4.50 4.50 19
HB THRI11 HN SERI2 391 (.07) 4.50 4.50 59
HB SER12 HN ISO13 4.30 (.10) 4.50 4.50 20
HB ISO13 HN THR14 4.35 (.05) 4.50 4.50 A5
HB THR14 HN ISO15 3.55 (.05) 4.50 4.50 95
HB ISO15 HN GLY16 4.33 (.02) 4.50 4.50 A7 .
HB GLNI19 HN VAL20 4.17 (.07) 4.00 5.00 .00
HB VAL20 HN PHE21 4.00 (.07) 4.50 4.50 .50
HB PHE21 HN TYR22 4.20 (.12) 4.50 4.50 30
HB TYR22 HN ARG23 4.25 (.14) 4.50 4.50 25
HB ARG23 HN THR24 443 (.12) 4.50 4.50 .10
HB THR24 HN GLY25 4.57 (.02) 4.50 4.50 07
HB ASP26 HN 1S0O27 3.76 (.08) 4.50 4.50 74
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Table II continued

ATOMI RES! ATOM2 RES2 DIST DEQ! DEQ DEV
HB 1SO27 HN 1S0O28 4.55 (.06) 4.50 4.50 .06
HB 15028 HN GLY29 3.84 (.05) 2.80 3.50 34
HB ASP30 HN 1SO31 2.85(.15) 2.80 3.50 04
HB 1SO31 HN ARG32 3.88 (.06) 2.80 3.50 38
HB ARG32 HN LYS33 4.10 (.34) 2.50 3.25 .85
HB LYS33 HN ALA34 2.21 (.06) 2.50 325 29
HB ALA34 HN TYR35 4.06 (.29) 2.50 325 .81
HB TYR35 HN CYS36 3.60 (.11) 4.50 5.50 .90
HN CYS2 HN THR3 3.57(.15) 4.50 4.50 93
HN THR 3 HN ARG 4 2.94 (.26) 2.50 3.50 02
HN SER 6 HN ASN 7 4.37 (.03) 4.50 4.50 A3
HN ASN 7 HN ASN 8 3.65(.11) 4.50 4.50 85
HN ASN 8 HN THR 9 4.35(01) 4.50 4.50 A5
HN THR 9 HN ARGI10 4.46 (.09) 4.50 4.50 .09
HN ARG10 HN THRI11 4.27 (.05) 4.50 4.50 23
HN THRI11 HN SERI12 441 (01) 4.50 4.50 09
HN SER12 HN I1SO13 4.16(.13) 3.00 3.50 .66
HN ISO13 HN THR14 3.93(.14) 4.00 4.55 .08
HN THR14 HN ISO15 432 (.02) 4.50 4.50 18
HN ISO15 HN GLY16 4.14 (.05) 4.50 4.50 36
HN GLY18 HN GLNI9 2.44 (.08) 2.70 325 26
HN GLNI19 HN VAL20 2.51 (.05) 2.70 3.20 19
HN VAL20 HN PHE21 4.40 (.02) 4.50 4.50 10
HN PHE21 HN TYR22 4.61 (.03) 4.50 4.50 11
HN TYR22 HN ARG23 4.10 (.07) 4.50 4.50 40
HN ARG23 HN THR24 4.60 (.06) 4.50 4.50 .10
HN THR24 HN GLY25 3.53 (.04) 4.50 4.50 97
HN GLY25 HN ASP26 4.36 (.04) 3.00 4.50 .00
HN ASP26 HN 1S027 441 (.04) 3.00 4.50 .00
HN 18027 HN 1SO28 4.49 (.05) 4.50 4.50 04
HN 1SO28 HN GLY29 4.58 (.04) 3.00 375 .83
HN GLY29 HN ASP30 4.38 (.05) 4.50 4.50 A2
HN ASP30 HN 1SO31 4.31(.04) 4.50 4.50 .19
HN 1SO31 HN ARG32 4.38 (.01) 4.50 4.50 12
HN ARG32 HN LYS33 2.78 (.36) 2.50 3.25 05
HN LYS33 HN ALA34 4.37 (.08) 2.50 3.25 1.12
HN ALA34 HN TYR35 1.90 (.08) 2.50 325 .60
HN TYR35 HN CYS36 4.28 (.07) 4.50 5.50 22
HA GLYl6 HD PRO17 2.18 (.04) 2.20 2.70 03
HN GLY18 HGI1 VAL20 531(.37) 5.00 6.00 .03
HA GLY25 HB ASP26 4.87 (22) 5.00 6.00 18
HB ASP30 HA ARG32 591 (.19) 4.50 5.50 4l
HG2 1S0O27 HA GLY29 4.83 (29) 3.00 4.00 .83
HB THR 3 HN ARG 4 3.06 (.20) 3.00 4.00 06
HN THR24 HA 18027 8.32(1.75) 4.50 5.50 2.82
HA GLY25 HN 1SO27 6.71 (.11) 4.50 5.50 1.21

the (o, w)-values for different residues. The average is taken over the 37 models that
are finally selected as structural solutions. The residues close to the C-terminal are
most flexible in terms of their (@, y)-values (Figure 9) and, consequently, in terms of
the spatial locations of their C*-atoms (Figure 8B). Although we located two turns
(one close to the N-terminal and the other close to the C-terminal), the presence of
two Gs and intrinsically flexible/dynamic (R32-K33-A34-Y35) segment (as dis-
cussed above) make the C-terminal half of the V3 loop intrinsically more flexible
part of the molecule. Table III containing the average values and the standard
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Figure 9: The average values and the corresponding standard deviations of the (¢, y)-values of different
residues in the Chiang Mai V3 loop. 37 structures shown in Figure 7B are considered. The residues close to
the C-terminal show the largeststandard deviations. The Cartesian coordinates of all 100V3 loop models
can be obtained from the authors on request.




Figure 8: Description of the Thailand
TN243V3 loop structure

(A) A ribbon diagram of the average
folding pattern in agreement with the
2D NMR data presented in Figures 2-
7 and in Table I of the supplementary
material. The secondary structural
elements are color coded: f-
strand/extended = green, turn and coil
= blue. The sulfur atoms of C2 & C36
involved in the (S-S) bridge are
shown in magenta. The residue C2 is
onthe leftand C36is ontheright. The
immunogenic tip containing GPG at
the center forms a protruding surface.
The first turn close to the N-terminal
contains the residue N7* (the site of
N-linked glycosylation).

(B) Superposition of 22 lowest energy
structures in agreement with the 2D
NMR data in two different
orientations. The rms deviations of
these structures are 40 +/- 10 A with
respect to the 100 distances obtained
as experimental  structural
constraints. Note that only C%-atoms
are shown for clarity. The residues
close to the C-terminal show greater
flexibility. The van der Waal surfaces
of N7* and Q19 are shown. Note that
both functionally determinant sites are
exposed to the environment. Out of 37
finally selected structures, only 22
models that do not show close overlap
are shown here. In different structures
the relative positions of Q19 are
different with respect to C2 and C36
but not the local structure of G16-
P17-G18-Q19 and the associated
solvent accessibility of Q19.
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deviations of all torsion angles [i.e., (o,v, xl, x2, x3, etc.)] is also included in the sup-
plementary material.

The molecular diagrams in Figures 8A & 8B and (9, y)-values in Figure 9 show that
most of the individual amino acids reside in the extended conformation. This con-
clusion is based upon the observation of typical sequential H*(i)-HN(i+ 1) NOESY/
ROESY connectivities and values of the JJH*-HN) coupling values shown in Figures 3
and 7. The H%(i)-HN(i+ 1) NOESY/ROESY connectivities alone cannot justify an
extended conformation. For example, such connectivities are often observed also in
a"random coil” in which each residue samples several (¢, y)-values. For some of the
(9, v)-values, the H*(i)-HN(i+1) distance can be short enough to show NOE/ROE.
However, for a random coil, an average value of J(H"-HN) coupling should be
observed, i.e., a value of about 6-7 Hz. The o-value corresponding to an average
value of J(H*-HN) coupling may never be adopted by a residue. This is especially
true when a residue samples around two distinctly separated @-values (perhaps
separated by a barrier), i.e., (1) the alpha-helical region (p=>50°+30°) giving rise to
an average J(H®-HN) coupling of 5 Hz and (2) the region of extended conformation
((p=150°+30°) giving rise to an average J(H*-HN) coupling of 9 Hz. We have deter-
mined J(H*-HN) couplings for various residues from the DQF-COSY data (Figures
3 and 7). We ascribe extended conformation only to those residues that simultaneously
show strong or medium H(i)-HN(i+ 1) NOESY/ROESY connectivities and J(H"
HN) couplings greater than or equal to 10 Hz.

Discussion

As explained in the Introduction, accurate determinations of (1) the global tertiary
fold and (2) the local structure of the PND are needed for explaining the antigenic
specificity of the V3 loop. In addition, the fact that the hypervariability of the amino
acid sequence flanking the conserved GPG-sequence results in the variability in the
antigenic specificity of the V3 loop, makes it necessary to perform a systematic study
to quantify the effect of the amino acid sequence variability on the structure/
antigenicity of the V3 loop. We show in this article that the residues flanking the
GPG-sequence of the Thailand TN243 V3 loop adopt extended conformation. The
protruding PND surface, which contains 5-7 amino acids contiguous in space and
in sequence, can be recognized by an antibody via "direct reading mechanism.”
However, if the amino acids in the regions flanking the GPG-sequence are folded
into an a- or 3 -helix, the protruding PND surface can still be formed by 5-7 amino
acids contiguous in space but not necessarily in sequence. In such an "indirect read-
ing mechanism,” residues in the interior of the antigenic tip also play an important
rolein deciding the size and shape of the cavity (and hence also the size and shape of
the surface). We have identified a more folded conformation at the GPG-crest of the
HIV-IIIB V3 loop theoretically in presence of a monoclonal antibody, and have
subsequently verified the presence of such a conformation by site-specific mutations
[22,23]. The goal of such studies is to classify V3 loop sequences in terms of their (1)
global tertiary fold and (2) local structure of the PND, rather than by their amino
acid sequence. Determination and classification of structural/antigenic properties
of the V3 loops will be useful in vaccine development.
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Table ITI
The average values of all torsion angles and the corresponding standard deviations. 37 structures are
used. Note that the residues close to the C-terminal cystine (C36) show the largest deviations in their tor-
sion angles. NOESY/ROESY data contains information about (@,y.x").

® v © X X X X e X
C2 81 64 -16] 178
5 7 7 10
T3 75 -3 150 50 165 -43
12 4 10 18 17 28
R4 86 106  -159  -168 177 176 -173 1 179
5 10 9 21 3 18 26 46 2
P5 75 84 -176
0 8 3
S6 -151 177 175 -84 -54
8 3 6 24 55
N7 85 64 176 -171  -104 0
2 3 3 1 1 0
N8 2160 169 -179 90 104 0
2 5 2 5 1 1
T9 99 122 174 -59 71 176
3 14 2 2 2 4
R 10 2155 144 -178  -109  -77 -176 82 3 -177
9 4 4 6 4 5 3 4 2
T11 41 175 175 -171 83 -173
3 4 2 1 13 1
S 12 2170 137 -165 83 56
2 5 9 3 6
113 158 118 -177  -176 168 44 67
5 5 2 2 2 3 1
T 14 -177  -166  -175 178 97 55
3 2 3 24 18 8
115 145 120 -177 -174 168 -45 68
2 2 1 1 1 2 1
G 16 145 108 178
2 2 2
P17 5 69 179
0 3 2
G 18 109  -16 177
2 2 1
E 19 95 -13 41712 -160 176 98 -179
2 3 4 3 2 0 1
V20 144 161 -178 78 63 40
3 3 2 8 4 5
F21 81 137 -178  -178 81
3 6 4 2 3
Y22 168 136 172 173 79 -179
7 4 3 11 13 3
R23 29 124 -167 -1l T3 -63 156 -168 3
4 4 3 14 7 4 9 5 29
T24 166 96 -178 174 81 -36
5 3 6 4 21 1
G25 15 -172 172
25 2 5
D26 143150 179 -56 -82
12 24 3 17 4
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Table III continued
0 v ® X X X x X e X
127 -107 144 153 -131 179 -51 45
14 9 2 19 18 18 19
128 -88 146 175  -46 177 -173 -42
7 3 2 4 4 17 1
G29 145  -160 178
3 12 3
D 30 -151 151 177 54 99
3 3 3 2 4
131 -149 168 -178  -159 153 -169 62
2 3 4 15 21 20 8
R32 -117 5l 169 -4 -70 172 -171 174 179 178
7 20 6 5 3 11 4 3 1 1
K 33 .14 -179 -156 75 157 -170 157 56
13 7 5 5 14 8 30 7
A34 -163 13 -151 .55
11 10 8 2
Y35 -176  -160 168 -147  -123 0
9 1 6 4 4 41
C36 127 89 179 -173
9 17 1 16
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Abstract

Human mucins are T or S glycosylated tandem repeat proteins. In breast cancer, mucins
become under or unglycosylated. Two-dimensional nuclear magnetic resonance experiments are
performed on chemically synthesized mucin tandem repeat polypeptides, (PDTRPAPGST-
APPAHGVTSA)n in the unglycosylated form for n=1,3 where (APDTR) constitutes the
antigenic sites for the antibodies isolated from the tumors in the breast cancer patients. These
studies demonstrate how the tandem repeats assemble in space giving rise to the overall ter-
tiary structure, and the local structure and presentation of the antigenic site (APDTR) at the
junction of two neighboring repeats. The NMR data reveal repeating knob-like structures
connected by extended spacers. The knobs protrude away from the long-axis of Muc-1 and
the predominant antigenic site (APDTR) forms the accessible tip of the knob. Multiple tan-
dem repeats enhance the rigidity and presentation of the knob-like structures.

Introduction

Human mucins are a family of high molecular weight, heavily glycosylated proteins
which are dominated by large tandem repeat (TR) domains (1-4). Mucin tandem

* Author to whom correspondence should be addressed.

¥ This work was supported by the LANL grant XL 77.

Abbreviations Three Muc-1 tandem repeats (3TR), one Muc-1 tandem repeats (1TR)3-trimethylsilylprop-
ionate (TSP), Monte Carlo (MC), parts per million (ppm), Rapid Multiple Peptide Synthesizer (RaMPS),
trifluoroacetic acid (TFA)9-fluorenylmethyloxycarbonyl (Fmoc), total correlation spectroscopy (TOCSY),
rotating frame Overhauser effect spectroscopy (ROESY), nuclear Overhauser effect spectroscopy (NOESY),
double quantum filtered correlated spectroscopy (DQF-COSY), end-to-end length of protein (Re), major
histocompatability complex (MHC), B-D-N-acetylgalactosamine (GalNac), Single letter amino acid
codes are as follows: A=alanine, D=aspartic acid, G=glycine, H=histidine, I=isoleucine, P=proline,
R=arginine, S=serine, T=threonine, V=valine
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repeat domains vary in size, proline content, and potential extent of glycosylation.
Underglycosylation of the human mucin Muc-1 tandem repeat domain in certain
breast, pancreatic and ovarian tumors results in the unmasking of protein core
epitopes (5-8). Tumor reactive, mucin-specific monoclonal antibodies reveal dif-
ferences between the surface of Muc-1 derived from tumors and normal tissues
(6,9,10). Synthetic peptide studies show that most tumor specific antibodies recognize an
epitope within the tandem repeat protein core of Muc-1 (11,12).

Humoral immune responses and the epitope specificity of antibodies to the tandem
repeats of Muc-1 raise interesting structural questions (the sequence in each repeat
is PDTRPAPGSTAPPAHGVTSA). For example, every monoclonal antibody that
hasbeen shown to be specific for the protein core of the TR domain of Muc-1, and in
which the fine specificity has been mapped, recognizes some or all of the sequence
A0-P1-D2-T3-R4-P5-A6 (A0 is the last residue from the previous repeat). This
includes 19/19 different monoclonal antibodies to the protein core reviewed by
Devine and Mckenzie (13) and Taylor-Papadimitriou (10). In addition, mucin
specific IgM humoral immunity which has been detected in sera from patients with
breast and ovarian cancer has been determined to be specific for the A0-P1-D2-T3-
R4-P5 as well (14,15). The induction of exclusively IgM antibodies in cancer patients
suggests a mechanism of cross-linking of Ig receptors by multiple epitopes includ-
ing the sequence A0-P1-D2-T3-R4-P5. The questions that immediately arises are:
Why is the antibody specificity always centered on the sequence A0-P1-D2-T3-R4-
P5? Is there a structural explanation for the immunodominance of this epitope?

Tumor reactive Muc-1 specific cytotoxic T-cell lines have been described from
breast and pancreatic cancer patients in which it was indicated that the antigen
specificity was the intact protein core of Muc-1 expressed by these tumors, and not
the processed and presented forms (7,16). These o/ T-cells showed a lack of MHC-
restriction, that is they were able to kill both breast and pancreatic tumor cell lines
from individuals with different MHC alleles (16). Additional studies demonstrated
that tumor reactive non-MHC restricted CTL lines and clones could be blocked by
monoclonal antibodies to the same immunodominant epitope (A0-P1-D2-T3-R4-P5) of
the Muc-1tandem repeat, and not by an antibody to HLA class I(W632)(17,18). The
multivalent nature of the TR domain suggests a possible mechanism for cross-
linking of T-cell receptors in the process of MHC unrestricted T cell activation (19).

We have undertaken the current study to gain insight into the structural basis of the
observed antibody immumodominance and MHC-unrestricted immunogenicity
of Muc-1 tandem repeats. The primary structural/functional question raised by
Muc-1, concerns the relationship between numbers of tandem repeats and the for-
mation of the immunodominant antigenic determinant site, A0-P1-D2-T3-R4-P5.
Two-dimensional nuclear magnetic resonance (2D NMR) spectroscopy on chemically
synthesized mucin tandem repeat polypeptides, (PDTRPAPGSTAPPAHGVTSA)
and (PDTRPAPGSTAPPAHGVTSA)3, provide information about the global ter-
tiary folding (and associated packaging) ofthe TR domain and the local structure of
the antigenic determinant. These structural studies on Muc-1 TR with various
repeat numbers, n, reveal thatlarger number of repeats (n > 2) enhance the definition of
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theimmunodominantsite. In addition, we learn how these sites are spatially located
and oriented with respect to each other.

Materials and Methods
Peptide Synthesis

Tandem repeat peptides 1TR and 3TR corresponding to 1 tandem repeat (20 residues)
and 3 tandem repeats (60 residues) are synthesized by a manual solid-phase strategy
using 9-fluorenylmethyloxycarbonyl protected amino acids. The final products are
peptide amides. The procedures for synthesis, purification, and characterization of
the peptide products are described in detail elsewhere (20). Briefly, 20, and 60 amino
acid peptides are synthesized using the Rapid Multiple Peptide Synthesizer (RaMPS)
apparatus from Dupont (Boston, MA). For 3TR, once the peptide chain reached 30
residues, the resin was split in half and separated into two reaction cartridges to
allow space for the peptide chains to expand in the cartridge. Once the resins were
divided, the concentration of input amino acid was maintained at.5 mM in order to
drive the coupling reaction to completion with high efficiency. The products of the
synthesis were deprotected and cleaved from the resin support in concentrated
trifluoroacetic acid (TFA) in the presence of the appropriate scavengers. The TFA
soluble products were extracted sequentially in organic solvents and then transferred to
water and lyophilized. The peptides were purified by conventional gel filtration and
reverse-phase high pressure liquid chromatography (HPLC). Molecular weight
characterizations of the peptide products are performed with an electrospray mass
spectrometer which verified thatthe desired products were obtained with high yield.
The correct molecular weight product is purified by high pressure liquid chromatography
(HPLC) prior to NMR analysis.

NMR Experiments and Sequential Assignments

All the spectra were recorded in a Bruker 500 MHz AMX instrument at 10 C with 5
mM peptide concentration in .01 M phosphate buffer (pH 5.5). All 2D data were
acquired in the phase-sensitive mode with the saturation of the HDO signal during
the relaxation delay. DQF-COSY data were collected with the following acquisition
parameters: data matrix (t2=2048,t1=1024); relaxation delay = 1.5 s; number of
transients = 32. TOCSY data were collected with the data matrix (12=2048,t1=1024);
relaxation delay = 1.5 s; number of transients = 32; isotropic mixing = 60ms;
MLEV-64 pulse sequence for spin lock. NOESY data were collected with similar
acquisition parameters and for 500 and 200 ms of mixing. ROESY data were collec-
ted in the phase-sensitive mode using the CW-spinlock pulse sequence with the
following acquisition parameters: data matrix (t2=2048,t1 =512); mixingtime = 150
ms; relaxation delay = 1.5 s; number of transients = 32. The sequential assignment
of 3TR is obtained by combining TOCSY, DQF-COSY, and NOESY data.

Extraction of Inter-proton Distances as Structural Constraints from the NMR Data

This step involves obtaining an energetically stable structure given the secondary
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structural states of the constituent amino acid residues as obtained by analyzing the
sequential NOESY and ROESY pattern. Appropriate ranges of (¢ , v) values are
assigned to all amino acids. For example,

0} = —55°+25° vy = —55°+25° for residues in a helix;

(0] =—140°+50°, y = 140°+50° for residues in a beta strand or
: in an extended conformation;

Q. =—65°120°, wy;,, =-—50°+20°

9y =—90°+20°, w;,, = 0°+£20° for residues in a type-I turn;

0y =—65°120°, w,,, = 120°%20°

Oy = 90°£20°, vy,

0°+20° for residues in a type-II turn.

(o, w) of residues in the coil state are set free to choose any values in the allowed
space (for definitions of different secondary structures and corresponding (¢, y)-
values, see Ramachandran & Sasisekharan, 1968 (21)).

We obtain starting mucin structures by a linked-atom-least-square refinement by
minimizing a function, F, only in the (¢, y) space.

F = R-Factor + Zij (djjmn - pmn)2
(1
R-Factor =
Zio

Io = observed NOESY intensity and Ic =calculated NOESY 1nten51ty by full-
matrix NOESY simulations; d; "= the actual distance between atom i (type m) and
atom j (type n) and D™" = correspondmg contact limits between atom types m and
n. The sum extends over all pairs (i,j) of spins for which NOESY cross-peaks are
observed. Full-Matrix NOESY simulations with respect to experimental data at two
mixing times (one low and another high) enable us to include both primary and
higher orders of NOEs. Thus, the complications in the distance estimate using a
two-spin model often encountered at a high mixing time due to spin-diffusion (i.e.,
higher order NOEs) are avoided in the Full-Matrix NOESY simulations where all
spins are considered in the relaxation (22). Such a simulation at two mixing improves
the rigor of distance estimates.

In this refinement, first the (¢, y) values of various residues are only elastically
varied (i.e., variables with weights) such that by appropriate choice of weights the
experimentally determined secondary structural states of residues are minimally
altered (23). Finally the potential energy of the ITR/3TR sequence is minimized in
the (9, v, ®, x) space using the force-field of Scheraga and co-workers (24). The
minimization of the function, F, in the (¢, y) space followed by the energy-
minimization in the (o, y, ®, x) space is repeated for 30 different starting structures
(25). The set of 30 different structures are chosen such that they are confor-
mationally different; by considering the positions of the Ca atoms the rms deviations
among the chosen 30 structures are greater than 2.5 A. As discussed later, such a
large deviation is possible because of the flexibility in the mucin spacer. Although
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the residues in the spacer remain in the extended conformation, the correlated
motions in the backbone torsion angles of these residues can cause a large change
without altering the sequential NOEs. The choice of 30 different starting structures
duly account for the whole range of spacer flexibility. At the end of this procedure,
we obtain a set of 30 models in agreement with the NOESY and ROESY data. From
these models, a set of inter-proton distances are extracted as structural constraints
required for agreement with the NOESY/ROESY data. Each pairwise distance rep-
resenting a structural constraint provides an upper and alower limit of the distance.
Two types of constraints are identified.

Bype 1
This is given as
EDIST= 0 if the distance r is within a specified range rl & 12
= k(r-r1)?if r < rl
= k(r-12)? if r > r2. k : force constant.

Bpell
This is given as
EDIST=0ifr >rl
= k(r-r1)? if r < rl.

This type is particularly useful for an unobserved NOE where we can set a lowest
allowable distance limit for the corresponding proton pair. Analyses of the 2D
NMR data of 3TR produced 220 inter-proton distance constraints.

Examination of the Conformational Flexibility Subject to the NMR Data

The energy term, EDIST, is added to the force-field as in Scheraga and co-workers
(24). The simulated annealing is performed (26) in the following manner. First, a
starting energy-minimized structure is chosen and Monte Carlo (MC) simulations-
are performed for 50,000 steps at 1000K in the (9, ¥, ®, x)-space; the last accepted
conformation is stored to be subsequently used as a starting conformation in the
next lower temperature-cycle. Second, 50,000 MC steps are repeated in several cycles
of gradually decreasing temperature until a temperature of 100K is reached. Third,
the lowest energy configuration at 100K is further energy-minimized to alowenergy
gradient. This is the "temperature quenching” step in which thermally excited single
bond rotations around the equilibrium positions are quenched. Finally, the first
three steps are repeated for 120 different starting conformations which comprise of
the 30 starting structures obtained after the step discussed in the previous paragraph
and 90 other structures as obtained after carrying out first through third steps of the
simulated annealing protocol. The maximum step size of the torsion angles was set
at 15 degrees which produced acceptance ratios of .20-.50 for the 50,000 step MC
cycle at each temperature. Full-Matrix NOESY calculations were re-computed for
the final 120 Muc-1 3TR structures. Details of the simulated annealing procedure
and its application in efficient conformational search have already been described
elsewhere (22, 27).
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Figure 1: ROESY cross-section of the finger print HN-H" region of 5 mM ITR in 90%H,0+10%D,0 at
10°C (10 mM phosphate buffer with pH 5.5).

Results
NMR Data of a Single Muc-1 Tandem Repeat (ITR)

For 1TR, the total correlation spectroscopy (TOCSY) and rotating frame Overhauser
effect spectroscopy (ROESY) data are used to arrive at the sequential assignment of
the protons belonging to the constituent amino acids; then ROESY data are used to
estimate various inter-proton distances. 2D NMR studies on 1TR, show a flexible
extended conformation of the molecule. The flexibility and the dynamics of the
molecule is such that the effective correlation time for most of the pair-wise inter-
proton interactions are fast enough to elude the observation of the corresponding
nuclear Overhauser experiment (NOESY) cross-peaks in the laboratory-frame
NOESY experiments. However, several inter-residue interactions are identified in
the ROESY experiment (28, 29). Figure 1 shows the HN-H® or the finger-print
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region of the ROESY spectrum of 1TR. The prominent sequential H%(i)-HN(i+1)
and the absence of HN(i)-HN(i+ 1) NOEs indicate an extended conformation. The
absence of most of the inter-proton interactions in the NOESY (30, 31) indicates that
the extended structure is flexible. In addition, itis also evident from the NMR data of ITR
that the (A)PDTR-turn is not formed in the absence of A from the previous repeat.

Previous studies have shown that an unglycosylated 11 residue Muc-1 peptide can
contain residual B-turn structure (32, 33). Scanlon et al. found a type I turn through the
residues D2-T3-R4 using one complete tandem repeat p(1-20) for (34) and in three nine
residue mucin or substituted mucin peptides (35). The difference in the type of turn and
the one residue shift could be attributed to a preferential stabilization of the type I f-turn
conformation in the organic solvent, dimethyl-sulfoxide used in this work. However,
these studies reveal a tendency toward the formation of -turns within this region.

NMR Data of Three Muc-1 Tandem Repeats (3TR)

Structural analyses of 3TR, (PDTRPAPGSTAPPAHGVTSA)3, involve a more
extensive data set that includes the TOCSY and NOESY data for sequential assign-
ment, double quantum filtered correlated spectroscopy (DQF-COSY) and the
NOESY data at 500 and 200 ms of mixing times for structure derivation. Table I lists the
chemical shift values of the protons belonging to the residues in 3TR. The observation of
interproton interactions in the 500 and 200 ms of mixing time NOESY experiments
indicates that 3TR is structurally more ordered than 1TR. Figure 2A and 2B show

Table I
Chemical Shift Values for the Central Tandem Repeat
NH H° Hf HY other
A20/40 843 463 139
P21/41 442 2.30 192 3.81/3.68 (HY)
D22/42 8.51 464 2.74/2.67
T23/43 8.14 433 427 1.20
R24/44 8.32 462 1.80 171 322 (HY)
P5/25/45 441 228 1.88 3.83/3.62 (HY)
A6/26/46 8.54 459 138
P7/27/47 443 232 1.96 3.85/3.68 (HY)
G8/28/48 8.60 3.99/3.95
$9/29/49 822 4.54 3.95/2.90
T10/30/50 8.28 439 425 1.21
Al1/31/51 834 461 1.36
P12/32/52 471 236 1.90 3.86/3.64 (HY)
P13/33/53 439 228 1.86 3.83/3.63 (H?)
Al4/34/54 847 425 135
H15/35/55 8.47 469 3.26/3.20 7.28 (4H)
G16/36/56 847 4.00/3.97
V17/37/57 820 424 2.13
T18/38 8.39 443 425 1.2
$19/39 8.37 447 3.85

Chemical shift values in ppm of the protons belong to 20 central amino acids in 3TR at 10°C and at pH
5.5. The chemical shift values are given with respect to 3-trimethylsilylpropionate (TSP) as the internal
standard. The sequential assignment is obtained by combining TOCSY and NOESY data.
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Figure 2: NOESY cross-section of (A) the finger print HN vs. H® region and (B) HN vs. HN region of 5
mM 3TR in 90%H,0+10%D,0 at 10°C (10 mM phosphate buffer with pH 5.5).

]



‘a|6uel) jeiae|inbe ue J0 SIBUI0D OM] PJEMO) PBIUBIO SOUY 8Yl 8ARY S = 84 YIM L-oNnjA Jo wio] papjo} Anoedwod v (1ybu)
(D) "suonoaup aysoddo Buioey sqouy eyl Yim (Yo =) oY olelpawliaiul yim ainonlis ealeiuasaldal v (eppiw) (g) "ainioniis siyl ul yes
= oY '9|NO9joW BU} JO 80k} awes a8y} wolj Buipniioid sqouy ayl yum ainjoniis palebuole ey (49)) (v) ‘leyloue auo O} aAle|al Sqouy 8y} Jo
uoneusLIo ay) pue (ay) yibus| pus-oj-pus ul Ajewnd Area 1eyl 1-on H1g Jo saamonis HIAN Abieus-moj g|qissod jo sejdwex3 :g ainbig

"G66 | Ay ‘SouBuAg pue 81njonJIs Jeinosjowolg Jo jeuinopr
‘eldno ‘D pue uuld 1O ‘Yosusawoq ‘N ‘iseie) 'd ‘ueddenepy eueylues ‘A 'S ‘lousiuod ‘g ' ‘edoydg
JuBUILIOpOUNWW| pajeadey Ajwapue] & Buiulejuos) uabiuy paleIdossy Jown| B JO 8iNonis :woi4




A Tandemly Repeated Epitope 253

the NOESY cross-sections (mixing time = 500 ms) for HN vs. H* and
HN vs. HN regions. Several features of an ordered structure are evident from Figure
2. For example, excepting a few residues atthe N- and C-terminal, the same residues
in different repeats experience the same chemical shift environment and also show
equivalent inter-residue NOE patterns as would be expected for a tandemly repeat-
ing structure.

- Local Structure of the Inmunodominant Epitope

The diagnostic NOE pattern of importance is the one involving the immunodomi-
nant epitopes, i.e., A20-P21-D22-T23-R24 and A40-P41-D42-T43-R44. The sequen-
tial H*(i)-HN(i+1) and HN(i)-HN(i+1) NOEs are indicative of a type-II B-turn of
APDTR centered around P and D (36). Figure 2A shows the strong H¥P)-H%A)
and H*(P)-HN(D) NOE:s that are characteristics of a tight type-II f-turn; in addi-
tion, Figure 2B shows the inter-residue HN(D)-HN(T) NOEs are consistent with a
type-II B-turn. In contrast, a type I B-turn at this position should produce weak
sequential H*(i)-HN(i+1) and H*(i+1)-HN(i+2)NOEs (37). This pattern of NOEs
for the type I B-turn in the immunodominant epitopes A20-P21-D22-T23-R24 and
A40-P41-D42-T43-R44 of 3TR are the same as described for the principal neutraliz-
ing determinant (PND) with sequence GPGRA that is located inside the third vari-
able (V3) loop of the human immunodeficiency virus type I (HIV-1). Incidentally,
HIV GPGR is favored to form a stable type II B-turn (23, 38). For example, the NOE
pattern observed for the PND fragment of HIV (GPGRA) is strong H(P(i+1))-
H*(G(i)), H*P(@i+1))-HN(G(i+2)), medium/strong H(G(i+2))-HN(R(i+3)) and
medium/weak HN(G(i+2))-HN(R(i+3)) (22, 39). The same pattern of NOEs are
observed for the mucin immunodominant epitope involving residues APDTR as
shown Figures 2A and 2B. The NMR observations of a type II f-turn in the HIV-
PND sequence (GPGR) were verified subsequently with crystallographic evidence
(40). Wilmot and Thornton, using a set of 59 protein crystal structures, found a
sequence preference for type II p-turns that included proline in the i+1 position
followed by either G or N in the i+2 position (38). When N is present at the i+2 posi-
tion, the (@;,, , V,,,) values shift to the region 3 of the Ramachandran plot with
0,,,=60+30 and v, ,=60+30 from the ideal values of (90, 0), which is stereochemically
only possible for G. Such a departure from the type II f-turn helps to accommodate
the heavier sidechain of N. This departure also weakens the C=0(i)..HN(i+3) H-
bond. Butthe energeticloss due to the weakening of the H-bond in the type II f-turn
with N at the (i+2) position is always compensated by the electrostatic interactions
of the N with neighboring residues (38). The type II B-turns (APDTR) in 3TR also
show the experimental evidence for the formation of a salt bridge through the side
chains of D22/R24 and D44/R44. We could observe R side chain NH2 group signals
that were broad but low-field shifted to 10 ppm in the spectrum of 3TR in water as
measured by the "jump and return” method (41) (absent in the spectrum of 1TR).
This low-field shift of the R side chain NH2 proton signals demonstrates partial
burial of these groups from the solvent. Salt bridge formation with the COO- group
of D and NH2+-C-NH2+ group of R is indeed possible when the immunodomi-
nant epitope APDTR takes a tight turn as described above. Scanlon et al. also found
evidence for salt bridge formation between the side chains of D2 and R4 using a 20
residue peptide dissolved in dimethyl sulfoxide (34). Although, Scanlon et al. propose a
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pattern observed for the PND fragment of HIV (GPGRA)) is strong I-IS(P(i+ 1))-
H%G(i)), H(P(i+1))-HN(G(i+2)), medium/strong HY(G(i+2))-HN(R(i+3)) and
medium/weak HN(G(i+2))-HN(R(i+3)) (22, 39). The same pattern of NOEs are
observed for the mucin immunodominant epitope involving residues APDTR as
shown Figures 2A and 2B. The NMR observations of a type II p-turn in the HIV-
PND sequence (GPGR) were verified subsequently with crystallographic evidence
(40). Wilmot and Thornton, using a set of 59 protein crystal structures, found a
sequence preference for type II B-turns that included proline in the i+1 position
followed by either G or N in the i+2 position (38). When N is present at the i+2 posi-
tion, the (@;4, , ¥;,) values shift to the region 3 of the Ramachandran plot with
¢,4,=60£30 and vy, ,=60+30 from the ideal values of (90, 0), which is stereochemically
only possible for G. Such a departure from the type II B-turn helps to accommodate
the heavier sidechain of N. This departure also weakens the C=0(i)..HN(i+3) H-
bond. But the energetic loss due to the weakening of the H-bond in the type II B-turn
with N at the (i+2) position is always compensated by the electrostatic interactions
of the N with neighboring residues (38). The type II B-turns (APDTR) in 3TR also
show the experimental evidence for the formation of a salt bridge through the side
chains of D22/R24 and D44/R44. We could observe R side chain NH2 group signals
that were broad but low-field shifted to 10 ppm in the spectrum of 3TR in water as
measured by the "jump and return” method (41) (absent in the spectrum of 1TR).
This low-field shift of the R side chain NH2 proton signals demonstrates partial
burial of these groups from the solvent. Salt bridge formation with the COO- group
of D and NH2+-C-NH2+ group of R is indeed possible when the immunodomi-
nantepitope APDTR takes a tight turn as described above. Scanlon et al. also found
evidence for salt bridge formation between the side chains of D2 and R4 using a 20
residue peptide dissolved in dimethyl sulfoxide (34). Although, Scanlon et al. propose a
type Iturn at (P1-D2-T3-R4) with D2 and T3 as the central residues of the turn. The pre-
sence of a strong H*(D2)-HN(T3) disfavors such a turn. However, a typeI1(P1-D2-T3-R4)
could conceivably co-existwith the type Il turn at AO-P1-D2-T3. Regardless, the presence
of a turn of any kind creates a protruding knob at A0-P1-D2-T3-R4. The absence of this
tight turn in 1TR clearly indicates that residues at the TR interface contribute to the for-
mation of a well defined APDTR turn. Finally, when all three APDTR segments in 3TR
were replaced by (GPGRA) of the HIV-1 PND we observed that the latter was struc-
turally isomorphous with same sequence inside the V3 loop and with the APDTR of
3TR. All these data are consistent with a type II B-turn of the APDTR sequence (42).

Figure 3 shows the finger-print region of the DQF-COSY data; the J(HN-H®) coupling
constants in the figure reveal ¢-values in the range of +80 to 180. The J(HN-H®) coupling
constants for the internal tandem repeat of Muc-1 3TR are as follows D(9.3), T(8.9),
R(13.5), A(83), G(11.0), S(8.7), T(9.2), A(13.5), A(7.7), H(9.9), G(12.1), V(8.9), T(8.9), S(8.3),
A(9.8). The J(HN-H") coupling constants for the terminal residues are as follows R4 9.8),
T58 (8.4), 559 (11.0), A60 (8.1). The D2 cross peak was not observed in this cross section.
The J coupling constants are estimated using FELIX software; the J coupling values
are therefore approximate and only provide the upper bounds.

Knob-Like Structures of Muc-1 3TR

As explained in Methods, NOESY data at 200 and 500 ms of mixing are used for distance

e




. R |

e

A Tandemly Repeated Epitope 255

Immunodominant Knobs

Extended Spacer
Structure

Figure 4: Conserved structural features of the tandem repeat domain of Muc-1 include; Repeating and prot-
ruding knob-like structures consisting of sequential reverse turns that span tandem repeat interfaces (residues
17-27, 3747), an extended region composed of polyproline I and B-strand structure (residues 10-15, 30-35, 50-
55). The N- and C- terminal 2-3 residues are unordered due to the absence of adjoining tandem repeats.

are used for determining the J(HN-"H) coupling constants required for estimating
various ¢ angles. A total of 220 distance constraints are derived using a full-matrix
NOESY simulation (22); in this method all orders of NOE are considered as data
not merely the primary NOEs. Therefore, the spin-diffusion problem (i.e. the presence of
higher order NOEs is not a problem but are included in the data set. The 45 torsional and
the 220 distance constraints are then incorporated in a Monte Carlo (MC) simulated
annealing procedure to sample different 3TR conformations that agree with the NMR
data (26, 43). Simulated annealing constrained to the NMR data results in 120 energy-
minimized structures for 3TR. All of the structures share critical features as shown in
Figure 4 — i, (1) a solvent exposed protruding knob with the immunodominant
APDTR turn at the tip, (2) the protruding knob spanned residues V17-P27/V37-P47
thereby including the last 4 residues from the previous repeat, (3) the knobs are connec-
ted by an extended spacer structure (comprising of B-strand and poly-proline confor-
mations) for residues 30-35, and (4) extended conformations are also detected for the
residues 10-15 and 50-55. The conformational difference among the sampled structures
is the difference in the end-to-end length (R,) and the relative spatial orientation of the
two knobs. The predominant portion of the sampled structures show R, = 70-90 A(data
not shown). The large extent of variation in the R, (= 30-50 A) prompted us to examine
the nature of variation in the backbone torsion angles of the sampled structures of 3TR
that finally produce the variation in the R.. Table I lists the average values and the stan-
dard deviations of the backbone and side chain torsion angles for the 20 central residues
in 3TR.Itis seen that the standard deviations in the backbone torsion angles are below 10
degrees excepting for a few residues. Therefore, small changes in the backbone torsion
angles correlated over several residues gives rise to large variations in R.. The sam-
pled structures all show similar agreement with the NMR data. Figure 5 shows three
such structures of 3TR for long, intermediate, and short R,. Conserved structural
features (1)-(4), described above, are retained in all three structures. However, ter-
tiary chain-folding patterns are different in these structures. The structure of 3TR
with the long R, (Figure 5A) has the protruding immunodominant knobs arranged
on a linear extended chain; the structure with the intermediate R, has the knobs in
opposite orientations (Figure 5B); the structure with the short R, has the knobs
pointing out from the two corners of a triangle (Figure 5C). These structures illus-
trate an unusual characteristic of Muc-1, the ability to present multiple copies of an
antigenic determinant with flexibility in the intervening sequences.
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Antigenic tip of Muc-1

Figure 6: Structure of the immunogenic knob comprising of the central eleven residues, (V17-T18-519-
A20-P21-D22-T23-R24-P25-A26-P27). Note that residues 3747 in the same molecule show almost identical
structure. All the low-energy NMR-derived structures show similar structures for residues 17-27 or 37-47.

Figure 6 shows the structure of the immunogenic knob comprising of the central
eleven residues, (V17-T18-S19-A20-P21-D22-T23-R24-P25-A26-P27). Such a knob
configuration is common to all the low energy structures of Muc-1 3TR. The local
structure of the residues 18-26is virutally indistinguishable to that of residues 38-46.
A close examination of the knob reveals a double bend at the tip. Two bends are cen-
tered around P21-D22 and D22-T23. These two consecutive bends bring the sidechain of
R24 in favorable electrostatic contacts with the backbone C=0 and sidechain
COO- of D22. This also results in the burial of the T23 sidechain. Such a conforma-
tion is consistent with the NH-NH NOEs between (D22&T23) and (T23&R24) and
strong H*-NH NOES between (P21&D22). One might argue that such NOEs may
also due to a mixture of type Il turn centered at P21-D22 and a type I turn centered at
D22-T23. If that is true, the conformational equilibrium mast be fast on the NMR
time-scale because we do not observe resonance doubling for the residues 21-24.
The immunogenic knob shown in Figure 6 retains a type II turn at P21-D22 and T23
shows the same conformation as in a type I turn (see Table IT). Nevertheless, what is most
important in the structure is the surface exposure of the critical APDTR residues.
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Discussion

The results of the present 2D NMR investigations of 1TR and 3TR reveal that no
significant structure exists in one copy of the mucin tandem repeat (PDTRPAPGS-
TAPPAHGVTSA), and that the peptide with three tandem repeats exhibits flexible
structures with well defined knob-like structure centered around the antigenic
(APDTR) site. Previously, we compared peptides containing one, two, and three-
tandem repeats and showed changes occurring throughout the one-dimensional
NMR spectrum (44). We concluded that the secondary structure develops as additional
tandem repeats are added. The NMR investigations were further supported by
results with circular dichroism in which the ratio of the molar ellipticity at 198 nm of
one, three or five tandem repeats to that of a control peptide was 3.2 for one tandem
repeat, 13.6 for three tandem repeats and 21.0 for 5.25 tandem repeats (20). This non-
linear increase in molar elliptcity can be attributed to the development of structure
as the numbertandem repeats increases. Furthermore, we presented a model for the
structure of Muc-1-1 tandem repeats that was suggested by Matsushima et al. for
proline rich tandem repeats (44,45). We predicted an elongated structure composed
of repeating type I turns. The actual structure for the Muc-1 tandem repeat domain
is shown in Figure 5, and differs significantly from the earlier model in that it con-
tains repeating solvent exposed protruding knobs spanning the tandem repeat -
interface. The knob structures (V17-P27/V37-P47) are crested by the immunodomi-
nant APDTR turn at the tips, and sequential knobs are connected by extended
spacer structures for residues T30-A35, and T10-A15 and T50-55A. The physical
dominance of the knob structure at the tandem repeat interface was surprising and
yet serves to explain much of the observed immunoreactivity (10, 13, 16).

The stable turn structure and protruding nature of the repeating epitope APDTR
could obscure access to the remainder of the molecule by B and T cell antigen recep-
tors and help explain the observed antibody immunodominance of APDTR and
MHC unrestricted activation of T cells by unglycosylated mucin on tumors (10, 16).
A parallel MHC restricted T cell response could be generated to peptides from the
processed Muc-1 tandem repeats (17). A restricted T cell response would depend on
the presence of proteolytic processing sites within Muc-1 and the ability of pro-
cessed peptides to bind to class IMHC proteins, and finding restricted T cells would
not be incompatible with the interpretation of these data (46).

The enzymatic o-glycosylation pattern of the T residues of 3TR is particularly rele-
vant to the knob-like structures shown in Figures 4 and 5. 2D NMR studies recently
carried out in our laboratory in collaboration with Dr. Henrick Clausen shows that
enzymatic glycosylation of 3TR produces T residues o-glycosylated with p-D-N-
acetylgalactosamine (GalNac) in TS and ST sequence doublets and not at the T of
the APDTR turn. The tight turn at APDTR where the OH group of T is buried inside
the turn could explain the protection of this T from glycosylation. An alternative
explanation for the lack of glycosylation at the T within the PDTRP is that the
primary sequence may not signal for glycosylation at this position (47). In general,
the elongated structures shown in Figure 5A can easily accommodate glycosylation
at the potential T and S sites without steric problems. This implies that a mucin
molecule containing at least thirty-six 20-residue tandem repeats (when glycosylated)
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could span more than 1,000 A from the cell surface and thereby function as an anti-
adhesion molecule (48). This is the first study that shows the protein core of the TR
domain intrinsically contains an elongated structure studded with immunodomi-
nant knobs that protect the T residue in the APDTR but allows o-glycosylation of
the remaining solvent exposed T and S residues and that this could lead to further
stabilization of elongated structures. Muc-1 in the extended state cannot simply be
accommodated inside the cell. Therefore, the types of compaction shown in Figures
5B and 5C become relevant in the context of packaging mucin inside the cell.

The structural studies presented here assume a special importance because under-
glycosylated mucin repeats are tumor associated antigens in breast (7), pancreatic
(16), and ovarian (17) cancers. NMR data on 1 and 3 Muc-1 tandem repeats clearly
show how the immunodominant knob structures are preserved and presented only
when multiple tandem repeats are assembled in space. The knob-like structures on
intact Muc-1 may obscure access to the extended portions of the molecule by
antibody receptors on the surface of B-lymphocytes during the induction of an
immune response. This may explain the immunodominance of the accessible tip
(APDTR) of the knobs. Preliminary work further indicates that higher numbers of
tandem repeats (n=>5) enhance the rigidity and presentation of the knobs. Hence it
is not surprising that previous studies have shown that increasing the number of
tandem repeats from 3 to 5 results in a nonlinear enhancement in the binding of
antibodies in the serum of cancer patients (15). Therefore, the combination of struc-
tural and immunological studies of this type will be important for the rational
design of vaccines and immunotherapies for Muc-1 positive tumors
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The third hypervariable region, or V3 loop, represents
the principal neutralizing domain of the gp120 envelope
glycoprotein of human immunodeficiency virus type 1
(HIV-1). Sequential viral isolates from a laboratory
worker (LW) accidentally infected with HIV-1jyp in 1985
were analyzed using type-specific neutralizing mono-
~lonal antibodies directed to the V3 loop. A single amino
acid substitution, Ala — Thr at position 21 in the V3 loop
of HIV-1;w isolated in 1987, was shown to determine the
loss of the neutralizing epitope recognized by one of the
monoclonal antibodies (M77). However, this antibody ef-
ficiently recognized linear V3 loop peptides containing
either the Ala or Thr residue at position 21, indicating
that a local change in conformation was responsible for
the epitope loss in the native gp120. Molecular modeling
studies, experimentally supported by different amino
acid replacements at position 21, indicated that the Ala
— Thr substitution leads to a drastic change in the do-
main of the V3 loop, which contains the complementary
surface for antibody binding. These results provide evi-
dence for the first time that a conformation-dependent
epitope within the V3 loop of HIV-1 is involved in the
generation of neutralization escape mutants in vivo.

The primary translational product of the envelope gene of
the human immunodeficiency virus type 1 (HIV-1)! is a gp160
which is processed to gpl20 and gp4l as the external and
transmembrane glycoproteins, respectively (Veronese et al.,
1985: Allan et al., 1985). Because of its location on the surface
of the virion and of the infected cell, gp120 contains epitopes
naturally accessible to the immune system and thus represents
a prime candidate for the development of vaccine strategies.
Indeed, a domain of gp120, situated in the third hypervariable
region, has been identified as dominant for development of high
titered type-specific neutralizing antibodies against HIV-1 (Ja-
haverian et al., 1989; Rusche et al., 1988; Palker et al., 1988).
This principal neutralizing domain lies within a loop formed by
a disulfide bridge between 2 conserved cysteines. A distinctive
characteristic of this loop is the extensive degree of genetic
variability found among individual isolates of HIV-1 (Robert-
Guroff, 1990). This hypervariability, a likely consequence of
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cation of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked “advertisement”
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1 The abbreviations used are: HIV-1, human immunodeficiency virus
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strain; kbp, kilobase pair(s); PCR, polymerase chain reaction.

strong immune selective pressures in vivo, suggests that mu-
tations in the primary amino acid sequence of the neutralizing
loop become prevalent as viruses which escape neutralization
are selected.

Different approaches have been followed in order to identify
amino acid changes which are critical for neutralization. One
approach involved the in vitro generation of neutralization es-
cape mutant viruses under selective pressure of human sera
from HIV-infected individuals (Robert-Guroff et al., 1986) or
monoclonal antibodies to the V3 loop (McKeating, 1989). In
vitro studies with human neutralizing antibodies were the first
to demonstrate that HIV mutants are selected by immune pres-
sures (Robert-Guroff et al., 1986). In addition, these studies
identified a point mutation in gp41 (Ala — Thr replacement at
position 582) which resulted in neutralization resistance (Reitz
et al., 1988) but was apparently not part of the antibody bind-
ing site (Wilson et al., 1990), indicating the involvement of
discontinuous epitopes in HIV neutralization. Molecular anal-
ysis of mutant viruses obtained by in vitro selection with mono-
clonal antibodies demonstrated amino acid changes within the
V3 loop itself (McKeating et al., 1989), but more interestingly
also in regions distantly located from the loop, suggesting an
interaction of this domain with other regions of gp120
(McKeating et al., 1989). Another approach involved the anal-
ysis of sequential viral isolates obtained from chimpanzees ex-
perimentally infected with a laboratory strain of HIV-1 (HIV-
1;g). The in vivo passage of this isolate resuited in the
generation of variant viruses which were resistant to neutral-
ization by V3 loop-specific monoclonal antibodies (Nara et al.,
1990). Sequence analysis of the V3 loops from these mutants
did not reveal any amino acid difference between the neutral-
ization-resistant and -sensitive viruses, suggesting that the
crucial changes did not directly involve the antibody binding
site (Nara et al., 1990).

In this report, we studied the immunological reactivity and
neutralizing capability of two monoclonal antibodies to the V3
domain of HIV-1j;g with biologically active molecular clones
from sequential viral isolates obtained from a laboratory
worker who became accidentally infected with HIV-1;1s (Weiss
et al., 1988). This unique in vivo human model allowed us to
identify a single change in the V3 loop primary amino acid
sequence which is crucial for neutralization resistance by V3
loop-specific monoclonal antibodies. Moreover, we have per-
formed molecular modeling studies, experimentally supported
by amino acid replacements, to show that this single amino acid
substitution may cause a drastic change in the domain of the
V3 loop which provides the complementary surface for antibody
binding.

EXPERIMENTAL PROCEDURES

Neutralization Assay of Cell-free Virus—Ascitic fluids from the two
monoclonal antibodies were filtered through a 0.2-pum filter and di-
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luted in complete RPMI 1640 medium. Aliquots of the respective anti-
body were incubated with HIV-1py virus stock containing 25,000 cpm
reverse transcriptase activity in 100 pl final volume for 60 min at 4 °C
and then for 15 min at room temperature. CEM cells (1 x 105) were
then added to the virus/antibody mixture and incubated for 60 min at
37°C. The cells, still in the presence of virus and antibody, were
supplemented with 2 ml of complete RPMI medium and transferred to
six-well plates. Two ml of RPMI medium were added to each well after
24 h, and the reverse transcriptase activity of the supernatant was de-
termined on the first day when syncytia were clearly visible by micro-
scopic examination.

Syncytium Inhibition Assay——The syncytia assay was performed in
96-well plates by coculturing 1 x 10° uninfected cells with 5 x 10°
virus-infected cells. Monoclonal antibodies were added at different di-
lutions to the mixture of cells, and the total volume of medium was
adjusted to 0.2 ml. The plates were incubated for 40 h at 37 °C, and the
number of multinucleated giant cells was determined by microscopic
examination.

Radiolabeling of Cells and Immunoprecipitation of HIV-1 Proteins
—Transfected HeLa-tat cells or infected SupT1 were suspended for 1 h
at 37 °C in cysteine-free media. [**S]Cysteine was then added to a final
concentration of 200 pCi/ml, and the cells were incubated for 18 h at
37 °C.

After labeling the cells were washed in phosphate-buffered saline
and disrupted in phosphate-buffered saline containing 0.5% NaCl, 1%
Triton X-100, 0.5% sodium deoxycholate, and 0.1% sodium dodecyl sul-
fate (SDS). The lysates were absorbed for 3 h at 4 °C with protein
A-Sepharose and protein A-Sepharose bound to rabbit anti-mouse light
chain antiserum and then clarified by ultracentrifugation. Radioimmu-
noprecipitation analyses were performed by the addition to 0.5 ml of
labeled extract of either 10 pl of serum from an HIV-infected individual
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Fi. 1. Scheme depicting the sequence for the V3 loop of the
pHXB2 molecular clone of HIV-1;;p and the location of the Thr
(LW virus from 1987) for A (HXB2) substitution. Also designated
are the binding sites for M77 and 0.58 monoclonal antibodies.

Fic. 2. A, inhibition of syncytia forma-
tion between HIV-115 (panels I and 2) or
LW87 (panels 3 and 4) infected and unin-
fected SupT1 cells. The assays were per-
formed without the addition (panels 1
and 3) and in the presence of M77 (panels
2 and 4) as described under “Experimen-
tal Procedures.” B, neutralization assays
with cell-free virions from HIV-14g (),
HXB2 (E3), and LW87 (M) were performed
with the indicated dilutions of M77 asci-
tes as described under “Experimental
Procedures.” The neutralizing activity of
the antibody is expressed as the percent
reduction of reverse transcriptase levels
in the supernatants of antibody-treated
wells compared with those of the control.
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and 0.2 ml of a 10% suspension of protein A-Sepharose or 1 pl of ascites

containing the appropriate antibody and 0.2 ml of a 10% suspension of '

protein A-Sepharose bound to rabbit anti-mouse light chain antiserum.
The samples were incubated for 18 h at 4 °C. Immunoprecipitates were
collected by centrifugation, washed repeatedly, resuspended in
Laemmli sample buffer (Laemmli, 1970), heated for 2 min at 90 °C, and
analyzed by SDS-polyacrylamide gel electrophoresis.

Indirect Immunofluorescence and Fluorocytometric  Analysis
—Indirect immunofluorescence analysis was performed on live cells
with primary antibodies at 5 pg/ml and with fluorescein isothiocyanate-
conjugated goat antiserum to murine IgG (Sigma) as a second layer
antibedy. Controls were incubated with a mouse IgG, irrelevant anti-
body, then stained with the same fluorescein isothiocyanate-conjugated
antiserum. After staining, the cells were fixed with 2% paraformalde-
hyde and analyzed with a Facscan analyzer (Becton Dickinson Immu-
nocytometry). The results are expressed as arbitrarily normalized his-
tograms (i.e. relative number of cells versus fluorescence intensity). At
least 10,000 events were accumulated in all the experiments.

Construction of V3 Loop Cassette and env Chimerae—A 2.7-kbp Sall-
BamHI restriction enzyme fragment from pHXB2gpt, a molecular clone
of HIV-1jyp, containing the V3 loop region, was subcloned into the
cognate sites of gGEM4 (Promega, Madison, WI). A 0.6-kbp V3-contain-
ing Bg!Il fragment from this subclone was further subcloned into pSP72
{(Promega). Two PCR amplifications were performed on this fragment,
such that one amplified fragment consisted of the region from the 5’
Bglll site to the 5’ terminus of the V3 loop and contained MiuI and PstI
sites introduced at the downstream end of the fragment by a tail on the
antisense PCR primer. The other PCR fragment consisted of the region
from the 3’ end of the V3 loop, where PstI and Hpal sites were intro-
duced at the upstream end of the fragment by a tail on the sense PCR
primer. The PCR fragments were purified, digested with Bg!II plus PstI,
and coligated into pSP72. The 0.5-kbp Bg/II fragment from the result-
ant clone was ligated with the 5.1-kbp BglII fragment of the Sall-
BamHI env subclone of pHXB2gpt. The resulting plasmid has unique
Mlul and Hpal restriction sites, whose introduction did not alter the
amino acid sequence, forming a cassette into which oligonucleotides
representing V3 coding regions and containing an Miul 4-base over-
hang at one end and a blunt end at the other end can be ligated. This
construction is summarized in Fig. 4. The V3 loop coding region of
LW12.3 (Lori et al., 1992), an infectious molecular clone from ¢t - - virus
isolated in 1987 from a laboratory worker accidentally infect-.i with
HIV-1yyp and hereinafter designated LW87, was synthesized as a set of
four partially overlapping nucleotides, phosphorylated with T4 kinase,
annealed, and ligated into the Mlul and Hpal sites of the cassette
plasmid. The resultant 2.7-kbp Sal/I-BamHI fragment, now containing
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Fic. 3. Reactivity of M77 and 0.58 monoclonal antibodies with
€p120. SupT1 cells infected with HIV-1yyg (A) or LW87 (B) and HeLa-
tat cells transfected with pHXB2 (env LW85-2) (C) were labeled with
{35S]cysteine. The clarified lysates from cells and virus containing su-
pernatants were then immunoprecipitated with an HIV-1 pesitive hu-
man serum (lane 1), M77 (lane 2), and 0.58 (lane 3).

the V3 loop of LW87, was reintroduced into pHXB2gpt, which was then
used as a source for infectious chimerae of HXB2 with the LW87 V3 loop
(HXB2 (V3LW87)). Infectious clones of HXB2 containing V3 loops into
which Ser or Ile replaced A in the 21 position were constructed in the
same way as HXB2 (VBLW87) except for the use of slightly different
oligonucleotides bearing the appropriate changes.

DNA Transfection—The infectious molecular clones pLW87, pHXBZ,
the chimeric construct of pHXB2 with the LW85-2 env (HXB2 (env
LW85-2)), and pHXB2 with the LW87 loop (HXB2 [V3LW87]) were
transfected into HeLa-tat cells by calcium phosphate coprecipitation
(Chen, 1987). Briefly, an appropriate mixture of DNA, sterile water and
CaCl, was added dropwise, to a 2 x solution of 274 mm NaCl, 10 mm KCl,
1.5 mm Na,HPO,-7TH;0, 12 mm dextrose, and 42 mm Hepes, pH 7.1,
while applying an airstream on the surface. After 10 min the mixture’
was pipetted gently into a flask of log phase-growing HeLa-tat and
incubated with the cells overnight at 37 °C. The next morning the cells
were washed two times in serum-free medium, then fed with complete
medium. Twenty-four hours after transfection, the cells were starved in
cysteine-free medium in preparation for the metabolic labeling.

Peptide Binding—A peptide enzyme-linked immunosorbent assay
(Robert-Guroff et al., 1992) was used to monitor antibody binding to V3
loop peptides. The peptides were obtained from Multiple Peptide Sys-
tems, Richmond, CA and included the central 24 amino acids of LW87
(NNTRKRIRIQRGPGRTFVTIGKIG(C)) and BH10 (HIV-1js)
(NNTRKSIRIQRGPGRAFVTIGKIG(C)) V3 loop sequences. A peptide
representing amino acids 88-115 of the HIV-1;;z gag sequence
(VHQRIEIKDTKEALDKIEEEQNKSKKKA) served as negative con-
trol. Peptides were bound at 2 pg/well to 96-well Immulon I microtiter
plates (Dynatech, Chantilly, VA) pretreated with polylysine (5 pg/well)
and 0.1% glutaraldehyde. Specific binding of serial dilutions of mono-
clonal antibodies were detected using a goat anti-mouse IgG peroxidase
conjugate.

Molecular Modeling—The methodology used for the molecular mod-
eling involved the following steps. First, the amino acid sequence of the
V3 loop was converted into secondary structural state using a prediction
algorithm (Deleage and Roux, 1989; Gupta and Myers, 1990) so that
each amino acid was assigned one of the four secondary states, i.e. helix

Construction of V3 Cassette

pHXB2gpt

Sal | Bglti Bgl Il Bam HI

' S—

.

Bgl 1l Bgl I Clone into pGEM4
Sai | ‘ Bam HI

2.7 kbp |

Bgi Il
9 Bgl i

Clone Bgl II fragment

into pSP72
V3 loop l/PCR amplification of
\ regions flanking V3
/ loop
Bgl il I ‘ Bgl i
- o Purity f gate i
““\ Pst |.HpaM|| ' P;t o Bl p;:;yz rigments, ligate into P
- -HD \/
Miu 1-Pst | L 2
Sal Bam Hi
—_— V3 cassette
clone Bgill fragment into Sail-BamH! pHXB2
subclone

Fic. 4. Derivation of chimeric viruses. The construction of the cassette for insertion of foreign V3 loops into the infectious clone pHXB2gpt,
described under “Experimental Procedures,” is shown above. The Sall-BamHI 2.7-kbp fragment, conta.mmg most of the env gene, was subcloned.
A Bgl1I fragment containing the V3 region was subcloned, altered by PCR to replace the V3 loop coding region with cloning sites, and put back into
the Sall-BamHI fragment. The resultant Sall-BamHI construct was used as the cassette and inserted back into pHXB2gp¢ after introduction of

the LW87 V3 loop.
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Fic. 5. Fluorocytometric analysis of
CEM cells infected with HXB2 or
HXB2 (V3LW87). All the moncclonal an-
tibodies used are directed woward the
gp120 external env glycoprotein; M90 has
a group-specific reactivity, whereas both
M77 and 0.58 are type-specific for the
HIV-1;;p isolate. The empty profiles rep-

Relative Cell Number

irrelevant isotype-matched monoclonal
antibody.

(h), beta (B), coil (c), or turn (¢). Second, appropriate conformation do-

mains in the (P, ¥)-space were then assigned to each of the 36 amino

acids corresponding to their secondary structural states. Third, the
local energy minima of the V3 loop were sampled under the constraint
of the S-S bridge between the 2 invariant cysteines in the V3 loop (Fig.
1). Sampling was done by combining Monte Carlo-simulated annealing
(Kirkpatrick et al., 1983) and energy minimization (Fletcher, 1984). The
force field of Sippl et al. (1984) was used for Monte Carlo and energy
minimization calculations.

RESULTS

Failure of an Anti-HIV-1;;;5 gp120 Monoclonal Antibody to
Neutralize Infection by LW87—The monoclonal antibodies cho-
sen as probes are designated M77 and 0.58. They react with
HIV-1;;18 gp120 in both its glycosylated and unglycosylated
form and were shown to inhibit syncytia formation and infec-
tion by cell-free HIV-1y;p virions in a type-specific manner (Pal
et al., 1992; Matsushita et al., 1988). By examining a number of
gp120-derived peptides, the epitope recognized by M77 was
found to map between amino acids 12 and 25 (Pal et al., 1992)
of the sequence for the V3 loop of the HXB2 molecular clone of
HIV-1j;1p as depicted in Fig. 1. 0.58 was reported previously to
bind between amino acids 1629 of the same sequence (Skinner
et al., 1988). Thus, the epitopes for the two antibodies are
partially overlapping.

HXB2 HXB2 (V3Lws7) '

M9

0.58

Log Fluorescence Intensity

We compared the ability of these antibodies to neutralize
infection by HIV-1y;15, HXB2, and LW12.3 (Lori et al., 1992), an
infectious molecular clone derived from a biological clone (no.
12) of the virus isolated in 1987 from a laboratory worker ac-
cidentally infected with HIV-1;y;5 in 1985 (Weiss et al., 1988)
and hereinafter designated LW87. The only amino acid differ-
ence within the M77 and 0.58 binding sites between LW87 and
the HXB2 resides at position 21 in the sequence of the V3 loop,
where an alanine has been substituted for a threonine (Fig. 1).
This substitution was initially detected 1 year after infection
and persisted in all subsequent virus isolations.? As expected,
M77 completely blocked the formation of syncytia and neutral-
ized the infectivity of both the IIIB and HXB2 viruses (Fig. 2).
However, M77 did not inhibit the formation of syncytia between
SupT1 cells infected with LW87 and uninfected SupT1 (Fig.
2A). Moreover, M77 failed to neutralize cell-free infection of
CEM cells by the same virus (Fig. 2B). In contrast, 0.58 inhib-
ited infection by LW87 in both experiments (data not shown).

Failure of M77 to Recognize Native gp120 from LW87—Since
lack of neutralization is not necessarily associated with lack of

2 M. S. Reitz, Jr., L. Hall, M. Robert-Guroff, J. Lautenberger, B. M.
Hahn, G. M. Shaw, L. 1. Kong, S. H. Weiss, D. Waters, R. C. Gallo, and
W. Blattner, submitted for publication.
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immunological recognition, we performed radioimmunoprecipi-
tation assays to determine if M77 was able to react with LW87
gp120 in its native form. SupT1 cells infected with HIV-1i118
and LW87 were metabolically labeled with [3*S]cysteine over-
night. Labeled proteins from cellular and viral lysates were
then immunoprecipitated with M77, 0.5B, and an HIV-1 anti-
body-positive human serum as a positive control.

M77 efficiently precipitated gp120 from both cellular and
viral extracts of HIV-1jp-infected cells, but failed to do so with
both cellular and viral extracts of LW87 infected cells (Fig. 3, A
and B). In contrast, 0.53 immunoprecipitated gp120 from ex-
tracts of both types of infected cells {Fig. 3, A and B). Similar
results were also obtained by live cell immunofluorescence la-
beling followed by fluorocytometric analysis (data not shown).
Thus, lack of neutralization of LW87 by M77 is explained by the
inability of the antibody to react with native gp120 from this
virus. These results also suggest that antibodies 0.58 and M77,
despite partially overlapping epitopes in the V3 loop, differ in
their binding specificity since 0.58 reacted with native gp120
from the LW virus isolated in 1987. However, a decrease in the
efficiency of immunoprecipitation of gp120 from LW87 virus
was noticeable for 0.58, suggesting a lowered binding affinity
for its epitope.

To substantiate and extend the observztion obtained with
the molecular clone LW87, we repeated the previously de-
scribed experiments with a biological clone, designated LW87
no. 17, obtained from the same 1987 LW isolate grown in H9
cells. Again in contrast to 0.58, MY77 failed to neutralize infec-
tion or to recognize gp120 from LW87 no. 17-infected cells in
both radioimmunoprecipitation and live cell immunofluores-
cence labeling followed by fluorocytometric analysis (data not
shown), demonstrating that an independent biological clone
had lost the same neutralizing epitope.

To determine whether M77 recognized gp120 from an earlier
LW virus isolated shortly after infection in 1985 (LW85), which
has the same V3 loop as the molecular clone HXB2, we tested
a chimeric clone with the complete env of a clone of Lws85
inserted in HXB2 (HXB2(env LW85-2), a kind gift by Drs. Be-
atrice Hahn and George Shaw, University of Alabama, Bir-
mingham, AL). HeLa-tat cells were transfected with HXB2(env
LW85-2) and labeled with [35Slcysteine. Both M77 and 0.58
efficiently immunoprecipitated HXB2(env LW85-2) gp120 from
labeled cellular and viral extracts (Fig 3C). Moreover, both
monoclonal antibodies were able to completely neutralize the
infectivity of this chimeric virus (data not shown).

The Ala — Thr Change Is Crucial for Neutralization Resist-
ance and Recognition of Native gp120 by M77—In addition to
the Ala — Thr replacement in the hypervariable loop, the LW
virus isolated in 1987 is divergent from HXB2 in more than 10
positions throughout the gpl20 sequence. To determine
whether the Ala — Thr substitution was critical for the im-
munological reactivity and neutralizing capability of M77, we
inserted the loop sequence of LW87 into HXB2, as described
in detail under “Experimental Procedures” and shown in
Fig. 4. The resulting infectious chimera was designated
HXB2(V3LW87). HeLa-tat cells were transfected with
HXB2(V3LW87) or with HXB2 as wild type control and cocul-
tivated with uninfected CEM cells 36 hours after transfection.
Approximately 3 days later, when formation of syncytia was
readily visible, CEM cells were collected and subjected to live
cell immunofluorescence labeling followed by fluorocytometric
analysis. The 0.58 antibody stained the surface of both
HXB2(V3LW87) and HXB2-infected cells as did the positive
control M90, another monoclonal antibody which reacts with
an exposed conserved epitope in gp120 unrelated to the V3 loop
(Fig. 5). In contrast, the M77 antibody positively reacted with
wild type HXB2-infected cells, but failed to stain the surface of

HIV-1 V3 Loop Neutralization Escape Mutant in Vivo

HXB2(V3LWS7) infected cells. These results clearly indicated
that the Thr for Ala change was sufficient to determine the loss
of the M77 epitope, ruling out that other amino acid changes
between HXB2 and LW87 outside the V3 loop were necessary
for loss of recognition of the epitope by M77.

Recognition of Linear V3 Loop Peptides by M77—As men-
tioned above, the only amino acid difference between the LW87
and HXB2 V3 loops consists of the substitution of a Thr for an
Ala at position 21. When we assayed the ability of M77 and 0.58
to bind in enzyme-linked immunosorbent assay to V3 linear
peptides containing either Ala or Thr at that position, both
antibodies bound to the two peptides (Fig. 6). These results
indicated that M77 was still able to bind to the linear form of
the epitope and suggested that local change in conformation of
the epitope in the functionally folded protein resulted in the
loss of neutralization. .

Molecular Modeling and Experimental Validation of Theo-
retical Predictions—Molecular modeling studies using a simu-
lated annealing approach were performed in order to under-
stand the effect of the Ala — Thr substitution on M77 antibody
binding. The folded forms of the V3 loop for the Ala and Thr
analogs, as well as the extended forms, were computed using
the methodology outlined under “Experimental Procedures.”
Molecular modeling studies indicated that the Ala — Thr sub-
stitution can disrupt the folded epitope at the tip of the V3 loop
(Figs. 7 and 8). Fig. 7, A and B, shows ribbon and skeleton
models of the V3 loop for the Ala analog. In this folded motif
residues 16-28 of the V3 loop, which contain the crucial se-
quence for M77 binding, form a compact protruding surface in
which the A at position 21 resides in the interior of the contact
surface and makes close contact with atoms of the neighboring
residues (Fig. 7B). Thus, the Ala — Thr substitution should
result in an enlargement of the interior to accommodate the
bulkier side chain. This, in turn, should enlarge the contact
surface of the 1628 motif with a resultant loss of M77 binding.

The relative stability of the folded form of the V3 loop was

Absorbance 492)

10000 40000

160000 840000
Reciprocal of Serum Dilution

Fic. 6. Antibody binding to V3 loop peptides. Peptides from
BH10 (), LW 1987 (®) V3 loops and an irrelevant peptide (#l) were
coated on plates and reacted with M77 (A) and 0.58 (B). Sequences of
the peptides are given under “Experimental Procedures.”
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Fc. 7. The ribbon (A) and skeleton (B) mo!
various amino acids in the sequence are as follows.
ATino acid sequence:

Secondary gTructure: cctos

This conformation 18 energetically more stable tha

the protruding surface a
roximity with the backbone and side chain atoms of residues

B(Ala?—O(Gly™) = 4.1 A
van der Waals repulsions.
area of residues 16-28 that define the M7
blue, coil and turn. The CB and SG atoms of C1 and C36 are shown in w

estimated by comparing its conformational enerey with that of
the extended V3 loop structure where GPGR forms 2 type 11
turn (LaRosa et al., 1990; Gupta and Myers, 1990), and the re-
maining amino a :d residues adopt extended conformations,
as shown in Fig. 8, A and B. The V3 loop structure of Fig. 8 1s
stereochemically possible for both the Ala and the Thr ana-
logs, but in this structure residues 1628 (presumably form-
ing the contact domain) extend over 21 A. This should be too
large to fit the M77 antibody binding pocket, judging from the
geometry of the binding pocket of the reported crystal struc-
tures of various antibody-antigen complexes (Davies et al.,
1990). For the Ala analog, but not for the Thr analog the
folded form shown in Fig. 7 is more stable than the extende
form. Therefore. the V3 loop Ala analog does not require any
loss of stabilization energy in order to bind the antibody in the
folded form.

If the conformation of amino acids 16-28 defines the speci-
ficity of the contact domain of M717, and residue 21 forms part
of a cavity determining the proper orientation of other resi-
dues in the protruding surface of the V3 loop to make specific
contacts at the antibody binding pocket, the following predic-

dels of the V3 loop of the

n the corresponding extended
t the center of the V3 loop. The residues 1628 make up this prot:

i s Gly?6, and Tie?. The short distances are: CB(Ala2)—O( Thr2t) = 3.7 A,
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Ala analog in the folded form. The secondary structural states of
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conformation. The Ala at position 21 is located in the interior of
i ruding surface In this folded conformation Ala?! shows

.TheAla— Thr substitution would resuR in unfavorable

ing the interior. This, in turs, would increase the surface

al elements are color coded as follows: green, B; red, helix,

tions can be made: 1) the Ala — Ser substitution at position
91 should not result in the loss of binding by M77, because Ala
and Ser have a similar size and thus the small side chains of
Ser can be accommodated in the specific cavity. 2) The Ala —
Tle substitution should result in the loss of M77 binding be-
cause the longer side chains of Tie or Thr should not fit inside
the cavity.

To support these theoretical predictions, We constructed in-

fectious clones of HXB2 containing V3 oops into which Ser or
ition 21. HeLa-tat cells were transfected

Tle replaced Ala at pos
with HXB2 bearing Ala (Ala®'), Ser (Ala?! — Ser) or Ile (Ala**
Thr (Ala2* — Thr) at

_> Tle), or with HXB2(V3LW8T) bearing
that position. Transfected cells were then cocultivated with
uninfected CEM cells 36 h after transfection. Three to four days
later, when formation of syncytia was readily visible, CEM cells
were collected and subjected to live cell immunofluorescence
labeling followed by ﬂuorocytometric analysis. The 0.5p anti-
body stained the surface of CEM cells infected by all these
viruses (Fig. 9)- In contrast, the M77 antibody positively re-
acted with cells infected by wild type HXB2 (Ala?!) and HXB2
containing Ser at position 21 (Ala?* — Ser) in the V3 loop, but




HIV-1 V3 Loop Neutralization Escape Mutant in Vivo

Fic. 8. The ribbon (A) and skeleton (B) models of the V3 loop of the Thr analog in the extended conformation. This conformation can
also be adopted by the Ala analog. This conformation is taken as the reference (unfolded state). The relative stabilities of the folded states of the
Ala and Thr analogs are measured from this reference state. In the extended conformation, residues 16-28 occupy a larger surface area than in

the folded one.
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Fic. 9. Fluorocytometric analysis of CEM cells infected with HXB2 mutants. These are as follows: HXB2 bearing Ala (Ala??), Ser (Ala2*
— Ser), Thr (Ala®! — Thr), or Ile (Ala?* — Tle) at position 21 in the V3 loop. The empty profiles represent the reactivity of the cells with an irrelevant

isotype-matched monoclonal antibody.

failed to react with cells infected by HXB2 containing Thr
(Ala?! — Thr) or Ile (Ala?! — Ile) at that position (Fig. 9). Thus,
the M77 reactivity perfectly correlated with the modeling pre-
dictions.

DISCUSSION

The availability of sequential viral isolates from a laboratory
worker accidentally infected with the prototype HIV-1 strain
ITIB gave us the unique opportunity of studying the influence of
naturally occurring mutations on V3 loop-dependent neutral-
ization. Different molecular clones of LW obtained shortly after
infection were genetically almost indistinguishable among

themselves and from HIV-1ipg-derived molecular clones.? In-
deed, within the V3 region, they completely retained the se-
quence of the HXB2 clone from HIV-1;gg. An Ala to Thr sub-
stitution within the GPGRAF motif at the tip of the loop was
detected 1 year after infection and persisted in all subsequent
isolations.?

We have observed that the HIV-1iyp-neutralizing mono-
clonal antibody M77 was unable to neutralize infection by a
biologically active molecular clone of LW isolated in 1987 and
bearing the Thr for Ala substitution at position 21 within the
V3 loop. Lack of neutralization does not always correlate with
lack of immunological recognition, since it has been shown that
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monoclonal antibodies can bind the V3 loop without neutral-
ization (Nara et al., 1992). In this case, however, lack of neu-
tralization by M77 was a direct consequence of the inability of
the antibody to bind native gp120, as indicated by immunopre-
cipitation and fluorocytometric analysis.

The antibody M77 did not react with the chimeric virus ob-
tained after insertion of LW87 V3 loop in HXB2, clearly indi-
cating that the Ala — Thr substitution is sufficient for the
abrogation of antibody binding to native gp120. Thus far, only
one neutralization resistant escape mutant selected in vitro
with monoclonal antibodies to the V3 loop showed an amino
acid change within the binding site of the selecting antibody
(McKeating et al., 1989). This change involved the substitution
of a G for an R at position 13 in the sequence for the V3 loop and
clearly affected the binding of the antibody to the linear epit-
ope. In contrast, the majority of the neutralization-resistant
mutants which were selected in vitro with monoclonal antibod-
ies to the V3 loop did not show any amino acid sequence vari-
ation within the loop itself, suggesting that critical changes
affecting virus neutralization reside outside the V3 domain
(McKeating et al., 1989). This, in fact, has been proven in the in
vitro immune escape system with human antisera (Robert-
Guroff et al., 1986), in which a point mutation in the trans-
membrane portion of the env gene resulted in neutralization
resistance (Reitz et al., 1988). Subsequent studies showed that
this mutation affected neutralization by conformational
changes induced by an Ala — Thr change at position 582 in
gp41 (Wilson et al., 1990).

These in vitro findings were also supported by results gen-
erated in vivo in chimpanzees (Nara et al., 1990). Experimental
infection of chimpanzees with HIV-1;1g resulted in the rapid
emergence of mutant viruses resistant to neutralization by V3-
specific neutralizing antibodies. Sequencing of the envelope
gene from these viruses revealed the complete identity of the
V3 amino acid sequence between the neutralization resistant
mutant viruses and the neutralization-sensitive molecular
clones contained in the original inoculum. However, several
amino acid substitutions occurred throughout gp120, indicat-
ing again that the changes affecting virus neutralization re-
sided outside the V3 loop. In contrast, our data show that the
mutation of a single residue within the V3 loop occurring in
vivo in a human results in the loss of the binding site for a
V3-specific neutralizing antibody.

The antibody M77 was able to bind to the linear form of its
epitope, implying that a local change in conformation was ac-
tually responsible for the loss of the epitope itself in the func-
tionally folded protein. It is conceivable that M77 reacts with
both isolated V3 peptides because these are flexible, do not
have structural constraints, and thus have more freedom to
adapt to the antibody complementarity region. However, the
M77 antibody can only bind the (S-S)-bridged V3 loop Ala ana-
log but not the V3 loop Thr analog. This means that neither Ala
nor Thr at the same position of the V3 loop make direct contact
with the antibody. If this were the case, the M77 antibody
would have discriminated between the Ala and the Thr analogs
in the linear peptide epitopes. Therefore, it appears that the
(S-S)-bridged V3 loop imposes certain stereochemical con-
straints such that only the Ala analog, but not the Thr analog,
can present the antibody-binding domain of the V3 loop in an
effective manner to the M77 antibody.

Our molecular modeling studies, experimentally supported
by different amino acid replacements, suggested that the Thr
for Ala substitution can disrupt the folded antigenic epitope at
the tip of the V3 loop (amino acids 16-28). In the folded form
the amino acids forming the epitope adopt a protruding surface,
in which the Ala?! residue resides in the interior of the contact
surface, while the Ala — Thr substitution requires enlargement

of the contact surface resulting in the loss of antibody i)inding.

. This report demonstrates that the V3 loop can adopt a spe-
cific structure in the presence of the antibody. Both from sec-
ondary structure prediction algorithms and two-dimensional
NMR studies on free V3 loops, it has been suggested that the
GPGR sequence at the center of the immunogenic tip can adopt
a type II B-turn (LaRosa et al.,, 1990; Chandrasekhar et al.,
1991). However, no evidence has been presented to date that
the GPGR sequence together with the flanking amino acids can
form a well defined combining site for antibodies. Amino acids
on the surface of this combining site provide direct contact with
the antibody binding pocket, whereas the amino acids in the
cavity determine the size and shape of the cavity itself while
maintaining a specific geometry of the antibody contact domain
of the V3 loop.
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Abstract
Objectives: The immunological properties of a panel of human mucin MUC1/HIV
V3 loop chimeras is evaluated.
Design: The immunodominant epitope of MUCI1 (APDTR) was found to be
structurally isomorphous with the tip of the principle neutralizing determinant
(PND) of HIV-1 (MN) (GPGRA). A panel of 120 residue, 6 tandem repeat and 60
residue, 3 tandem repeat antigens chimeric antigens were constructed in which the
repeating MUC1 epitope is replaced by the principle neutralizing determinant of
HIV-1. Each 20 residue tandem repeat contains one PND epitope. The PND of HIV-
1 is presented in the native B-turn conformation at the crest of each repeating knob
structure of the mucin-like protein.
Methods: The antigenicity of the chimeric antigens are compared using ELISA and
HIV infected patient sera. Structural effects of antibody -antigen interactions are
determined using Surface Plasmon Resonance (SPR), with human monoclonal
antibodies, chimeric antigens and the cyclic and linear V3 loops. Immunogenicity of
3 versus 6 tandem repeats is measured in mice.
Results: Nine residues of the HIV PND substituted into the mucin backbone were
equivalent to the 36 residue cyclic V3 loop in ELISA. The 120 residue antigens
induced high titer, IgM and IgG, HIV specific antibodies in mice.
Conclusions: MUC1/V3 chimeras efficiently detect HIV specific antibodies in
patient sera. Multivalent presentation of the PND is advantageous for higher
affinity antibody-antigen interactions and for inducing HIV specific IgM and IgG

antibodies.

KEY WORDS: Human Mucin MUC1, HIV-1, V3 Loop, tandem repeats,

Immunogenicity, Antigens, Surface Plasmon Resonance




Introduction

The external surface unit glycoprotein (gp120) of the human
immunodeficiency virus type 1 contains multiple disulfide bonded loops [1]. The
principal neutralizing determinant (PND) is located inside the third variable loop
(V3 loop) of gp120 [2-4]. The common structural element of the V3 loop PND is
the type-Il reverse turn (GPGR) near the midpoint of the 35-residue long [S-10].
PND specific neutralizing antibodies generally recognize the GPGR turn and two or
three flanking fesidues, either toward the C- or N-terminus [11]. Recent studies
show that this relatively conserved structural feature of the HIV-1, PNDs, is further
characterized by the formation of a solvent accessible protruding motif (designated
knob), with the type II turn at the crest [7, 8, 12]. However, during an immune
response, the structural conservation of the PND may be masked by the variable
flanking sequences in the V3 loop of gp120.

Our work with the structure of the human mucin MUC1 tandem repeat
domain supported the design of protein constructs in which HIV-1, PNDs could be
presented by this multivalent antigen in their "correct” conformations [13-16].
Human mucin MUC1 is a cell surface glycoprotein with a large tandem repeat (TR)
domain [17, 18]. The number of tandem repeats is variable, but individuals may
contain (20-100) perfect copies of a twenty residue proline, serine, threonine, glycine
and alanine rich tandem repeat (the tandem repeat sequence is
GVTSAPDTRPAPGSTAPPAH)[19, 20]. In breast, pancreatic, and ovarian cancers
the MUC1 tandem repeat sequence APDTR, appears to be immunodominant for
antibody binding specificity, similar to the GPGR of HIV-1, (MN) [21-23]. The high
resolution structure of MUC1 revealed repeating (every 20 residues) solvent exposed
knobs, with an immunodominant APDTR type II turn at the crest [15]. We have

also shown that isomorphous replacement of the mucin knobs, with the HIV-1,
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PND knobs, results in mucin-like HIV-1 antigens that retain the structural purity of
the HIV-1 epitope, the global extended structure of mucin, and are recognized by
polyclonal sera from HIV-1 infected individuals [16].

In this paper, we describe how the immunologic properties of six, seven, and
nine residue sequences, which include the p-turn (GPGR) of the HIV-1 V3 (MN), are
enhanced by presentation within the mucin backbone. In addition, we show that
large multivalent antigens (N = 3, 6) are advantageous over monovalent linear
peptides for detecting HIV-1, PND antibodies in the serum of HIV infected
individuals. By studying the kinetics of HIV specific monoclonal antibodies,
interacting with chimeric mucin-V3 loop (mucV3) muitivalent antigens, we
determine how the larger 120 residue multivalent antigens containing six antigenic
structural knobs increase the affinity of the antigen-antibody interaction over the 60

residue antigens with three structural knobs.




Materials and Methods

Antigens

The principles of design and NMR structural information of the mucV3 chimeric
polypeptides were described earlier [16]. These include both the 60 and 120 residue
synthetic peptides of the mucV3 chimeras (Table I). The chimeras mucV3-6,
mucV3-7, and mucV3-9 contain either six (IGPGRA), seven (HIGPGRA), or nine
(IHIGPGRAF) residues, respectively, of the HIV-1 V3 (MN) loop, per twenty residue
tandem repeat. In each antigen, as shown in Table I, mucin residues were removed
and replaced by HIV-1 residues, and the length of the repetitive element was
maintained at 20 residues. The intention was to maintain the overall mucin
structure, but to replace the immunodominant knobs of mucin with the
immunodominant knobs of the V3 loop. The sequence of one tandem repeat for
human mucin MUC1, mucV3-6 containing 6 PND residues per 20 residue tandem
repeat, mucV3-7 containing 7 PND residues per 20 residue tandem repeat, and
mucV3-9 containing 9 PND residues per 20 residue tandem repeat are shown in
Table L Notice that there are two sizes of each mucV3 chimeric peptide, one with
three tandem repeats or 60 residues and one with six tandem repeats or 120 residues
(Table I). Additional V3 (MN) antigens evaluated include the full length cyclic
(oxidized) and linear (reduced) forms of the V3 loop of HIV-1 (MN) , and a 15
residue linear peptide, designated 1143D, (DKRIHIGPGRAFYTT). The N-terminal

aspartic acid was added for enhanced peptide binding to microwells.

Peptide Synthesis, Purification and Mass Characterization

All peptides, except the 15 residue 1143D, were peptide amides and were
synthesized by a manual solid-phase strategy using 9-fluorenylmethyloxycarbonyl
protected amino acids as described in detail elsewhere [14]. Peptide molecular

weights were characterized by electrospray ionization mass spectroscopy at the
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Protein and Carbohydrate Structure Facility, University of Michigan, Medical School
under the direction of Dr. Phil Andrews. In each case the difference between
expected and observed peptide molecular weights was within the experimental error
of the spectrometer. For example, the expected molecular weights of the mucV3-6,
mucV3-7 and mucV3-9, 120 residue peptides are 10,922, 10994 and 11,380 Daltons,
and the observed molecular weights are 10,916, 10,988 and 11,370 Daltons.

Patient Sera, Monoclonal Antibodies and ELISA Methods

A panel of HIV-1 sera from patients living in Honduras was collected, characterized
and maintained at the Centers for Disease Control by the Division of HIV/AIDS in
Atlanta, GA. These patients are infected with HIV-1 genotypes characteristic of
clade B viruses. The V3 loop sequence of the predominant virus population for 22
of these individuals has been determined [24]. The HIV-1 (MN) isolate, on which
the mucin V3 chimeric antigens are based, also belongs to genotype B, as do the
majority of HIV-1 isolates found in North America [25]. In addition, we used
serum samples from eleven individuals known to be infected with diverse non-
clade B HIV-1 subtypes, these included 2 from Rwanda, 4 from Brazil, 3 from
Thailand, and 2 from Uganda [24]. The predominant V3 loop sequence from all of
these individuals was determined to be non clade B, both by sequence and serology
[24]. V3 loop specific monoclonal antibodies 447, 412, 453, 386, 268, 782, 257, 391, 838,
419, 181, 908, 537 were derived from AIDS patients at the New York Veterans Affairs
Medical Center, New York, NY as described previously {11, 26]. Additional V3
monoclonal antibodies used in this study 9205 and 9284 {27] were obtained from
Dupont (Boston, MA) and mAB 50.1 [28] was obtained from Repligen (Cambridge,

MA). The ELISA method using patient sera was described in detail elsewhere [29].




BIAcore Measurement of Antibody Binding and Affinity

The mucV3-9, 60 and 120 residue peptide antigens, were selected for affinity
measurements with V3 mAbs using surface plasmon resonance (SPR), (BIAcore™,
Pharmacia Biosensor, Piscataway, NJ) because these antigens showed maximum
binding to V3 mAb. Monoclonal antibodies 412, 447, and 453 were chosen for this
experiment because their dissociation rates are faster than 1 X 105 as required for
accurate measurements. The SPR technology is described in detail elsewhere [30-
32]. Both mucV3-9, 60 and 120 residue peptides were covalently attached to a
dextran matrix by EDC/NHS chemical activation and coupling of free amines on the
peptide N-termini to activated carboxyl groups on the resin. The optimal
immobilization buffer was 10mM 2-(N-morpholino)ethanesulfonic acid (MES) at
pH 6.0. The eluent buffer is 10mM HEPES, 150mM NaCl, 34mM EDTA, .05%
BIAcore surfactant P20, pH 7.4. A flowrate of 5 ul/min and 2 ul/min was used for
the immobilizations and the binding experiments respectively. The unreacted EDC-
esters were blocked with an injection of 1M ethanolamine. The amount of protein
was determined by the increase in baseline level of plasmon resonance.

Kinetic analysis was performed as described [30-33]. Serial 2-fold dilutions
of the antibodies in HBS buffer were injected across the mucV3 matrices at 5
ul/min. Following the injection of the antibody the dissociation was monitored for
15 minutes by flowing buffer over the biosensor matrix. The apparent dissociation
and association rates were determined using the equation dR/dt=-(k1C + k-1)R +k1
CRmax. k1 is the apparent association rate constant and k-1 is the apparent
dissociation rate constant. Rmax is the maximum binding capacity of the peptide
immobilized on the dextran matrix, R is the amount of bound antibody (in
Response Units RU) at time t and concentration C. A linear plot of R versus dR/dt
yields a slope of -(k1C + k-1) and y-intercept of k1 CRmax. dR/dtis determined by

measuring the slope at several points along the antibody-peptide association curve.
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The slopes were plotted versus the antibody concentration to obtain k1. k-1 was
obtained from the equation In Rt1/Rt0= k-1(t0-t1). R0 is the response immediately
following the completion of the antibody injection and Rt} is the response at a later

time. A plot of In R¢1/R¢0 versus (t0-t1) yields apparent dissociation rate, k-1.

Immunogenicity of the Antigens in Mice

Peptide immunogenicity studies were performed using 4 week old female
Balb/c mice and groups of 4 mice/antigen. One set of immunizations used an
initial intraperitoneal injection that consisted of 100 ug antigen /50 ul of phosphate
buffer emulsified with 50 ul Freund's complete adjuvant, for a total volume of
100ul/ mouse. The initial injection was followed by 4 subsequent boosts of 100 ug of
antigen emulsified in Freund's incomplete adjuvant (100ul total volume) at
approximately 3 week intervals. To assess the role of antigen valency and dose on
the antibody response, groups of 4 mice/antigen were immunized intraperitoneally
using 2, 10, and 20 nmoles/ immunization of mucV3-9 (120) or mucV3-9 (60) residue
peptides. In this experiment, the initial immunization was followed by 3 boosts at
approximately 4 week intervals. Blood was collected by tail bleeds 5-6 days after

immunizations.




Results

The Importance of Antigen Structure

A panel of human V3 mAbs from infected patients were used to assess the
importance of V3 structure on binding affinity [11, 34). The ability of these human
mAbs to distinguish between the linear reduced V3 loop and the cyclic oxidized
forms of the HIV-MN V3 loop was evaluated using SPR. The uncertainty in
determining the amount of bound antigen, that is a limitation in ELISA, was
eliminated in the current experiment. Since the level of each peptide bound to the
dextran matrix can be determined. Therefore, the binding data are scaled by this
amount and errors due to differences in binding are eliminated. For example, the
cyclic V3 MN peptide coupled to the dextran matrix with an Re (831), and the linear
V3 MN peptide coupled to the dextran matrix with Re (1124). The mAb 447 bound
to the matrix attached cyclic V3 MN with Re (3355) and to the matrix attached linear
V3 MN peptide with Re (3591). The binding reactivity ratio for mAb 447 for the
cyclic and linear forms of the V3 loop are 3355/831=4.0 for the cyclic peptide and
3591,/1124=3.2 for the linear peptide. Therefore, mAb 447 preferentially bound to the
cyclic form of the loop by the following ratio 4.0/3.2=1.25, which is a 25% preference.
In Table I, 15 out of 15 monoclonal antibodies showed a higher binding reactivity
ratio to the cyclic V3 loop (13-27%). These data support other observations showing
that antibodies derived from HIV-1 infected patients have a higher binding affinity
for the cyclic form of the V3 loop [12].

Enhanced Antigenicity and Diagnostic Potential

The ELISA reactivity of a panel of HIV-1 sera was used to assess the
antigenicity of the V3 peptide antigens in Table I. The antigenicity of the mucin V3
loop chimeric antigens was compared to the antigenicity of the cyclic and linear

forms of the 36 residue V3 loop, the 15 residue linear HIV-MN peptide, and a 105
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residue mucin MUC1 peptide. The panel of sera represent 29 patients from the
Honduras infected with clade B viruses characteristic of the North American
isolates. For comparison, the serological reactivity of 11 sera from patients infected
with viral strains whose PND sequence is non-clade B were measured.

Serological reactivity of these HIV-1 sera with the chimeric antigens (1/100
dilution of serum) as measured by ELISA is shown in Figure 1. The data are
displayed in order to emphasize the increasing antigenicity of either six
(IGPGRA)(Fig. 1A), seven (HIGPGRA)(Fig. 1B), or nine (THIGPGRAF)(Fig. 1C)
residues of the HIV-V3 loop when presented in the context of a multi-valent
mucin-like knob. As shown in Figure 1A, when only 6 residues of the PND are
used, 65% of the clade B sera tested positive, (24% show a strong reaction and 41%
have an intermediate level of serological reactivity). The number of clade B patients
who show a strong (52%) to intermediate (24%) level of serological reactivity
increases to about 76% when seven residues of the V3 loop are substituted into
MUCI (Figure 1B). The strong and intermediate categories were enhanced by 28%
and 15% respectively, simply by adding a single residue of the V3 loop into the
mucin chimera. As shown in Figure 1C, substitution of nine residues of the V3
loop into mucin, results in 100% of the clade B sera showing either strong reactivity
(90%) or intermediate (10%). Increasing the number of PND residues substituted
into the mucin backbone from 7 to 9 results in significant enhancement of the
number of sera in the strong category at the expense of the intermediate and weak
categories of serological reactivity. The number of non-clade B patients with strong
to intermediate levels of cross reactivity to the MUC1/HIV-MN chimeras increased
from one to three as the number of HIV residues in the chimera increased from six
to nine (Figures 1A-C). Only two sera, one clade B with weak reactivity and one
non-clade B with intermediate reactivity, recognized the mucin negative control,

(data not shown).
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ELISA reactivity of the sera described above are compared to the full HIV-MN
cyclic V3 loop (Fig. 2A), the 15 residue linear peptide(Fig. 2B), and the mucV3-9-120
residue multi-valent chimera (Fig. 1C). Comparing figures 2A and 1C shows that a
multi-valent mucin-V3 loop chimera with only nine residues of the V3 loop
detected an equivalent level of antibody reactivity in patient serum (90% strong,
10% intermediate and 3 cross reactors) as the entire 36 residue cyclic V3 loop. The
mucin chimeras with nine residues of the HIV-V3 loop (Fig. 1C), detected 50% more
strong serological reactions among the clade B sera than a 15 residue HIV-MN linear
peptide (Fig. 2B). Comparing figures 1A and 1B with 2B reveals that mucin
chimeras with 6 and 7 residues of HIV sequence detect similar or higher amounts of
HIV-PND serological reactivity than the 15 residue linear peptide.

Endpoint ELISA titers of the clade B HIV-1 serum against these antigens
reveals several additional features of both the serum and the antigens involved.
Figure 3A shows one example of an individual clade B serum titered with the cyclic
and linear V3 loops, the 15 residue linear peptide, and the three mucin-V3 chimeric
peptides. The cyclic and linear V3 loops displayed similar antibody reactivity to
HIV-1 serum, although the cyclic V3 loop consistently detected slightly higher levels
of antibody reactivity in all the titered sera (a total of 19 clade B sera). The pattern of
reactivity seen in Figure 3A for the 120 residue mucV3 chimeras mucV3-6, mucV3-
7, and mucV3-9 and the 15 residue linear peptide is also characteristic of the 19
titered sera. The chimera with nine HIV residues detects the same or slightly less
antibody reactivity than the full cyclic V3 loop at all dilutions. Although the
mucV3-7 chimera with 7 residues detects consistently less antibody reactivity than
mucV3-9, antibody could be detected are at all dilutions. The mucV3-6 chimera
usually detected the least amount of antibody reactivity of the chimeric proteins, but
usually is very close to the 15 residue linear peptide. One trend is consistently

observed, that the mucV3-7, and mucV3-9 chimeras detect antibody reactivity at 10




to 50 fold higher dilutions than the 15 residue linear peptide or, at a given dilution,
much higher absorbance values are observed.

Multivalent antigens are potentially capable of detecting higher levels of
serum antibodies specific for the p-turn at the crest of the V3 loop than even the full
length cyclic V3 loop antigen. Some of the antibody reactivity detected by the full
length V3 loop peptides must arise from epitopes other than the B-turn at the crest,
which could not possibly be present in the chimeras. Figure 3B shows, that for an
individual with a V3 loop sequence at the position of the p-turn (IHMGWGRAFY)
with critical mutations relative to the MN sequence (I to M; P to W) that eliminate
all antibody binding to the chimeric proteins, there can be significant antibody
reactivity to other epitopes within the loop. It is conceivable that multivalent
presentation of the B-turn at the crest of the V3 loop in the correct conformation by
the chimera could offer quantitative advantages for the creation of diagnostic

peptides.

Advantages of Multi-Valency

BIAcore SPR can be used to measure binding kinetics of monoclonal antibody
‘and HIV-1 chimeric antigen interactions and to examine the impact of multi-
valency in antigen-antibody binding. The mucV3-9 antigens were used in this
experiment since these show the maximum reactivity in ELISA of the mucin
chimeras with HIV infected patient serum. The association (R1) and dissociation
(R.1) rate constants of the antibody-antigen interaction mABs 447, 412, or 453 and the
60 and 120 residue peptides (3 knobs versus 6 knobs) are summarized in Table IIL
The R; values shown in Table III for the monoclonal antibodies 447 and 412 binding
to mucV3-9 (60) and mucV3-9 (120) are similar. However, the dissociation rates for
the monoclonal antibodies 447 and 412 is 10.4 and 11.0 times slower for mucV3-9

(120) than for mucV3-9 (60). As a result these antibodies have a ten-fold stronger
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affinity constant for the higher valency antigen. The effect is less pronounced but

similar for the monoclonal antibody 453 binding to the 60 and 120 residue peptides.

Immunogenicity

Multivalent binding has the effect of changing the overall equilibrium
constant for the antibody-antigen interaction. This effect should also be operating
when the antigen engages an immunoglobulin molecule on the surface of a
lymphocyte during the induction of an immune response. The six knob, 120
residue peptide was expected to induce significant IgM antibodies through a T-cell
independent mechanism [22, 23]. Table IV summarizes the results of four 100 ug
immunizations of sets of 4 Balb/C mice with the mucV3-6 (120), mucV3-7 (120),
mucV3-9 (120), and mucin 105 residue proteins. MucV3-9 (120), which proved to be
the most effective chimeric antigen, is also the most immunogenic in Balb/C mice.
The mucV3-9, 120 residue antigen induced high levels of IgG antibodies as well as
the expected IgM response. Using the ability to induce IgG and IgM antibodies as an
indicator, the chimeric antigens displayed the following decreasing immunogenicity
in Balb/C mice as shown in Table IV; mucV3-9 (120) > mucV3-6 (120) > mucV3-7
(120). The 105 residue mucin control protein only induced IgM antibodies, which is
consistent with the in vivo humoral antibody responses to MUCI reported in cancer
patients [22, 23].

We reasoned that if the high levels of IgG induced by mucV3-9, 120 residue
peptide were the result of the creation of a T-cell helper epitope in the chimeric
sequence, then the response to the 60 residue peptide should be very similar to that
seen for the 120 residue immunogen. This is because the 60 residue molecule
contains the same sequence and structural information as the 120 residue
molecules, the only difference is valency. The mucV3-9 (60) and 120 residue

peptides were each used to immunize 3 sets of 4 Balb/c mice. The mice were
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immunized with 3 different antigen doses corresponding to 2, 10, and 20 nmoles of
antigen. The ELISA serological reactivity of the mouse sera to the immunizing
antigens are shown in Figure 4. Mice immunized with mucV3-9 (60), at all doses,
did not induce IgG or IgM antibody responses to mucV3-9 (60). In contrast, high
levels of IgG antibody are induced by mucV3-9 (120) residue peptide at each dose.
We did not observe detectable IgG or IgM antibody responses to mucV3-7 (60) in 100
ug immunization of Balb/c mice. It appears that the 60 residue antigens are non-
immunogenic due to either insufficient valency to induce T-independent responses
or lack of T-cell helper epitopes.

The specificity of the murine IgG response to the mucV3-9 (120) residue
peptide, from mice immunized with 10 nmoles of mucV3-9 (120), is shown in
Figure 5. The titer to the immunizing antigen is greater than 1/100,000 after only 4
months. The titer to the cyclic V3 loop titer is 1/50,000 and less than 1 /10,000 for the
linear V3 loop at 4 months. No substantial anti-mucin reactivity develops during
this time. This data strongly supports the idea that these antigens will be useful

tools for inducing T-independent HIV specific antibodies.
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Discussion

We previously showed by high resolution NMR that substitution of the
immunodominant knob of human mucin MUC1 with the corresponding HIV-PND
results in structural preservation of the "correct” HIV epitope [16]. The goal of the
present study was to examine the antigenic, diagnostic and immunogenic
characteristics of these multi-valent mucV3 chimeric antigens. By substituting
increasing numbers of HIV-PND residues at the equivalent positions in the
repeating mucin knobs, mucin-like molecules with multiple HIV-PND epitopes in
their correct conformation were created. This approach offers several theoretical
advantages: First, presentation of the "native” conformation of short B-turn
segments can be maintained by the constraints of the MUC1 framework. Second,
any possibility for the PND epitope to be obscured by flanking hypervariable
sequences within the V3 loop lis eliminated. Third, the antigenic and immunogenic
potential of the epitope is increased by presentation within the multi-valent MUCL1.
Finally, mucin presentation of foreign B-turns at the tip of the knob assures that the
epitope in question is located on a surface that is accessible to antibody molecules in
solution or on the surface of lymphocytes. This approach can work as long as the
antigen in question forms a B-turn in the original protein [35, 36]. In this example
we used the PND of HIV-1 (MN), the residues GPGR have been shown by molecular
modeling, crystallography and NMR to form a type II B-turn structure [5, 7-10}. In
addition to the PND of HIV, the immunodominant segments of the
transmembrane proteins (TM) or the tips of other surface unit (SU) protein loops of
lentiviruses would make good candidates for incorporation into mucin chimeras
[37-41].

We showed that human monoclonal antibodies derived from HIV infected
patients bind more efficiently to the PND in the cyclic form [26). Our ELISA results

suggest that antigens with seven to nine residues of the V3 loop, constrained in a B-
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turn conformation and presented in the context of the multi-valent MUCI,
efficiently detect the same levels of V3 loop specific antibodies as full length V3 loop
peptides.

A possible mechanism for the enhanced ability of mucin/HIV-PND chimeras
to detect antibodies involves the process of antigen adsorbtion to a plastic plate.
When a multi-valent antigen is bound to a surface, there are additional sterically
available epitopes that can bind antibodies [42, 43]. An alternative mechanism is
suggested by considering the kinetic effects of a multivalent antibody interacting
with a multivalent antigen. The kinetic analysis allows the relative importance of
the association and dissociation rates in the antigen-antibody interaction to be
discerned. We observed a 10-fold decrease in the rate of dissociation when the same
antibody interacted with the 120 residue or six knob peptide as compared to the 60
residue three knob peptide. When an antibody binds to the PND epitope on one of
the knobs of the 120 residue peptide there are 5 additional knobs available for
binding the remaining arm of the antibody. Since the minimal distance between
two antibody combining sites is 35A [44] and the maximal distance between two
knobs is 32A [16]. One antibody may bind to two knobs only in the 120 residue 6
knob) peptide. In the 60 residue peptide, the N-terminal knob has a skewed
orientation due to the lack of the adjacent sequence, which may interfere with
multivalent binding. Differences in multi-valent binding may change the overall
equilibrium constant for the antibody-antigen interaction.

Another intriguing idea is the use of multivalent mucin/HIV-PND chimeras
as immunogens, either as a component of a multi-subunit vaccine, or possibly as an
immunotherapeutic for HIV infected patients. Berberian et al. recently found that
the immunoglobulin VH3 gene family, found in a subset of IgM* B cells, contains a
conserved idiotope for HIV-gp120 [45]. The authors show that gp120 preferentially

binds to EBV-immortalized B cells, and immortalized tonsil mantle zone B cells
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that express the VI3 idiotope. The binding of gp120 could activate this sub-
population of B cells and substitute for the normal Ig ligand. Fractions of IgM from
normal individuals bound gp 120 (Kd 8.6 X 10-2M) and monoclonal IgM antibodies
with non-HIV specificity were found which neutralize the virus. In addition, the
authors report a correlation between anti-gp120 IgM and the clinical stage of HIV
infection [45]. Our results indicate that the 120 residue peptides with 6 knobs are
immunogenic and can induce both high titer IgM and IgG antibodies specific for
only HIV-1. Unfortunately, the antisera produced to date have not been
neutralizing. We are preparing multivalent antigens with added T-cell epitopes in
order to assess the effect of T-dependent versus T-independent induction of

antibody on the neutralizing ability of the sera.
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Figure Legends

Figure 1. Serological reactivity by clade B and non-clade B HIV infected patients to .
120 residue mucV3 chimeras: (A) mucV3-6 which contains six (IGPGRA) residues,
(B) mucV3-7 which contains seven (HIGPGRA) , and (C) mucV3-9 which contains
nine (IHIGPGRAF) residues of the HIV-V3 loop. Strong, Intermediate, and Weak
serological reactions correspond to the development 2.5-3.0, 0.5-2.5, or 0.0-0.5

Absorbance units after 10 minutes.

Figure 2. Serological reactivity of clade B and non-clade B HIV infected patients to
peptide antigens: (A) the full 36 residue HIV-MN V3 loop, (B) a 15 residue linear
peptide (DKRIHIGPGRAFYTT) of the HIV-MN V3 loop. Strong, intermediate, and
weak serological reactions correspond to the development 2.5-3.0, 0.5-2.5, or 0.0-0-5

Absorbance units after 10 minutes.

Figure 3. Endpoint ELISA titers of HIV-1 sera against the cyclic and linear V3 loops,
the 15 residue linear peptide, the 120 residue six knob chimeras mucV3-6, mucV3-7,
and mucV3-9. (A) Serum from a patient with a clade B PND sequence of
[HIGPGRAF. (B) Serum from a patient with a non-clade B PND sequence of
(IHMGWGRAFY).

Figure 4. (A) Endpoint ELISA titers of mice immunized with 2, 10, and 20 nmoles of
either the six knob 120 residue antigen, mucV3-9 (120), and the three knob 60
residue antigen, mucV3-9 (60). (B) Cross reactivity of sera from mice immunized
with 10 nmoles of mucV3-9 (120) with the cyclic and linear HIV (MN) V3 loops. All

points are the average of 4 mice.
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Table 1
Mucin V3 Loop Chimeras

Sequence of 1 Tandem Repeat

No. Residues

12345
mucin (VT SAP
mucv3-6 (60) (- - - GP
mucvV3-6 (120) (- - - G P
mucv3-7 (60) (- HIGP
mucv3-7 (120) (- HI G P
mucv3-9 (60) (IHIGP

(IHIGP

mucVv3-9 (120)7
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Table 2

Monoclonal Antibody Reactivity Preference for Cyclic V3 Loop

No mAB epitope V3 cyclic v3 linear % differ
1 447 HIGPGRAF 4.0 3.2 25
2 412 2.4 2.1 14
3 453 KRIHIGPGR 3.1 2.8 11
4 386 RIHIGPGR 3.6 3.2 13
5 9205 4.7 4.0 17
6 268 RIHIGPGR 4.7 4.0 18
7 782 4.8 4.1 17
8 50.1 KRRIHIGPG 4.5 3.6 25
9 257 KRKRIHIGP 5.2 4.4 18
10 391 4.0 3.1 29
11 838 2.8 2.2 27
12 419 2.0 1.6 25
13 181 2.9 2.4 21
14 908 5.6 4.6 22
15 537 0.9 0.8 13

Negative Controls

16 9284 0.01 0.01

17 NHS 0.03 0.02

Reactivity = Response units (RU) for antib
baseline

antigen on the matrix).

increase in Response Units after antigen loading (mea

ody-antigen interaction, divided by the

sure of the amount of




Table 3

Kinetic Constants for mABs Binding to MucV3 Chimeras

28

mAB epitope

Klsec'lM'l(assoc)

K_1sec’1(diss)

447 HIGPGRAF

MucV3-9-60

Mucv3-9-120
412

Mucv3-9-60

MucV3-9-120
453 KRIHIGPGR

Mucv3-9-60

Mucv3-9-120

6.9 X 10%4

1.1 X 103




Table 4

Average Titers of Mice Immunized with MucV3 Chimeras

MucV3 Chimeras IgG Titer IgM Titer
1.1-120 5 X 104 4 X 102
1.2-120 5 X 102 5 x 101
1.3-120 3 x 106 1 x 104
0 3 x 103

mucin 105




Structural Studies Involving Different HIV-1 V3 Loops

Paolo Catasti and Goutam Gupta

MS K710, Los Alamos National Laboratory, Los Alamos, New Mexico 87545

Introduction

Studies on the feasibility of a subunit vaccine to protect against human immunodeficiency virus
(HIV) infection have principally focused on the third variable (V3) loop of the envelope surface protein.
One of the neutralizing determinants of HIV-1 is located inside the V3 loop. However, progress toward
a vaccine based on neutralizing determinants has been impeded by the amino acid sequence variability
in the V3 loop of different HIV isolates. The elusive nature of the V3 loop structure prompted us to
carry out a systematic study on different isolates in an attempt to identify a common structural motif in
the V3 loop regardless of the amino acid sequence variability. We have performed 2D NMR structural
studies on three different V3 loop peptides: MN, Haiti, and RF (Catasti et al., 1995 & 1996). The three
V3 loops were all 35 residues long and S-S bridged at the terminals. The NMR studies were carried
out first in water, then in a 70%/30% mixture of water/triﬂuoroethanol 1 (TFE). TFE is a solvent wide

Figure 1 shows that similar secondary structures are observed for the three different V3 loops: a
GPG(K/R) crest in the center of the neutralizing determinant, two extended regions flanking the central
crest, and a helical region in the C-terminal domain observed only in the water/TFE mixture. The RF
V3 peptide did not dissolve in the water/TFE mixture, therefore we could run the experiments only in an
aqueous solution. Structural prediction studies revealed that the variability in sequence and structure of
the V3 loop is confined to the N and C-terminal side of the conserved GPG crest. Figure 2 is a summary
of the NMR secondary structural assignments (Catasti et al., 1995 & 1996), and the results of several
secondary prediction algorithms. With the exception of the PSA method, most of the algorithms fail to
identify the alpha helix in the C-terminal portion of the V3 loops.
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Haiti

Figure 1. Ribbon diagram showing the average folding patterns of the structures of the MN, Haiti and RF V3 loops
in water and in a mixture of 70%/30% water/TFE. In each case the average is done over 70 sampled low energy
structures. Note that, in each case, the neutralizing epitope containing the central GPG(R/K) sequence forms a
protruding loop even though the local structure and presentation of the loop in the different cases are noticeably
different. Structures that satisfy the NMR constraints of the V3 loops in water show a higher degree of flexibility
than those in agreement with the NMR data in the mixed water/TFE solvent. This is due to the formation of the
alpha helix in the mixed solvent. Color code is as follow: GPG(R/K) crest is red, extended regions are green,
disulfide bridges are yellow and the alpha helical region is cyan.
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Figure 2. Comparison of secondary structure assignments of the
NMR determined structures and secondary structure prediction
for the three V3 loops, MN, Haiti and RF. The different prediction
algorithms are indicated on the left. Some of these methods are
discussed by Myers and Farmer in Part {II of this compendium.
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Key to Prediction Algorithms
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Levin Levinetal. DPM Deleage et al.
SOPM  Geourjon et al. DSC King et al.

PHD  Rostetal. nnpredict McClelland et al.
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ABSTRACT Molecular modeling and two-dimensional
NMR techniques enable us to identify structural features in
the third variable region (V3) loop of the human immunode-
ficiency virus (HIV) surface glycoprotein gp120, in particular
the principal neutralizing determinant (PND), that remain
conserved despite the sequence variation. The conserved
structure of the PND is a solvent-accessible protruding motif
or a knob, structurally isomorphous with the immunodomi-
nant knobs in the tandem repeat protein of human mucin 1
(MUC1) (a tumor antigen for breast, pancreatic, and ovarian
cancer). We have replaced the mucin antigenic knobs by the
PND knobs of the HIV MN isolate in a set of chimeric human
MUC1/HIV V3 antigens. This produced multivalent HIV
antigens in which PNDs are located at regular intervals and
separated by extended mucin spacers. In this article we show
by two-dimensional NMR spectroscopy that the multivalent
antigens preserve the PNDs in their native structure. We also
demonstrate by ELISA that the antigens correctly present the
PNDs for binding to monoclonal antibodies or polyclonal
antisera from HIV-infected patients.

Fusion of a viral surface with the host-cell surface is the first
step in the life cycle of the human immunodeficiency virus
(HIV). The process of HIV fusion into a host cell is deter-
mined by two discrete functional sites on the 120-kDa viral
surface unit glycoprotein, gp120. First, a segment near the C
terminus of gp120 directly binds to the CD4 molecule on the
surface of a host cell (1, 2). Next, the third variable region (V3)
loop of gp120 mediates in virus fusion (3, 4). Virus fusion is
abrogated when these binding events are prevented by block-
ing either one or both of these sites of gp120. The blocking of
these sites is the primary mechanism of virus neutralization by
antibodies (5-7). Two approaches have been used for viral
neutralization: (i) vaccination aimed at generating antibodies
specific for the principal neutralizing determinant (PND),
which is located inside the V3 loop of gp120 and contains a
fairly conserved Gly-Pro-Gly-(Arg or Gln) (GPGR/Q) crest at
the center of the PND (6, 8); and (if) the administration of
soluble CD4 receptors (9). However, these approaches cur-
rently suffer from serious drawbacks. For example, because of
sequence variability in the V3 loop (8, 10), neutralizing
antibodies elicited by the V3 loop from one HIV isolate do not
neutralize other HIV isolates (11, 12). Further, the short
half-life of soluble CD4 molecules has limited applicability for
the treatment of a “slow” virus infection.

The V3 loop of HIV surface gp120 is a potential target for
protective immunity. This small 34- to 36-residue domain
contains the well-characterized PND as well as a cross-reactive
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cytotoxic T-lymphocyte epitope (13). The V3 loop also par-
ticipates in vital functional properties of HIV-like cell tropism
(14, 15) and cell fusion (3, 4, 16). Antibody binding to the V3
loop can interfere with these processes in the life cycle of the
virus. To exploit the V3 loop as an antibody target, one has to
understand (f) the effect of sequence variability on the struc-
ture and antigenicity and (i7) the structural features of the V3
loop (especially at the PND) that remain invariant. Our
previous work using theoretical studies of 30 different V3 loops
(17, 18) and three-dimensional (3-D) structure determination
of two divergent cyclic V3 loops (19, 20) allows us to define the
effect of sequence variability on the global structure of the
entire V3 loop and the local structure of the PND centered
around the conserved GPGR crest. Irrespective of the vari-
ability in the amino acid sequences on either side of the type
II GPGR turn, the PNDs of different V3 loops adopt a
protruding solvent-accessible motif (19-22) or knob. This
work focuses on synthetic polypeptide antigens that contain
PNDs that preserve and present the same conserved structural
features as in the “native” V3 loop. Such a design requires a
polypeptide construct that also contains a protruding motif
like the PNDs in the V3 loop. The tandem repeat protein,
human mucin 1 (MUC1) (a tumor antigen for breast, pancre-
atic, and ovarian cancer), provides us with such a structural
motif (23-25). We construct a set of chimeric human MUC1-
HIV V3 loop proteins in which HIV PNDs replace the
immunodominant knobs of MUCI tandem repeats. We show
by two-dimensional (2-D) NMR that the PNDs in the chimeric
proteins preserve the same structure as in the native V3 loops.
Finally, we show that these antigens are also able to bind
polyclonal antisera from HIV-infected patients and type-
specific monoclonal antibodies (mAb).

MATERIALS AND METHODS

The 60- and 120-residue peptide amides were synthesized, and
the products of the synthesis were deprotected, cleaved from
the resin support, purified by HPLC, and subjected to molec-
ular weight determination by electrospray mass spectroscopy
as described (26). The names and sequences in single-letter
amino acid code of one copy of the tandem repeat antigens
described here are as follows: human MUCI1, VTSAPDTR-
PAPGSTAPPAHG; MUC1-V3 1.1, VISGPGRAFAPGST-
APPAHG; MUCI-V3 1.2, HHIGPGRAPAPGSTAPPAHGYV;

Abbreviations: HIV, human immunodeficiency virus; PND, principal
neutralizing determinant; NOE, nuclear Overhauser effect; NOESY,
NOE spectroscopy; gp120, 120-kDa glycoprotein; V3, variable region
third loop of HIV surface gp120; mAb, monoclonal antibody; MUC],
human mucin 1; GPGR/Q, Gly-Pro-Gly-(Arg or Gln); 2-D and 3-D,
two- and three-dimensional; HIGPGRA, His-Ile-Gly-Pro-Gly-Arg-
Ala.
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and MUC1-V3 1.3, IHIGPGRAFAPGSTAPPAHG. In each
case, peptides with three and six complete tandem repeats
were successfully synthesized. The cyclic and linear V3 pep-
tides from the HIV isolate MN (HIV-MN) have the single-
letter-code sequence CTRPNYNKRKRIHIGPGRAFYTTK-
NIIGTIRQAHC, and the small 15-residue linear peptide has
the sequence DKRIHIGPGRAFYTT. The enzyme-linked
immunosorbent assay (ELISA) was performed as described
(27).

All NMR experiments on the MUC1-V3 60-residue antigen
were carried out on the 600-MHz Bruker spectrometer at the
University of Alabama at Birmingham. All NMR spectra were
collected at 10°C with peptide concentration at 5 mM (pH 5.5).
All 2-D data were acquired in the phase-sensitive mode with
the presaturation of the 'H?HO signal during the relaxation
delay (28, 29).

As previously described (18, 19), a set of distance constraints
were derived by analyzing the NMR data with the aid of
full-matrix nuclear Overhauser effect (NOE) spectroscopy
(NOESY) simulations, associated R-factor test, and energy
calculations. Analyses of the 2-D NMR data of the MUC1-V3
60-residue peptide produced 220 interproton distance con-
straints. The energy term EDIST (14, 38) was added to the
force-field as described by Scheraga and coworkers (30).
Monte Carlo-simulated annealing (31) was performed to
obtain a set of structures consistent with NMR data. The
maximum step size of the torsion angles was set at 15 degrees,
which produced an acceptance ratio of 0.20-0.50 for the
50,000-step Monte Carlo cycle at each temperature. Full-
matrix NOESY calculations were repeated for the final 150
low-energy MUCI1-V3 structures. These structures were an-
alyzed in terms of their energies, end-to-end lengths (Re),
relative orientations of the knobs, and torsion angle parame-
ters.

RESULTS

Principles of Design. We previously determined NMR
structures of two disulfide-bridged V3 loops: a Thailand HIV

Proc. Natl Acad. Sci. USA 92 (1995)

isolate (19) and the HIV-MN isolate (38). Amino acid se-
quences of the PNDs of these two V3 loops are quite different.
However, as shown by superimposing two PNDs (Fig. 1 Left),
both of them form similar protruding motifs. In the case of the
HIV Thailand isolate, the central GPGQ forms a type II turn
and a solvent-accessible tip; similarly in the case of HIV-MN,
the central GPGR forms the type II turn and the accessible tip.
In spite of the fact that the amino acid sequences flanking the
central type II turn on the N- and C-terminal sides are
different, the polypeptide backbone and side-chain orienta-
tions in the flanking regions are very similar in the two cases
(Fig. 1 Left). However, when the PND is presented in the
context of the V3 loop or gpl20, the variability of regions
flanking the central PND residues masks the conformational
purity of the PND.

These protruding motifs (or knobs) are predicted from
molecular modeling studies (17, 18) of a large set of different
V3 loops. The “knob-like” structure is also present in the
tandem repeat domain of a protein totally unrelated to HIV
V3 loops. Fig. 1 Right illustrates the surprising result found
upon solving the structure of three tandem repeats of the
human breast and pancreatic tumor antigen MUC1, (PDTR-
PAPGSTAPPAHGVTSA)s. In this system, we again found a
knob-like motif that is crested by a type II turn (isomorphous
with the PND of HIV), which is immunodominant for humoral
immune responses (32, 33). As shown by detailed NMR
analyses (25), the elongated mucin structure contains knobs
that project away from the long axis of the molecule and are
connected by extended spacers (Fig. 1 Right). In the mucin
structure, Ala-Pro-Asp-Thr from positions 0-3 in the above
repeat (where Ala at position 0 is the amino acid from the
previous repeat) forms the type II turn occupying the solvent-
accessible tip of the knob; this tip is the immunodominant
antigenic site in MUCL. In our antigen-engineering approach,
we chemically synthesize a series of MUC1-V3 chimeric
polypeptides in which mucin immunodominant knobs are
replaced by the HIV-MN PNDs (Fig. 1 Right). The ability of
these chimeric proteins to act as HIV antigens requires
fulfillment of two criteria: (i) the PNDs in MUC1-V3 antigens

3 Tandem Repeats of the Human MUC1 Protein Core

R18 Immunodominant
Q18 Tandem Repeat
PG Boundary £ D} / \ s
P16
PDTRPAPGSTAPPAH
Extended Spacer
MUC1-V3 Loop Chimeric Protein
Immunodominant Knobs
HIV PND
/ \ G
@
N
MN

FiG. 1. (Left) Superimposition of the protruding motifs of two NMR structures: the V3 loop from the HIV-MN isolate (designated MN) and
that from the Thailand TN243 isolate (named TN). The sequences of two motifs in single-letter amino acid code are: MN, RIHIGPGRAFYT;
and TN, SITIGPGQOVFYR. Note that the GPGR or GPGQ crests are oriented in the same way. (Right) The principle of design. The HIV PND
sequences above the MUCI sequences actually replace the MUCTI residues in the chimeras.
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must be structurally equivalent with the native V3 loop, and
(ii) the surface accessibility to antibodies of the PNDs in
MUCI1-V3 antigens must be as good as or better than in the
native V3 loop. Below, we discuss how these criteria are
fulfilled for the MUCI-V3 antigens that we have designed
so far.

Preservation of Structure. We have chemically synthesized
60- and 120-residue peptides of three different MUC1-V3
antigens in which three different lengths of HIV-MN PND
sequences are inserted. The lengths of the PND inserts are 6,
7,and 9 amino acids. The names and sequences of the chimeric
antigens are listed in Materials and Methods. The start of the
sequence is chosen in such a way that each 20-amino acid
repeat has one knob (Fig. 1 Right). Therefore, by varying the
number of repeats, we can vary the number of knobs and study
the related effect on the structure and dynamics of the antigen
and on the associated antibody-binding affinity. The binding
data indicates that we need at least 7 PND amino acids for
optimum binding.

The NOESY (400 ms of mixing) fingerprint region (con-
taining cross-peaks due to coupling between backbone HN and
H¢®) of the MUC1-V3 1.2 60-residue peptide reveals that the
20 residues in the sequence repeat also forms the structural
repeat—i.e., the protons from the 20 amino acids in all three
repeats sample the same chemical-shift environment and
structure (Val-60 being the only exception). Comparison of the
NOESY cross-section from the MUC1-V3 1.2 60-residue
peptide with that of the MUC1-V3 1.2 120-residue peptide
suggests that local structures of different 20-amino acid re-
peats in the same antigen (60 or 120 residue) are remarkably
similar. However, the extent of flexibility and the nature of
dynamics can be different in these two antigens. The diagnostic
NOE pattern of importance is the one involving the HIV PND
epitopes, His-Ile-Gly-Pro-Gly-Arg-Ala (HIGPGRA), of
MUCI1-V3 1.2. The H¥(P,)-HN(G;+1), H*(P,))-HN(R;+), and
HN(G;)-HN(R;+1) NOEs are indicative of a type II B-turn of
GPGR centered around the proline and glycine residues (19,
34, 35). The sequential NOE pattern involving histidine,
isoleucine and alanine residues of HIGPGRA defines the
backbone and side-chain orientations of the flanking residues
in the PND with respect to the central GPGR type II turn. The
NOESY (200 ms of mixing) fingerprint (HN-H®) region of
MUCI-V3 1.2 120-residue peptide has features similar to
those in the MUC1-V3 1.2 60-residue peptide except that the
weak H%(P,)-H™(R;.>) NOE present is not seen.

The analyses of the NMR data of MUC1-V3 1.2 60-residue
peptide revealed intraresidue NOEs involving H*-HYN, Hf-
HN, H*-HN, H*—HPA, HP-H", etc., and interresidue NOEs
involving H%(residue i)-HN(residue i+1), HF(@)-HN(i+1),
HN(i+1)-HN(@+1), and some HY()-HN(+1). Full-matrix
analyses and the associated R-factor test with respect to the
NOESY data at 200 and 400 ms of mixing produced 220
distance constraints for the MUC1-V3 1.2 60-residue peptide
(36). Simulated annealing subject to the distance constraints
resulted in a set of stable (low energy) structures in agreement
with the NMR data. All of the structures shared the following
common features: (i) a tight GPGR type II turn; (i) a
protruding motif (or knob—colored red) consisting of resi-
dues 1-11 in each repeat, with the GPGR forming the solvent-
accessible tip; (iii) seven residues from the HIV-MN PND in
MUCI1-V3 that are structurally isomorphous with the same
residues in the cyclic HIV-MN V3 (Fig. 2); and (§v) an
extended spacer (colored green), consisting of B-strand and
polyproline structures, connecting the knobs. We noticed
significant conformational flexibility in the MUC1-V3 1.2
60-residue peptide in terms of the end-to-end length (R.) and
in the relative distance and orientations of the knobs. This
flexibility neither violates the NMR distance constraints nor
disrupts structural features i-iv discussed above. Fig. 3 shows
three different folded forms of the MUC1-V3 1.2 60-residue
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Fi1c. 2. Structural similarity between the HIV PND isotope HIG-
PGRA in the HIV-MN cyclic V3 (green) and in the central knob of
chimeric MUC1-V3 1.2 60-residue peptide. The residues on the N
terminus are on the left, while the residues on the C terminus are on
the right. Note that P occupies the left corner of the crest.

peptide in agreement with the NMR data. Fig. 3 Left shows a
structure with R, = 80 A and with knobs alternating on two
sides of the long axis of the molecule, whereas Fig. 3 Center
shows a structure with R, = 80 A but with the knobs located
on the same side of the long axis. A more compactly folded
structure with R, = 30 A and with the first and the third knobs
close together is shown in Fig. 3 Right. The conformational
variants in Fig. 3 involve only minor variations in backbone
torsion angles (i.e., small correlated changes produce large
cumulative deviations). Also note that some degrees of flex-
ibility possible for the 60-residue peptide may be sterically
prohibited for the 120-residue peptide. For example, the
progressive extension of the 60-residue chain at the bottom in
Fig. 3 to accommodate the 120-residue peptide may be steri-
cally excluded because of the clash of the third and fourth
knobs. Therefore, for steric reasons the 120-residue chain has
to necessarily unfurl. This implies, even though the local
structures of the 20-amino acid repeats may be identical in the

Fic. 3. Flexibility in the arrangement of the tandem repeats in
MUCI1-V3 1.2 60-residue peptide.

.
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60- and 120-residue peptides, that the global folding and
dynamics can be different in these two polypeptides. These
differences, in addition to the difference in the number of
binding sites, are likely to alter antibody binding properties for
these two polypeptides. The results in Figs. 2 and 3 prove that
the PND inside the chimeric construct is structurally similar to
that in the native V3 loop.

Presentation of Structure. Table 1 lists the ELISA reactivity
of various V3 antigens against 39 different polyclonal antisera
from HIV-infected patients. Also shown in the table are the
PND sequences at the tip of the predominant HIV V3 loops
from the corresponding HIV-infected patients. The reactivity
of the mucin 105-mer is also shown on a relative scale of 0 to
4 (0 being least reactive). Note that 37 of 39 antisera in Table
1 show no reactivity with the mucin 105-mer; the remaining

Proc. Natl Acad. Sci. USA 92 (1995)

two show only weak binding. However, MUC1-V3 120-residue
antigens show reactivity comparable to the full-length linear
and cyclic V3 loops in the majority of the cases. MUC1-V3 1.3,
which has the longest PND segment, is the most reactive
among all three MUC1-V3 antigens. The conformational
purity of the PND epitope in MUCI-V3 1.3 (and not the
length of the sequence) decides the high reactivity. By com-
parison, the 14-residue linear V3 peptide (with 5 more residues
than the PND in MUC1-V3 1.3) is much less reactive. This is
because the small linear V3 peptide is less structured than the
PND in MUC1-V3 1.3. All antisera specific for Ile-Gly-Pro-
Gly-Arg-Ala-(+Phe) [IGPGRA(F); i.e., with or without phe-
nylalanine in the epitope] show strong reactivity toward
MUCI1-V3 1.2. These reactivities compare well with those
displayed by the HIV-MN cyclic V3 loop against the same
antisera.

Table 1. Reactivity of patient polyclonal antisera and mAbs with V3 antigens

Reactivity with V3 antigens

MUCI1-V3 chimeric

Antibody HIV-MN V3 loops 120-residue Rejvcittll\lnty
V3 loop PND Small mucin
Name sequence Cyclic Linear linear 1.1 12 13 105-mer
HIV patient serum
HONDO1 IPIGPGRAF +4 +4 +4 +4 +2 +4 +1
HONDO2 IHIGPGRAF +4 +4 +4 +4 +4 +4 0
HONDO3 INIGPGRAW +4 +4 +2 +1 +3 +4 0
HONDO04 IHMGPGGAF +4 +4 0 0 +2 +4 0
HONDO5 +4 +4 +4 0 +4 +4 0
HONDO06 IYIGPGRAF +4 +4 +4 +4 +4 +4 0
HONDOS THIGPGSAW +4 +4 +2 +1 +4 +4 0
HONDO09 IHIGPGRAF +4 +4 +1 +1 0 +4 0
HOND10 IPIGPGRAF +4 +4 +4 +4 +4 +4 0
HOND12 IPLGPGRAF +4 +4 +2 +3 +2 +4 0
HONDI13 +4 +4 +4 +3 +4 +4 0
HOND14 IHIGPGRAF +4 +4 +4 +1 +4 +4 0
HOND15 IHIGPGRAF +4 +4 +3 +2 +4 +4 0
HOND16 THIGPGSAW +4 +4 +4 0 0 +4 0
HOND17 IHIGPGRAF +4 +4 +4 +1 0 +4 0
HOND18 VTIGPGKVW +3 +4 +1 0 +3 +4 0
HOND19 INIGPGRAF +4 +4 +3 +4 +4 +4 0
HOND20 +4 +4 +1 +4 +4 +4 0
HONDS1 VHIGPGRAF +4 +4 +4 +4 +4 +4 0
HONDS52 IYIGPGRAF +4 +4 +4 +4 +4 +4 0
HONDS53 VRIGPGRAF +4 +4 +1 0 0 +1 0
HONDS4 +4 +4 +1 0 +4 +4 0
HONDS5 INIGPGRAF +4 +4 +3 0 0 +4 0
HONDS8 INIGPGRAF +4 +4 +4 +4 +4 +4 0
HONDS59 VHIGPGRAF +3 +4 +1 0 0 +2 0
HONDG60 INIGPGRAF +4 +4 +4 +2 +4 +4 0
HONDS61 +4 +4 +2 0 +4 +4 0
HONDG62 +4 +4 +2 +1 +1 +4 0
RW9223 IHIGPGRAF +4 +4 +2 +4 +4 +4 0
RW9225 VRIGPGQTF 0 0 0 0 0 +3 0
BR9203 IHMGWGRAF 0 0 0 0 0 0 0
BR9221 IHMGWGRAF +2 0 0 0 0 0 0
BR9225 IRIGPGQAF +4 +4 0 0 +1 +3 +2
BR9228 IHMGWGRTF 0 0 0 0 0 0 0
TH9201 INIGPGQVF 0 0 0 0 0 0 0
TH9206 ITIGPGQVF 0 0 0 0 0 0 0
TH9209 ITIGPGQVF 0 0 0 0 0 0 0
UG9238 TPIGOGQVL 0 0 0 0 0 0 0
UGI365 TSIGLGQAL 0 0 0 0 0 +4 0
mAb
268-D HIGPGR +2 +2 — 0 +2 +2 0
R/V3-50.1 RIHIG +4 +2 — 0 0 +4 0

Reactivity: 0, absorbance 4 = 1-5X the average of six normal controls; +1,4 = 5X the average of six normal controls up
to 1.0 A4os unit in ELISA; +2, 4 = 1-1.5 A40s units in ELISA; +3,4 = 1.5-2.0 A4os units in ELISA; +4, 4 = >2.0 A4os units

in ELISA.
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Two neutralizing mAbs show distinct antigen specificity
(Table 1). The human mAb 268-D (12) is specific for the
sequence HIGPGR and reacts with MUCI1-V3 1.2 and
MUCI1-V3 1.3 antigens, which contain this sequence, but not
with MUC1-V3 1.1, which does not contain this full sequence.
The mouse mAb R/V3-50.1, obtained by immunization with a
cyclic V3 loop (37), is specific for the sequence Arg-Ile-His-
Ile-Gly. This mAb only reacts with MUC1-V3 1.3,

DISCUSSION

MUCI1-V3 antigens are unique in the following ways. (/) NMR
and antibody-binding data verify that they reproduce the
native structure of the PNDs even when they are presented in
the context of a totally unrelated protein like MUCI. (i)
Immunogens containing identical PNDs within the MUC1
chimeras effectively allow enhanced presentation of a con-
served structural feature of the virus in a fashion not possible
with nonchimeric HIV antigens. The true advantage of this
approach will be to induce either T-cell-dependent or T-cell-
independent antibody responses to the PND, depending on the
precise construction of the antigen. (i) Multiple PNDs,
present in these chimeric proteins, may be advantageous in
enhancing the immune response by significantly increasing the
affinity of antibody binding. The importance of multiple PNDs
being present in the same antigen becomes clear by analyzing
the relative binding of MUC1-V3 1.2 60- and 120-residue
peptides to different antisera. The data show that the 120-
residue peptide is a better ligand than the 60-residue peptide
for the majority of the antisera we tested (data not shown).
This is probably because the higher number of PND knobs in
the 120-residue peptides are correctly disposed along the long
axis of the molecule to facilitate the binding of bivalent
antibodies. (iv) Alternatively, the nature of the MUCI-V3
structure (Fig. 3) suggests that if two or more different PNDs
are grafted alternately along the chain, there is enough flex-
ibility in the spacers so that two or more antibodies specific for
two different PNDs can both bind bivalently, interdigitating
along the molecule. Finally, there is no reason why more than
two PNDs cannot be introduced in the molecule. This may be
critical in designing vaccines for a highly mutating pathogen
like HIV.
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The third variable (V3) loop of HIV-1 surface glyco-
protein, gp120, has been the target of neutralizing an-
tibodies. However, sequence variation inside the V3
loop diminishes its effectiveness as a potential vaccine
against HIV-1. The elusive nature of the V3 loop struc-
ture prompted us to carry out a systematic study on
different isolates in an attempt to identify a common
structural motif in the V3 loop regardless of the amino
acid sequence variability. We have previously deter-
mined the structural features of two V3 loops: V3 Thai-
land and V3 MN. In this paper, we present the struc-
ture of two other variants: V3 Haiti and V3 RF. Our
results show that similar secondary structures are ob-
served in all the four V3 loops: a GPG(R/K/Q) crest in
the center of the neutralizing domain, two extended
regions flanking the central crest, and a helical region
in the C-terminal domain. For the Haitian V3 loop, we
also show how the conserved structural features are
masked through a conformational switch encoded in
the amino acid sequences on the C-terminal side of the
GPGK crest.

A neutralizing determinant (1-8) located inside the V3* loop
of the envelope glycoprotein, gp120, has been the target for
protective immunity against the human immunodeficiency vi-
rus, type 1 (HIV-1). However, the amino acid sequence varia-
tion within the V3 loop has eluded the effectiveness of V3-based
vaccine design (4, 5). Antibodies against the V3 loop generally
exhibit type-specific neutralization profiles (6, 7), although a
subset of anti-V3 antibodies specific for the less variable ele-
ments of the V3 loop show a broader range of neutralizing
activity (7, 8). To better understand the effect of sequence
variation on the structure and antigenicity of the HIV-V3 loop,
we developed a method combining molecular modeling (9, 28)
and two-dimensional NMR (10, 11) to analyze the global struc-
ture of the entire cyclic V3 loop and the local structure at the
neutralizing determinant. We attempted to answer two specific
questions: (i) Are there conserved secondary structural ele-
ments inside the V3 loop in spite of sequence variation? and (ii)
Can the sequence variation inside the V3 loop mask this con-
served secondary structure? Recently, we have shown (12) that
in spite of the observed sequence variation, a conserved sec-
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AI32891-01A2 and U. S. Army Grant MIPR 92MM2581. The costs of
publication of this article were defrayed in part by the payment of page
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in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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1 The abbreviations used are: V3, third variable; HIV-1, human im-
munodeficiency virus, type 1; DQF-COSY, two-dimensional double-
quantum filtered correlated spectroscopy; rms, root mean square; NOE,
nuclear Overhauser effect; NOESY, NOE spectroscopy; TFE,
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ondary structure is located inside the V3 loop. This structure
consists of a solvent-accessible protruding motif (or a knob)
spanning 8—10 residues with a central GPG(Q/R/K) type II
turn at the crest of the knob (10-12). In this article, we dem-
onstrate how amino acid sequence variation flanking the GPG
crest can camouflage an otherwise conformationally pure
epitope. For this purpose, we performed two-dimensional NMR
and molecular modeling studies on two cyclic V3 loops from the
Haitian and RF isolates (13):

1 36

V3-Haiti CCTRPNDNTRKSIPMGPGKAFYATGDIIGNIRQAHC  net charge +3

V3-RF CCTRPNNNTRKSITKGPGRVIYATGQIIGDIRKAHC  net charge +5

(Cysteines at position 2 and 36 are S-S bridged; the first
cysteine that is underlined in the sequence has a protective
group on S; site-specific differences in sequence are marked in
bold).

MATERIALS AND METHODS

Synthesis and Purification—The cyclic Haitian V3 loop was synthe-
sized and purified by Dr. Anita Hong (Anaspec, CA). The cyclic RF V3
loop was synthesized and purified by Dr. G. M. Anantharamaiah, Uni-
versity of Alabama at Birmingham. Both Drs. Hong and Ananthara-
maiah provided their services under a contract with the AIDS Division
of the National Institutes of Health.

NMR Spectroscopy—All NMR experiments on the RF V3 loop were
carried out on the 600 MHz Bruker spectrometer at the University of
Alabama at Birmingham, whereas the data on the Haitian V3 loop were
collected on a 500 MHz Bruker AMX spectrometer at Chemistry, Sci-
ence, and Technology-4, Los Alamos National Laboratory. NMR spectra
were collected at 10 °C with 3 mM peptide concentration (pH 5.5) for the
Haitian V3 loop and at 5 mMm peptide concentration (pH 5.5) for the RF
V3 loop. All two-dimensional data were acquired in the phase-sensitive
mode with the presaturation of the HDO signal during the relaxation
delay. DQF-COSY data (14) were collected with the following acquisi-
tion parameters: t2 = 4096, t1 = 1024, relaxation delay = 1.5 s, number
of transients = 32 for the Haitian V3 loop and number of transients =
48 for the RF V3 loop. Total correlated spectroscopy data (14) were
collected with the following parameters: t2 = 2048, t1 = 1024, relax-
ation delay = 1.5 s, number of transients = 32/48, isotropic mixing = 70
ms. NOESY (14) data were collected with similar acquisition parame-
ters and with 75 and 250 ms of mixing time (r,,) for the Haitian V3 loop
and 200 and 400 ms for the RF V3 loop. The sequential assignments®
were performed by combining the total correlated spectroscopy, DQF-
COSY, and NOESY data, processed on a SGI Indigo instrument using
the Felix software (BioSym Inc.).

Structure Derivation—Two-dimensional NMR data of the Haitian V3
loop in water and in TFE/water mixture and for the RF V3 loop in water
were analyzed with the aid of full-matrix NOESY simulations, associ-
ated R-factor test, and energy calculations (10, 11). This produced a set
of distance constraints (9-12, 28). The energy term (EDIST defining the

2 Authors on request will provide additional data containing proton
NMR assignments, i1 coupling constants, NOE volumes, NOE-
derived distances, cartesian coordinates, torsional angle data of the the
three structures: V3 Haiti in water and in the mixed water/TFE solvent
and V3 RF in water. The surface accessibility data of the three struc-
tures in Figs. 68 are also available from the authors on request.
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tration = 3.0 mm, pH 5.5, temperature = 10 °C). A, the fingerprint
HN-H* region. B, DQF-COSY HN-H* cross-section. C, the HN-HN
region. For NOESY experiments, the acquisition parameters were as
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distance constraints) is added to the force field as in the work of
Scheraga and co-workers (15). Monte Carlo simulated annealing (10,
11, 16) is performed to obtain a set of structures in agreement with
NMR data. The maximum step size of the torsion angles was set at 15 °,
which produced an acceptance ratio of 0.20—0.30 for the 50,000 step MC
cycle at each temperature. Full-matrix NOESY calculations were re-
peated for the final 50 low energy structures of the V3 loop. We define
distances from the NOE data in terms of the upper and lower limits
(range is above 0.5 A). However, in our sampled structures the viola-
tions of these distances are ~0.22 A. This implies that the uncertainty
in distance estimate is always above 0.7 A

RESULTS

NMR Experiment on the Haitian V3 Loop—Fig. 1A shows the
NOESY fingerprint HN-H* region of the Haitian V3 loop in
water at 10 °C for 250 ms of mixing. Fig. 1B shows the DQF-
COSY fingerprint HN-H* region of the Haitian V3 loop in
water at 10 °C; the ranges of ¢ values are estimated from
Jrnpe coupling data. Note the presence of intra-residue
HN-H* and inter-residue HN(i+1)-H*(i) cross-peaks. Proline
residues (Pro®, Pro, and Pro'”) show H3P;+1)-H*() cross-
peaks. Note that residues Cys®, Cys?, Thr’, and Arg* do not
show any cross-peaks. Fig. 1C shows the NOESY HN-HN re-
gion of the Haitian V3 loop in water at 10 °C for 300 ms of
mixing. Although a set of sequential HN-HN cross-peaks are
observed in the C-terminal stretch (residues 28-33) of the V3
loop, no medium range NOEs like H*({)-HP(i+3) or HN()-
H%i+3) cross-peaks are seen as a corroboratory evidence of a
helical stretch. Fig. 3 summarizes the NOE data of the Haitian
V3 loop in aqueous environment from the analyses of the data
at 100 and 300 ms of mixing. Note that only a few HP()-
HN(@+1) cross-peaks are observed for the Haitian V3 loop in
the aqueous environment. Seven nonsequential NOESY cross-
peaks are observed (see panel of Fig. 3B).

Fig. 2A shows the NOESY fingerprint HN-H® region of the
Haitian V3 loop in a water/TFE (7:3) mixture at 10 °C for 250
ms of mixing. Although the cross-peaks of the Haitian V3 loop
are broader in the mixed solvent than in the aqueous environ-
ment, we are able to assign residues 5-36. Fig. 2B shows the
NOESY HN-HN region of the Haitian V3 loop in the mixed
solvent at 10 °C for 250 ms of mixing. Due to the broadness of
the peaks it is not possible to decipher the interaction of two
HN protons that are close to the diagonal. However, quite a
number of distinct HN-HN cross-peaks are observed in this
cross-section. Fig. 3 summarizes the NOE data of the Haitian
V3 loop in the mixed solvent from the analyses of the data at 75
and 250 ms of mixing. The NOE data of the Haitian V3 loop in
the mixed solvent is distinct from that in water in the following
respects. (i) Medium range H(i)-HP(i+3) cross-peaks are ob-
served for the residue pairs (27, 30), (31, 28), (32, 29), and (33,
30) which are indicative of a helical core spanning residues
97-33. (i) Although there is a decrease in the absolute inten-
sities of sequential HN-H* and HN-HN cross-peaks, there is an
enhancement in the relative HN-HN/HN-H® cross-peak inten-
sities for residues 26—34, which is again indicative of a helical
structure in this segment. (iii) A few sequential HP-HN cross-
peaks are observed in this stretch that are either weak or
absent in the aqueous solvent. (iv) Finally, the H* protons of

follows: t2 = 2048 data points, t1 = 1024 data points, relaxation delay
= 1.5 s, number of transients = 32. The same acquisition parameters
were used for the DQF-COSY experiment except for t2, which was
increased to 4096 data points. Sequence specific assignments (14) were
obtained starting from Phe?! (only Phe in the sequence) and moving
backward and forward along the connectivity route until completion of
the assignments. Note the resonance doubling of the residue Gly'8,
indicating a conformational equilibrium between the two forms. How-
ever, no additional NOEs to discriminate between the two conforma-
tions were observed.
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Fic. 2. NOESY cross-sections of the cyclic Haitian V3 loop in
water/TFE (7:3) mixture (peptide concentration = 3.0 mm, pH
5.5, temperature = 10 °C). The HDO signal was presaturated for 1.2
s during the relaxation delay. Acquisition parameters: data matrix (t2
= 2048 data points, t1 = 1024 data points), relaxation delay = 1.2 s,
number of transients = 32, temperature = 10 °C. 4, the fingerprint
HN-H* region. B, the HN-HN region. In the fingerprint region note the
double population of the residue Gly'®. One of the populations has an
additional medium range NOE between H-G18 and HN-F21, indicat-
ing a conformational equilibrium between two forms, one extended and
one bent at the fragment Gly*®-Lys'®-Ala?’-Phe?!. Interestingly such a
double population for Gly'® is also observed in water, although the
medium range NOE with F21 absent in the aqueous environment (see
Fig. 1). Note that uniform upfield shift of the H* resonances in the
C-terminal region of the peptide that is a strong indicator of the helical
conformation.

the residues 27-34 in the C terminus of the Haitian V3 loop are
high field shifted in the mixed solvent as also observed in the
case of the MN V3 loop (11).

The residues in the neutralizing epitope, Ile'3-Pro'4-Met!5-
Gly'®-Pro’"-Gly'®-Lys'®-Ala?’-Phe®’-Tyr??, are unequivocally
assigned in water and in the solvent. Two conformational
states of Gly'® (i.e. Gly'® and Gly'®*) are clearly evident. Gly'®
not only shows two populations in terms of the chemical shift
values of (H*,HN) but also in terms of the NOESY connectivi-
ties. As shown in Fig. 24, a second population of Gly'®* is

Structure and Polymorphism of HIV-1 V3 Loops

observed in mixed populations; Gly'® shows a H*G18)-
HN(F21) cross-peak (Fig. 3). The chemical shift of other resi-
dues in the second population are indistinguishable from the
first. Although this conformational variant is also present in
the aqueous solvent, the absence of the H*(G18)-HN(F21)
cross-peak suggests that such an interaction perhaps is not
stabilized in a polar environment.

NMR Experiment on the RF V3 Loop—We have chosen the
RF V3 loop to examine the effect of sequence variation on the
overall folding of the V3 loop and the local structure at the GPG
crest. The RF V3 loop is different from the Haitian V3 loop at
eight positions and is more positively charged. Fig. 44 shows
the NOESY fingerprint HN-H* region of the RF V3 loop in
water at 10 °C for 400 ms of mixing. Note the presence of
intra-residue HN-H® and inter-residue HN(i+1)-H*(i) cross-
peaks except for the residues Cys', Cys?, Thr?, Arg*, Pro®, and
Asn®, possibly due to inherent flexibility in the N-terminal
region. Fig. 4B shows the NOESY HN-HN region of the RF V3
loop in water at 10 °C for 300 ms of mixing. Although a set of
sequential HN-HN cross-peaks are observed in the C-terminal
stretch (residues 29-34) of the V3 loop, no medium range
NOEs indicative of helical fragments are seen. Fig. 5 summa-
rizes the NOE data of the RF V3 loop in the aqueous environ-
ment from the analyses of the data at 200 and 400 ms of
mixing. Only intra-residue and sequential NOEs are observed.
The Jyn.g™ coupling constants from the DQF-COSY spectrum
(Fig. 4C)) provide the ¢ values, which are converted into HN-H*
intra-residue distances.? The lack of solubility of the highly
polar RF V3 loop prevented us from carrying out NMR exper-
iments in the mixed water/TFE (7:3) solvent.

Structures of the Haitian V3 Loop—We have previously re-
ported structural studies on the Thailand and MN V3 loops (10,
11). The NMR data for those two sequences revealed that the
structure of the V3 loop contained a few reasonably well de-
fined secondary structural elements, i.e. a GPGR(Q) turn and a
nascent C-terminal helix. However, the V3 loops are consider-
ably flexible within the constraints of these secondary struc-
tural elements and the Cys®-Cys®¢® disulfide bridge. Therefore,
we developed and applied a method to explore the extent of
conformational flexibility of the V3 loop that is consistent with
the NMR data (10, 11). Briefly, we employ the following steps.
(i) We analyze the NMR data to assign secondary structural
states, i.e. ranges of ¢ and ¢ values, to the residues of the V3
loop. The NMR data for the aqueous form include the NOEs in
Fig. 3 and the DQF-COSY data (Fig. 1C); the Jyp.i* coupling
constants from the DQF-COSY spectrum provide the ¢ values,
which are converted into HN-H® intra-residue distances.? Line
broadening in the mixed solvent prevented us from obtaining a
high quality DQF-COSY spectrum in the water/TFE (7:3) mix-
ture. (ii) We obtain a set of starting (energy minimized) struc-
tures of the V3 loop subject to the ¢ and ¢ values and disulfide
bridge constraints. (iii) We then use these starting structures
for Monte Carlo simulated annealing and energy minimiza-
tions for sampling the conformational space. (iv) We finally
select a set of low energy structures (50 for the Haitian V3 loop)
and analyze the conformational parameters to examine the
nature of the flexibility.

Fig. 6 shows the ribbon models of the Haitian V3 loop in
water (left) and water/TFE (7:3) mixture (right). The following
color coding was used in these ribbon diagrams: gray for the
N-terminal protruding loop at position T8-R10, green for the
N-terminal extended p-strand flanking the GPG crest, ma-
genta for the central B-turn at position G16-P17-G18-K19, yel-
low for the C-terminal extended B-strand flanking the GPG
crest, and blue for the C-terminal segment D26-H35, which can
form an o-helix. In water the C-terminal segment consists of
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Fic. 3. Summary of the NMR data for the HIV Haitian V3 loop in water (under panel 1) and in water/TFE (7:3) mixed solvent
(under panel 2). In addition to sequential H~-HN, H-HN, and HN-HN NOEs, six sequential H"-HN NOEs were obtained in both the solvents.

The sequential H*-HN connectivity for Pro is missing,

sequential NOE pattern in the C-terminal segment; in the mixed solvent,

but the sequential H*-H? NOEs provide the link. Note the solvent-induced change in the

there is an enhancement of the sequential HN-HN NOEs relative to the

corresponding H-HN NOEs, indicative of an induction of a helix.? In a previous work (24-25), the NMR assignments of the V3 loops of MN and

IIIB isolates in aqueous solution were obtained. The authors also performed
NMR work (26), the authors studied two 24 linear peptides containing the neutralizing

the NMR spectra in such mixed solvents. In another

CD studies on TFE mixed solutions but did not succeed in assigning

determinant of the IIIB isolate of HIV-1. They reported (26) the presence of a transient turn at the GPGR crest, and the ability of mixed TFE

solutions to induce helical conformation in the C-terminal domain of the peptides, whereas in water only a

interconnected turns was observed.

consecutive fB-turns centered around Ile?*-Gly*® and Ile®'-
Arg32, whereas in the water/TFE (7:3) mixture it further folds
into a well defined o-helix as evidenced by the presence of
sequential HN-HN NOEs (Fig. 2B) and medium range HP(G+3)-
H*() NOEs (Fig. 3B, panel 2). Due to the intrinsic conforma-
tional flexibility of the V3 loop, side chains are quite mobile,
and they do not sample a single rotamer conformation. In these
representations only average positions for the side chains are
shown. However, in the a-helical region for the mixed solvent
structure, the side chains are organized in a cylindrical array
as experimentally observed by the presence of a network of
d*B({i,i+8) and d®N sequential connectivities (Fig. 3B). Nonethe-
less, in both the structures (Fig. 6) the neutralizing epitope
containing the central GPGK sequence forms a protruding loop
even though the local structure and presentation of the loop in
the two cases are noticeably different. The aqueous structure of
the Haitian V3 loop in Fig. 6 is the average of 50 sampled
configurations that exhibit rms deviations below 1.5 A with
respect to the backbone atoms. Out of 50 sampled structures of
the Haitian V3 loop in the TFE/water mixture, a small subset
of six structures shows a large (>2.6A) rms deviation of the
backbone atoms from the rest of the structures. The remaining
44 structures are within 1.6 A rms deviations of the backbone
atoms. The average structure in Fig. 6 is taken over these 44
structures.

Fig. 7 shows two conformations representing the agueous
environment (eff) and the mixed solvent forms (right). The
central region of the Haitian V3 loop containing the neutraliz-
ing determinant residues Ile'®-Pro'*-Met'®-Gly'®-Pro*’-Gly"®-
Lys2-Ala?®-Phe?!-Tyr?? is shown. The following color coding

“nascent” helix formed by a stretch if

was used in these skeleton models: red for the central Gly'®-
Pro'"-Gly!8-Lys'® crest, green for the N-terminal Ile'®-Pro'*-
Met!® residues in extended conformation, and yellow for the
C-terminal Ala2’-Phe?!-Tyr?? residues, which show a solvent-
induced effect. In the water structure the C-terminal fragment
is in an extended conformation (open state). In the mixed
solvent, two types of chain folding are observed: one folded form
is similar to that of the MN-V3 loop (11), whereas in the other,
the GPG crest forms the typical type II g-turn followed by a
type III B-turn involving residues Gly'®-Arg'®-Ala®-Phe®, as
evidenced by the presence of a medium range NOE between
H*G18 and HN-F21 (closed state). Such an S-shaped confor-
mation has been previously reported for a peptide containing
the V3 neutralizing determinant complexed to an antibody
(18), and it will be referred as “arched” conformation for the
rest of the paper. Qur NMR data (Figs. 1A and 3) clearly
indicated that these two states are simultaneously present in
mixed solvent, whereas only the open state exists in aqueous
solutions. We have not shown the open state structure of the
Haitian V3 loop in the mixed solvent because it closely resem-
bles the already published structure of the MN-V3 loop (11).
Structure of the RF V3 Loop—Fig. 8 shows the ribbon dia-
gram for the structure of the RF V3 loop in water. Here, again
the conformational analysis is done for 50 sampled low energy
structures. All the sampled structures showed rms deviations
of 0.22 * 0.02 A with respect to 79 independent distance
constraints. The same color coding described in Fig. 6 was used
here. The average structural features of the V3-RF in water
resemble those observed for the Haitian and the MN V3 loops
(11); however, the absence of any nonsequential NOE suggests
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Fic. 4. NOESY (mixing time = 400 ms) and DQF-COSY cross-
sections of the cyclic RF V3 loop in water (peptide concentra-
tion = 5.0 mm, pH 5.5). A, the fingerprint HN-H® region. B, the
HN-HN region. C, DQF-COSY cross-sections of the cyclic RF V3 loop.
For NOESY experiments, the acquisition parameters were as follows: t2

that the RF V3 loop structure is considerably more flexible
than the Haiti-V3 and MN-V3 loops. Out of 50 sampled struc-
tures, a small subset of eight structures shows a large (>2.7 A)
rms deviations of the backbone atoms from the rest of the
structures. The remaining 42 structures are within 1.7 A rms
deviations of the backbone atoms. The average structure in Fig.
8 is taken over these 42 structures.

DISCUSSION

Previous NMR studies on the Thailand and MN V3 loops (10,
11) and the current work on the Haiti and RF V3 loops (Figs.
6—8) can be summarized as follows: (i) A GPG-turn at the crest
of the V3 loop is present in all the four sequences. (ii) Stretches
of B-strand adjacent to the GPG-turn on the N- and C-terminal
sides are common to all the four sequences. (iii) The residues in
the C-terminal segment form a few turns in water and a helix
in the less polar mixed solvent. (iv) In spite of the constraints of
secondary structures ((i)~(iii)) and the disulfide bridge, the V3
loop exhibits conformational flexibility as evidenced by the
absence of long range NOESY interactions commonly observed
in well folded globular proteins (14).

However, a “protruding knob” formed by the central GPG
turn and the B-strands on either side emerges as the secondary
structural feature conserved among diverse V8 loop sequences.
The single crystal structure of the HIV-1 neutralizing antibody
(monoclonal antibody 50.1) complexed to 16-residue-long linear
MN-V3 fragment shows the hint of such a protruding knob,
although the segment on the C-terminal side of the GPGR type
IT turn remains disordered (18). The crystallographic observa-
tion suggests that the protruding knob of the V3 loop that
includes the neutralizing epitope might well be specifically
recognized by the antibody. However, the conserved protruding
knob of the V3 loop need not always be presented in its confor-
mationally pure form because HIV may find a way to mask this
conserved secondary structural element. In this work we report
one such mechanism of masking as revealed by the closed state
in Fig. 7. In this form of the Haitian V3 loop, the NMR data
indicate an arching of the residues on the C-terminal side of the
GPGK turn. This is a departure from the protruding knob motif
that contains the central GPG turn and two 8-strands on either
side. Such an arched conformation of the neutralizing epitope
has also been observed in an antibody (monoclonal antibody
59.1) complexed with a linear V3 fragment (18).

When combined with the single crystal data (17, 18), our
NMR data (Refs. 10 and 11 and this work) indicate that the
closed or arched conformation of the neutralizing epitope of the
V3 loop is possible and can be recognized by the antibody. In
addition, our data also indicate that an equilibrium between
the closed and open state (Fig. 7) is possible for the same V3
loop sequence. The arching around AlaZ°-Phe®! tends to mask
Lys'® and Ala® (Fig. 7). The closed form of the V3 loop may
camouflage some essential elements of the neutralizing epitope
from the immune system. For instance, this masking will in-
terfere with the binding of antibodies (8, 19) that recognize the
PGRAF epitope.

Most importantly such a local masking of Ala?® and Phe?!
should affect the proteolysis of the (Arg/Gln/Lys)'®-Ala?° pep-
tide bond by thrombin and tryptase (20, 21); the second enzyme

= 2048 data points, t1 = 1024 data points, relaxation delay = 1.5 s,
number of transients = 32. Same acquisition parameters were used for
the DQF-COSY experiment except for t2, which was increased to 4 K.
Sequence-specific assignments were obtained starting from Val2° (only
Val in the sequence) and moving backward and forward along the
connectivity route until completion of the assignments. Assignments in
the fragment Cys’-Asn’ were not possible, presumably due to the in-
trinsic flexibility in the region Asn®-Asn”-Asn®.
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Fic. 5. Summary of the NMR data for the HIV RF V3 loop in water. Sequential H*-HN, H?-HN, and HN-HN NOEs. The sequential H®-HN
connectivity for Pro is missing, but the sequential H*-H® NOEs provide the NOE link.? Lorimier et al. (26) studied a 40-residue-long peptide
containing a T-helper epitope 16 residue long in the N-terminal region and a 24-residue-long segment derived from the V3 loop of the HIV-RF
isolate studied in this work. In the V3 loop region the authors observed the GPGR turn, whether the rest of the C-terminal fragment was mostly
disordered. However, we would like to stress that in the study of the linear peptides (24, 25), the authors did not consider the importance of the
disulfide bridge locking the V3 fragment in a closed loop. We have previously shown that the cyclic V3 loops are better ligands for V3-specific
antibodies (11).

3
e

Water Water/TFE mixture

Fic. 6. The ribbon diagrams describe representative folding patterns for the structures of the Haitian V3 loop in water (left) and
in mixed water/TFE solvent (right). The following color coding was used in these ribbon diagrams: gray for the N-terminal protruding loop,
green for the N-terminal extended B-strand flanking the GPG crest, magenta for the central -turn at the GPG crest, yellow for the C-terminal
extended B-strand flanking the GPG crest, and blue for the C-terminal segment, which can form an a-helix. In each case, the average is done over
50 sampled low energy structures. Ribbon models in the two cases correspond to the average structure. All the sampled structures of the Haitian
V3 loop in water showed rms deviations of 0.24 *+ 0.02 A with respect to 95 independent distance constraints. All the sampled structures of the
Haitian V3 loop in mixed water/TFE solvent showed rms deviations of 0.27 * 0.02 A with respect to 123 independent distance constraints. The
structures of the Haitian V3 loop in water show a greater degree of flexibility than those in the mixed water/TFE solvent; this is due to the
formation of the C-terminal helix in the mixed solvent.

Fic. 7. Two conformations repre-
senting the aqueous environment
(left) and mixed solvent forms (right).
The central region of the Haitian V3 loop
containing the neutralizing determinant
residues  Ile'®-Pro'*-Met'®-Gly*®-Pro'"-
Gly'®-Lys'?-Ala?’-Phe?’-Tyr?* are shown.
The following color coding was used in
these skeleton models: green for the N-
terminal Ile'®-Pro'*-Met'® residues in ex-
tended conformation, red for the central
Gly'®-Pro'"-Gly'8-Lys'® crest, and yellow
for the C-terminal Ala?°-Phe®'-Tyr?® res-
idues, which show solvent induced arch-
ing effect. Solvent-accessible areas were
calculated using the Molecular Surface
Package due to Connolly (27) with a probe
radius of 1.5 A. In the fragment Lys®-
Phe??, the aqueous structure has a lower
surface accessibility than the structure in Open Cl()sed
the mixed TFE/water solvent.
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Fic. 8. The ribbon diagrams describe representative folding
pattern of the RF V3 loop in water. The same color coding described
in the legend to Fig. 6 was used here. The structural features of the
V3-RF in water resemble those observed for the Haitian and the MN V3
loops in water (11).

lies on the T-cell surface. When gp120 is used as a substrate
these two enzymes show exceptional specificity for cleavage of
the (Arg/Gln/Lys)'®-Ala®® peptide bond inside the V3 loop. Most
striking is the observation that the V3 loops of T-cell tropic
virus strains are 1,000 times more susceptible to cleavage by
these two enzymes than the V3 loops of macrophage tropic
strains (21). The T-cell tropic V3 loops are more positively
charged than the macrophage tropic V3 loops (21-23). Our
studies reveal that the open state of the neutralizing epitope of
the V3 loop is exclusively preferred for MN and RF V3 loops
with net charges of more than +5, whereas the closed state of
the neutralizing epitope begins to appear for the Haitian V3
loop with a net charge of +3. Therefore, the proteolysis data
(21) are consistent with our structural conclusions.
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Studies of the feasibility of a subunit vaccine to pro-
tect against human immunodeficiency virus (HIV) infec-
tion have principally focused on the third variable (V3)
loop. The principal neutralizing determinant (PND) of
HIV-1 is located inside the V3 loop of the surface enve-
lope glycoprotein, gp120. However, progress toward a
PND-based vaccine has been impeded by the amino acid
sequence variability in the V3 loops of different HIV
isolates. Theoretical studies revealed that the variabil-
ity in sequence and structure of the V3 loop is confined
to the N- and C-terminal sides of the conserved GPG
crest. This leaves three regions of the V3 loop conserved
both in sequence and secondary structure. We present
the results of NMR studies that test the validity of our
theoretical predictions. Structural studies are reported
for the HIV-V3 loop (HIV-MN) in the linear and cyclic
(S-S-bridged) forms. For the V3 loop sequence of the
HIV-MN isolate, the three conserved secondary struc-
tural elements are as underlined below: )

turns turn helix

CTRPNYNKRKRIHIGPGRAFYTTKNIIGTIROAHC

Finally, the conformational requirement of the PND in
the V3 loop-antibody interaction is tested by monitoring
the monoclonal antibody binding to the HIV-MN V3 loop
in the linear and cyclic forms by enzyme-linked immu-
nosorbent assay. The binding data reveal that the cyclic
V3 loop is a better ligand for the monoclonal antibodies
than the linear form although the latter has the same
sequence. This means that the monoclonal antibodies
recognize the PNDs as conformational epitopes.

The surface of human immunodeficiency virus (HIV)' is
studded with several copies of the glycoprotein gp120 (1). A
segment of gp120 is being considered as a potential antigenic
target for protective humoral immunity. This segment is lo-
cated inside the third variable loop, called the V3 loop (Fig. 1).
Monoclonal antibodies raised against the V3 loop can neutral-
ize the viral infection by specifically binding to the principal

* This work was supported by National Institutes of Health Grant
RO1 AI32891-01A2. The NMR work was done at the NMR facility at the
University of California, Davis, using the GE 500 MHz spectrometer
(funded by National Science Foundation Grant DIR-88-04739 and
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publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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1 The abbreviations used are: HIV, human immunodeficiency virus;
PND, principal neutralizing determinant; V3, third variable; NOE,
nuclear Overhauser effect; TFE, 2,2,2-trifluoroethanol; NOESY, nu-
clear Overhauser and exchange spectroscopy.

neutralizing determinant (PND) located inside the V3 loop
(2-4). However, the HIV V3 loop undergoes sequence muta-
tions at a rapid rate in order to escape the immune surveillance
of the host cell. But certain segments of the V3 loop remain
fairly conserved among different HIV isolates; these conserved
segments of the V3 loop are probably essential in the life-cycle
of the virus. Therefore, the virus mutates the V3 loop only
enough to escape the immune pressure without risking its own
life inside the host cell. The elusive nature of the V3 loop calls
attention toward two important structural aspects in relation
to V3 loop-antibody interaction: (i) the global tertiary folding of -
the V3 loop and (ii) the structure and presentation of the PND.
This article describes the results of a study aimed at exploring
these structural aspects by combining two-dimensional NMR
spectroscopy, molecular modeling, and antibody binding meas-
urements of the V3 loop from the HIV isolate from Minnesota
(HIV-MN).

EXPERIMENTAL PROCEDURES
Materials

The linear and cyclic HIV-MN V3 loops were obtained from Peptide
and Protein Research Consultants, Washington Singer Laboratories,
UK, using an NIH reagent contract. The purity of the linear V3 loop
(TRPNYNKRKRIHIGPGRAFYTTKNIIGTIRQAH)was ~99% by high
pressure liquid chromatography; a major peak at 3878.8 was obtained
by fast atom bombardment mass spectroscopy which agrees with the
average molecular weight (M) of 3878.5 as required by the desired
structure. The cyclic form (CTRPNYNKRKRIHIGPGRAFYTTKNI-
IGTIRQAHC) showed purity of [SIM]95%, i.e. a single major peak with
a few minor impurities. A major fast atom bombardment mass spec-
troscopy peak at 4083.1 corresponded well with the M, of 4082.7 as
required by the desired structure.

Structure Determination: NMR and Modeling

The methodology for structure determination consisted of three
steps: steps 1 and 2 for theoretical analyses of the structure and flexi-
bility of the V3 loop and step 3 for experimental verification of theoret-
ical predictions by NMR spectroscopy.

Step 1: Prediction of Secondary Structures—The secondary struc-
tural elements were predicted for a V3 loop sequence by computing the
probability S of a given residue i in the V3 loop to adopt a k-type of
conformation (¢ = helix, A, B8 sheet, b, coil, ¢, or turn, ¢), where:

W s P+
S0 = 2 Ty
=Y

(The summation is over 1 = -y to vy, where y = size of the window
chosen to account for the effect of the neighboring amino acid residues:
v = 5 for h; y = 3 for b; and y = 4 for ¢ or ). P(%, i) = potential for the
k-type of conformation of individual residue i derived from the analysis
of the single crystal structures of about 65 proteins. The highest S(&, i)
determines the conformation & for the i residue (5). Use of any existing
algorithm for secondary structure prediction is only 60% accurate. In
order to improve accuracy, we tested our predictions by requiring an
S-S bridge formation that achieves local energy minima for the cyclic
V3 loop; this led to step 2 in our method.

Step 2: Generation of Energy-minimized S-S-bridged V3 Loop—This
step involved obtaining an energetically stable S—S-bridged structure
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Fic. 1. Analyses of the amino acid sequence and the conserved secondary structural elements of V3 loop sequences. A molecular
modeling method (9-11) is used to define secondary structural states of relatively conserved and highly variable regions of V3 loop sequences, and
to predict the resulting energetically stable tertiary fold(s) of the S-S-bridged V3 loop. We found (11) that, regardless of the neighboring amino
acids, the boxed regions retained the same secondary structural elements, i.e. (i) a loop with two consecutive B-turns at the N-terminal segment,
(ii) a type II B-turn at the GPG-crest, and (iii) a C-terminal helix. Both the North American consensus V3 loop and the HIV V3 loop isolated from
a Minnesota patient (HIV-MN) showed the same secondary structural elements for the three conserved regions of the V3 loop. A, the most common
amino acid found in each site is shown on the fop row; this row corresponds to the North American consensus V3 loop sequence. The percent
frequency with which an amino acid occurs at each site is shown directly below, and beneath each percent frequency, a column of the amino acids
that can occupy each position is listed in descending order of their percent frequency at the given site. (This figure is adapted from Roterman et
al. (7).) The conserved regions are numbered I through 3. B, the amino acid sequence and the conserved secondary structural elements in the

HIV-MN V3 loop.

for a V3 loop sequence given the secondary structural states of the
constituent amino acids residues as obtained after step 1 or from
analyses of two-dimensional NMR data (discussed later). Appropriate
ranges of (¢, ¥) values were assigned to all amino acilks. For example,

¢= —55°=*25° ¢ = — 55° * 25° (for residues in helix)

¢ = — 140° = 30°, ¢ = 140° = 30° (for residues in a B strand)

@i +1= —65°*=20° ¢i+1= —50°=x20°
@i +2= —90°*20° i+ 2=0°x20° (for residues in a type-I turn)
oi +1= —65°*20° ¢i+1=120°=*20°

¢l +2=90° % 20°, g + 1 = 0° = 20° (for residues in a type-II turn)
(¢, ) of residues in the coil state were set free to choose any point in the
allowed space (for definitions of different secondary structures and
corresponding (¢, ¥) values, see Ramachandran and Sasisekharan (6)).
We simplified the sequence by assuming Ala for residues with side
chains extending beyond the C? atom, except for the Pro and the
terminal Cys. Our rationale for doing this was that the allowed (¢, ¥)
space of residues with a side chain longer than Ala is only a subspace of
that allowed for Ala (6).

We obtained an S-S-bridged structure of a V3 loop by using a linked-
atom-least-square refinement equation that minimizes function F in
the space (¢, ¥):

F= 21A1G1 + EU( l’:;‘" — Dmn)Z

where G, (= [vert] r; — r? [vert] = 0) indicates distance constraints for
an S-S bridge. Distances in the S—S-bridged V3 loop configuration are
defined as r, = S(C1) — S(85), r, = C¥C1) — S(C35), ry = CAC35) —
S(C1),andr, = CA(C1) — C"(C°35); corresponding equilibrium distances
arerd =2.04A,r3=r3=38.05A,r] =385 A (7). A, indicates Lagrangian
multipliers; 7" indicates distance between atom i (type m) and atom j
(type n); and D™ indicates the contact limit between atom (type m) and
atom (type n) (6). In this refinement (¢, ¢ of various residues were
treated as elastic variables (i.e. variables with weights) such that by
appropriate choice of weights the predicted secondary structural states
of residues (after step 1) were minimally altered (8, 9). This method
guarantees a stereochemically orthodox structure for the S-S-bridged
(CA4;C)-like sequence. Finally, appropriate side chains were attached

to generate an actual V3 loop sequence and the potential energy of the
system was minimized in the (¢, ¥, o, x)-space using the force-field of
Sippl et al. as cited in Ref. 11. Several energy-minimized structures of
a given V3 loop sequence were obtained by choosing a number starting
structures within the specified ranges of (¢,) values predicted in step
1. Conformational sampling of a V3 loop sequence belonging to a given
family of tertiary fold was performed by Monte Carlo simulated anneal-
ing (9). If the secondary structural states of one or more residues as
predicted in step 1 were energetically unfavorable for the cyclic V3 loop,
those states were altered in step 2. Even though wrongly predicted
secondary structural states of a residue by step 1 was corrected in this
step using the energy criteria of a cyclic V3 loop, it was necessary to
examine which secondary structural states of the residues in the V3
loop were predominantly present in solution. This led to step 3 of our
methodology.

Step 3: Use of Two-dimensional NMR Experiments—This step in-
volved (i) sequential assignment of the protons belonging to constituent
amino acid residues, (ii) extraction of sequential and medium-range
inter-residue interactions by employing full-matrix NOESY simula-
tions with respect to observed NOESY data (10), and (iii) conforma-
tional sampling by Monte Carlo simulated annealing subject to the
distance constraints derived from NOESY data (11). Two-dimensional
NMR experiments were conducted in 90% H,0, 10% D,0 and in 100%
D,O under the following solution conditions: peptide concentration =
1-3.5 mM, pH = 5.5 in phosphate buffer, temperature = 625 °C. NMR
experiments were done over a wide range of peptide concentrations to
examine whether there were complications due to inter-molecular as-
sociations. Analyses of the results of total correlation spectroscopy,
double quantum filtered correlation spectroscopy, and NOESY (at two
mixing times) experiments in 90% H,0, 10% D,0 led to the sequential
assignment of the spin system (HN, H% HP) and also to the identifica-
tion of secondary structural states of various residues in the V3 loop
(12). Additional NMR data in D,O further confirmed sequential assign-
ment of all non-exchangeable protons. Prominent secondary structural
elements emerged from the characteristic NOE pattern present in the
two-dimensional NMR data. In addition to the characteristic structural
features (i.e. the presence of B-strand, a turn or a helix) a complete set
of structural constraints were derived from two-dimensional NMR data:
@ from Jyye coupling and inter-residue HN-HN; H*-HN, HA-HN
distances from two-dimensional NMR experiments in 90% H,0, 10%
D,0; x*, ¥ from Jya B, JuB.uY, JuBuring coupling and intra-residue
H*HP, HNH?; and inter-residue H*H* and H*H? distances from two-
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pulse-sequence due to Sklenar-Bax (24)
was used for solvent suppression. Acqui-
sition parameters: data matrix (¢, = 2K,
t, = 1K), relaxation delay = 1.5 s, number
of transients = 32, temperature = 10 °C.
A, the fingerprint HN-H* region; B, the

HN-HN region. Sequence specific assign-
ments (25) were obtained starting from
F20, which represents a unique residue in
the sequence, and moving backward and
forward along the connectivity route until
completion of the assignments.

dimensional NMR experiments of the V3 loop in D,O. All these struc-
tural constraints were used for structure determination. The structure
determination consisted of two steps: (i) extraction of inter-proton dis-
tances and (ii) incorporation of these distance constraints for obtaining
a cluster of structures in agreement with the NMR data. Full-Matrix
NOESY simulations with respect to experimental data at two mixing
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times (150 and 300 msec) enabled us to include both primary and higher
orders of NOEs. Thus, the complications in the distance estimate using
a two-spin model often encountered at a high mixing time due to
spin-diffusion (i.e. higher order NOEs) are avoided in the full-matrix
NOESY simulations where all spins are considered in the relaxation
(10). Such a simulation at two mixing times improves the rigor in
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Fic. 3. Summary of the NMR data for the HIV-MN V3 loop in water and in water/TFE (7:3) mixed solvent. Nomenclature of various
sequential and medium range NOEs are taken from Wuthrich et al. (12). In addition to sequential H*-HN, HP-HN, and HN-HN NOEs about 10
sequential H-HN NOEs were obtained in both the solvents. The sequential H*-HN connectivity for Pro is missing but the sequential H=H® NOEs
provide the NOE link. Note the solvent-induced change in the sequential NOE pattern in the C-terminal segment; in the mixed solvent, there is

an enhancement of the sequential HN-HN NOEs relative to the corresponding H*-HN NOEs, indicative of an induction of a helix.

estimating structural constraints for pairwise inter-proton interactions,
i.e. for each constraint, an upper and a lower limit of the distance. Two
types of constraints are identified (11).

Type I is given as

EDIST = 0
if the distance r is within a specified range (between r1 and r2)
=k(r — r1)?ifr <rl
=k(r — r2?ifr > r2. k: force constant.

Type II is given as
EDIST

i

0ifr = rl
= k(r — r1)?ifr < rl

This type is particularly useful for an unobserved NOE where we can
set a lowest allowable distance limit for the corresponding proton pair.
The ¢-angle constraints are also included as 1-4 distance constraints.

The energy term, EDIST, is added to the force-field QCEP 454 due to
Scheraga and co-workers (7). The simulated annealing is performed in
the following manner. First, a starting energy-minimized structure is
chosen and Monte Carlo simulations are performed for 50,000 steps at
1000K in the (o, ¥, w, x)-space; the last accepted configuration is stored
to be subsequently used as a starting configuration in the next lower
temperature-cycle. Second, 50,000 Mone Carlo steps are repeated in
several cycles of gradually decreasing temperature until a temperature
of 100K is reached. Third, the lowest energy configuration at 100K
is further energy-minimized to a low energy gradient. This is the
“temperature quenching” step in which thermally excited single bond
rotations around the equilibrium positions are quenched. Finally,
first through third steps are repeated for 20 different starting
configurations.

All sampled low energy structures are analyzed to define the extent
of conformational variability. Although 20 starting structures chosen
for Monte Carlo simulation are conformationally different, they are not
included in the analyses for conformational flexibility. Because these
structures obtained by NMR pattern recognition followed by energy
minimization do not adequately define the population density of the
energy basins to which they belong. However, after simulated anneal-

ing energy barriers are crossed and different energy basins are visited
sufficient number of times. Therefore, after such a sampling analyses of
conformational variants become physically meaningful.

Solid Phase Peptide Enzyme-linked Immunosorbent
Assay with Monoclonal Antibodies

Peptides (0.5 ug/ml) were bound to Dynatech Immulon IV 96 well
plates (Chantilly, VA) by overnight incubation in 0.05 M Bicarbonate
buffer. The remaining protein binding sites were blocked after one hour
of room temperature incubation in 5% Carnation nonfat dry milk in
phosphate-buffered saline at pH 7.4. The plates were then incubated
with 50 ul of the appropriately diluted monoclonal antibodies for 1 h at
room temperature. The plates were then washed three times with
phosphate-buffered saline. This was followed by a 1-h incubation with
50 pl of the secondary antibody consisting of Sigma goat anti-mouse IgG
conjugated to alkaline phosphatase and diluted 1/3000 in 5% carnation
nonfat dry milk in phosphate-buffered saline at pH 7.4. The plates were
then washed three times with phosphate-buffered saline. Detection was
accomplished with 4 mg/m] phosphatase substrate in 0.25 M diethanol-
amine with 68 uM MgCL,:6H,0 at pH 9.8. The reaction was terminated
after 1 h by adding 50 ul of 3 N NaOH and the absorbance was read at
405 nm.

RESULTS

Molecular Modeling—Amino acid sequence analyses of V3
loops from various HIV-1 strains show that variability in amino
acid sequence occurs mainly within specified regions of the V3
loop, leaving three regions that are fairly conserved. Fig. 14
shows the North American consensus V3 loop sequence and the
variability in amino acid sequence observed at different sites
(13). The relatively conserved regions are: (i) the N-terminal
segment which generally includes a site of glycosylation, (ii) the
GPG crest, and (iii) the C-terminal segment. Amino acid se-
quence variability among different V3 loop sequences is con-
fined mainly to the two regions flanking the GPG crest. Fig. 1B
shows the HIV-MN V3 loop which, although lacking the glyco-
sylation site at the N terminus, shows a close sequence resem-
blance with the North American consensus V3 loop. Previously,
we have reported a method that defines secondary structural




2228

states of relatively conserved and highly variable regions of V3
loop sequences and predicts the energetically stable tertiary
fold(s) of the S—S-bridged V3 loop (8, 9). Using the same method
we analyzed the secondary structural elements and the global
structure of twenty different V3 loops. The set of V3 loop
sequences included the MN isolate, V3 loops from different
geographic locations, and V3 loops from isolates showing dif-
ferent tropisms. The analyses predicted the following second-
ary structural states for the three conserved regions: (i) an
8-residue long loop at the N terminus, (ii) a type II -turn at the
GPG crest, and (iii) a C-terminal helix. two-dimensional NMR
spectroscopy revealed that these conserved structural features
were also present in the HIV-MN V3 loop.

NMR Experiments—NMR studies were performed on the
control linear peptide only in the aqueous environment. A
complete sequential assignment was achieved by combining
the total correlation spectroscopy and NOESY data. NMR data
showed that only the central principal neutralizing determi-
nant sequence adopted a protruding loop with a flexible GPGR
turn and disordered N- and C-terminal segments. The struc-
tural studies were performed on the cyclic HIV-MN V3 loop in
aqueous and in mixed (water/TFE) solvents. Combination of
total correlation spectroscopy and NOESY data in 90% H,0,
10% D,0 was used to obtain the sequential assignment. Fig. 2,
A and B, show the NOESY HN-H® (fingerprint) and HN-HN
regions for 300 ms of mixing time. Note the presence of contin-
uous HN()-H*( — 1) sequential connectivity and a number of
sequential HN-HN cross-peaks. However, for structure deter-
mination one requires relative strengths (not the mere pres-
ence) of these cross-peaks. The relative strengths of the sequen-
tial and medium range NOEs were obtained by performing
NOESY experiments in 90% H,0, 10% D,0O at two different
mixing times (150 and 300 m). In addition, 27 ¢-angle con-
straints were obtained from the double quantum filtered cor-
relation spectroscopy data of the MN V3 loop in water. Various
sequential and medium range NOEs of the cyclic MN V38 loop in
aqueous solution are summarized in Fig. 3. The full-matrix
NOESY analyses result in 200 pairwise inter-proton distances
corresponding to sequential and medium range interactions.
The 200 distance and 27 dihedral angle constraints indicate the
following effects of the cyclization: (i) induction of an N-termi-
nal loop containing residues 1-9, (ii) stabilization of the GPGR
turn, and (iii) formation of two turns at residues 23-26 and
30-33 in the C terminus. The presence of these two turns in the
C terminus reveals an incipient helix even in a polar solvent
like water.

NMR experiments are, therefore, conducted in a less polar
water/TFE (7:3) mixed solvent to promote the formation of a
C-terminal helix. Fig. 4, A and B, show the corresponding
NOESY HN-H* (fingerprint) and HN-HN regions for 300 ms of
mixing. Spectra in Fig. 4, A and B, indicate that the cross-peaks
are better resolved in the mixed solvent although the one-
dimensional signals in the mixed solvent are slightly broader
than in water. NMR data of the HIV-MN V3 loop in the mixed
solvent allow identification of 220 NOESY cross-peaks includ-
ing the intra-residue HN-H* NOEs containing the ¢-angle in-
formation. The induction of the C-terminal helix in the mixed
water/TFE solvent is supported by the following NMR data
characteristic of a helix (12): (i) the chemical shift of the H*
protons belonging to the residues in the 23—-33 segment shows
a solvent-induced high field shift, (ii) the sequential NH-NH
cross-peaks for the residues in segment showed an appreciable
solvent-induced increase in the intensity relative to the corre-
sponding sequential H*-HN intensities, (iii) emergence of the
H*(i)-HN(@ + 3/4) and HP-H*(; + 8/4) NOESY cross-peaks for
the C-terminal residues. Various sequential and medium range
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Fic. 4. NOESY cross-sections of the cyclic MN V3 loop in water/
TFE (7:3) mixture (peptide concentration = 2.5 mm; pH 4.5; tem-
perature = 10 °C). The HDO signal was pre-saturated for 1 s during
the relaxation delay. Acquisition parameters: data matrix (¢, = 2K, ¢, =
1K), relaxation delay = 1.5 s, number of transients = 32, temperature
= 10 °C. A, the fingerprint HN-H* region; B, the HN-HN region.

NOEs of the cyclic MN V3 loop in the mixed solvent are sum-
marized in Fig. 3.

Solvent-induced Structural Changes—A Monte Carlo simu-
lated annealing procedure (11) subject to the distance and the
torsion angle constraints derived from the NMR data leads to a
cluster of structures for the MN V3 loop in water and in a mixed
water/TFE solvent. Fig. 5, A and B, show ribbon diagrams of
two different folding patterns of the MN V3 loop in water and
in a mixed water/TFE solvent, respectively. In each case, the
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Fic. 5. A and B, the ribbon diagram showing the average folding patterns of the structures the MN V3 loop in water and in mixed water/TFE
solvent. In each case, the average is done over 70 sampled low energy structures. Note that, in each case, the neutralizing epitope containing the
central GPGR sequence forms a protruding loop even though the local structure and presentation of the loop in two cases are noticeably different.
All the sampled structures in A and B showed rms deviations of 0.25 * 0.01 with respect to 140 specified distance constraints. The structures that
satisfy the NMR constraints of the V3-MN loop in water show greater degree of flexibility than those in agreement with NMR data in the mixed
water:TFE solvent; this is due to the formation of the C-terminal helix in the mixed solvent.

average folding patterns are shown and averages computed
over 70 low energy structures in agreement with the NMR
data. Three conserved segments of the V3 loop are color coded:
yellow for the N-terminal segment, red for the GPGR crest, and
cyan for the C-terminal segment. Note that in both folding motifs
the local secondary structures of the N-terminal segment and the
GPGR crest remain the same; however, the induction of the
C-terminal helix in the mixed solvent changes the spatial inter-
relations of the three secondary structural elements in the two
structures. In addition, a short but well defined B-strand confor-
mation present in aqueous solution disappears in the mixed
water/TFE solvent. Therefore, solvent induced changes are also
detected in the structure and presentation of the neutralizing
epitope (comprising of the central GPGR and 3—4 flanking amino
acids on either side) of the MN V3 loop.

The flexibility of the V3 loop in two solvents is markedly
different. The nature of flexibility of the two structures is
identified by examining the standard deviations (S.D.) of the
backbone and side chain torsion angles in these two structures
around their average values. These deviations (observed by
analyzing energy minimized structures) reflect the lowest pos-
sible values because the thermal motions (particularly for the
side chains) are filtered off by energy minimization. Tables I
and I show the S.D. values in the torsion angles for the V3 loop
structures in the aqueous and mixed solvents, respectively.
Note that the structure in the aqueous solvent is more flexible
than the structure in the mixed solvent. The flexibility of the
residues (Lys'®, Arg*!, His3, Ile*) in the aqueous V3 loop
structure is greatly reduced in the mixed solvent structure
because of the induction of a C-terminal helix involving resi-
dues 23-33. The helix for residues 23-33 of the V3 loop in the
mixed solvent is a distorted one i.e. the continuous stretch of
C=0() — (i + 4HN H-bonds is weakened where (¢, ) values
deviate from the ideal helix values (for examples, residues Ile*®
and Gln®? in Tables I and II). Also note that the residues 20—23
and 28-34 on the C-terminal side of the V3 loop in the aqueous
solvent are more flexible than the corresponding residues of the
V3 loop in the mixed solvent.

The biological relevance of TFE-induced structural change is
often questioned. However, it may be pointed out that water
molecules are largely excluded from the surface of the V3 loop
in its active form when it is interacting with antibodies or the
host-cell receptor or with other domains of gp120 (14). There-
fore, TFE-induced structural changes may shed some light on

the process that accompanies the activation of the V3 loop. In
addition, the physico-chemical observation that the C-terminal
residues of the V3 loop adopt a helical structure in the mixed
solvent is a testimony that the same residues have intrinsic
helix forming propensity which is masked in water due to
competing water-peptide H-bonds.

Monoclonal Antibody Binding Data for the Linear and Cyclic
V3 Loops—The induction of structure due to the S-S bridge
between C1 and C35 has a strong bearing on the antibody
binding properties of the HIV V3 loop. The lack of a well
defined structure in the linear peptide is also evident from
antibody binding studies. Binding of linear and cyclic V3-MN
lIoops to three different monoclonal antibodies is compared in
Fig. 6. Antibodies 1510, 1511, and 1289 bind to the V3 epitopes
KRIHI, HIGPGR, and GPGRAF, respectively (15). Note that
the cyclic V3-MN loop is a better ligand than the linear analog
in all three cases. This is consistent with the NMR evidence
that the cyclic V3-MN loop is more structured than the linear
analog. As expected, the most pronounced difference in binding
occurs for the mAB 1510 which recognizes the sequence KRTHI
on the N-terminal side of the GPG crest; this sequence also
shows more ordered structure upon cyclization. For the other
two antibodies, the difference in binding is smaller, because
both of them include the GPGR which even in the linear analog
shows a residual turn. Therefore, the NMR and antibody bind-
ing studies imply that vaccine attempts using the cyclic V3 loop
would be more effective than the linear analog in inducing
protective humoral immunity to the conserved structural fea-
tures. The binding profile of human monoclonal antibodies
1510 and 1511 (both derived from HIV infected patients) rein-
forces the notion that the cyclic V3 loop presents the epitope
structures similar to that found in native gp120. Interestingly,
the Lys'®-Arg'-Ile*?-His'3-Ile**-Gly'®-Pro’®-Gly'” fragment
which is a part of the neutralizing epitope of the cyclic MN V3
loop shows the same structure in water and in the mixed
solvent as in the complex co-crystal of the neutralizing anti-
body and the MN V3 loop peptide antigen complex (16).

DISCUSSION

The following conclusions can be drawn based on the data of
the HIV-MN V3 loop presented in this article. (i) The S-S
bridge between C1 and C35 introduces structure in the V3 loop.
(ii) The overall tertiary folding of the V3 loop as well as the local
structure at the PND are critical in deciding the affinity of the
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agreement with the NMR data of the MN V3 loop in water

TaBLE I
The average values (in degrees) of the backbone and side chain torsion angles and their standard deviations of the sampled structures in

The backbone torsion angles (marked *) show bimodal distributions.

Residue No. © v w Xl XY X3 X X X8 X
Cys 1 38 62 ~178 58
26 13 4 2
Thr 2 —-134 121 -179 44 ~71 57
3 8 3 2 3 2
Arg 3 —-167 90 179 -173 -176 170 -167 -7 177 0
3 4 3 5 5 3 3 1 0 0
Pro 4 -75 65 -172
0 5 4
Asn 5 -179 105 -179 169 -105 0
2 3 4 2 1 0
Tyr 6 52 48 —~179 —163 —-114 0
8 3 2 7 3 0
Asn 7 -174 161 178 —147 -17 0
5 16 5 18 92 1
Lys 8 —66 —176 —169 —115 77 176 179 59
2 10 13 25 8 6 0 0
Arg 9 -151 131 -172 -132 174 165 —83 6 =177 0
10 15 8 39 6 13 2 3 0 0
Lys 10 —159 ~60/180* -177 —155 -179 174 133 —-63
2 12/13 4 28 4 3 58 6
Arg 11 -155 90/180* 173 —-143 149 —-175 121 -1 0 0
20 11/12 8 22 38 5 44 5 2 0
Ile 12 —131 132 173 —-65 173 —-176 74
5 9 7 7 6 8 3
His 13 —~115 94 —178 —-174 41
29 8 2 12 42
Ile 14 —-125 171 175 -157 148 —49 62
3 15 3 6 16 2 4
Gly 15 162 94 ~169
3 2 6
Pro 16 -75 75 —-176
0 8 3
Gly 17 114 -31 175
3 3 6
Arg 18 —73 -6 173 ~111 -150 178 -179 0 0 0
3 10 7 52 35 2 1 0 0 0
Ala 19 —142 174 =177 -51
4 22 4 9
Phe 20 —85 —-157 —-175 0 98
17 10 5 48 18
Tyr 21 —140 148 179 42 83 —-179
23 17 3 14 7 0
Thr 22 ~55 169 173 -176 167 —-175
9 13 7 1 4 1
Thr 23 —-135 61 =177 46 -70 —58
13 2 3 3 10 10
Lys 24 77 —-63 -176 —154 140 137 -179 -59
3 3 4 1 48 47 0 0
Asn 25 ~139 59 168 —-61 =77 178
7 5 8 1 8 0
Ile 26 ~-37 116 -173 -172 78 ~111 121
7 3 3 1 4 62 56
Ile 27 —55 94 -179 —-170 172 —149 -53
9 3 6 2 0 1 0
Gly 28 149 65/140* —166
21 13/12 15
Thr 29 —144 50 —169 42 75 141
21 10 8 8 4 67
Ile 30 —-87 —40/160%* 179 ~110 169 -9 127
15 12/11 3 59 2 47 64
Arg 31 -85 -11 —-178 —-22 —137 -133 -130 176 179 179
19 3 3 72 65 59 51 2 0 0
Gln 32 -85 -33 168 128 135 10 179
2 12 10 46 41 23 0
Ala 33 -71 90/160* =177 0
3 10/12 2 60
His 34 —59 137 179 175 77
4 18 3 1 14
Cys 35 —-80 94 179 —-179
6 16 1 3

V3 loop for antibody binding. (iii) The structure of the HIV V3
loop is intrinsically flexible and structural transitions of the
loop are possible due to a subtle change in the environment (for

example, the effect of TFE) (17). In the total correlation spec-
troscopy and NOESY spectra of the MN V3 loop in water/TFE,
we observed a broadening of the NMR line due to the mixed
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TaBLE IT
The average values (in degrees) of the backbone and side chain torsion angles and their standard deviations of the sampled structures in
agreement with the NMR data of the MN V3 loop in a mixed water:TFE (7:3) solvent

The backbone torsion angles (marked *) show bimodal distributions.

Residue No. @ v » X X X X I ¥ X
Cys 1 —60/60* 76 -175 -174
10/10 9 5 4
Thr 2 —154 163 -172 —-176 164 63
4 3 3 1 0 1
Arg 3 —162 78 175 —168 —143 70 -177 -1 179 1
3 3 4 2 8 1 4 3 0 1
Pro 4 =75 926 -171
0 4 3
Asn 5 -170 166 176 —155 -99 0
3 2 4 5 3 0
Tyr 6 49 45 -173 —165 -111 0
3 4 4 2 1 0
Asn 7 -172 147 172 -174 29 -1
3 3 3 2 2 0
Lys 8 —68 157 178 —86 68 169 178 59
4 3 3 1 0 0 1 0
Arg 9 ~163 138 175 -165 175 -179 -85 7 -177 0
4 4 3 2 4 2 4 4 1 0
Lys 10 —145 169 178 —-94 -175 174 68 -71
5 3 3 27 4 1 0 0
Arg 11 178 161 178 -117 174 —-155 82 -6 -3 0
3 3 4 2 3 3 0 1 0 0
Ile 12 -94 118 178 —66 155 173 62
2 2 2 1 0 0 0
His 13 —-160 -177 -172 —148 57
4 2 2 3 1
Ile 14 —136 115 179 —168 172 —-38 67
3 5 3 1 0 1 0
Gly 15 146 923 -176
3 3 3
Pro 16 ~75 71 —-176
0 3 3
Gly 17 101 —-34 170
3 4 3
Arg 18 —-73 79 178 —-169 178 179 -179 0 0 0
3 2 4 0 0 2 0 0 0 0
Ala 19 —-157 —88 160 164
4 3 4 1
Phe 20 —82 136 166 —-58 105
3 3 4 2 3
Tyr 21 -72 —-177 —-171 —57 113 -179
3 4 3 6 4 0
Thr 22 —59 —-103 —168 156 156 135
3 3 3 1 0 1
Thr 23 77 —15 -170 —118 -61 -61
4 2 3 20 5 6
Lys 24 —-60 —-20 176 -84 —88 177 —-179 —59
3 3 4 17 6 0 1 0
Asn 25 =77 —40 -179 177 42 178
3 3 2 3 11 0
Ile 26 -103 47 165 -40 -176 ~161 -167
3 3 2 1 1 4 1
Ile 27 -97 —-26 —-163 -131 -72 179 —67
3 3 2 3 3 0 2
Gly 28 -89 —~24 -171
2 6 3
Thr 29 =79 —22 ~178 —-167 77 -177
3 3 1 5 22 2
Ile 30 -96 —-20 165 79 —101 —-176 —-60
3 2 2 7 7 2 3
Arg 31 —-68 —45 -179 -173 176 179 —-179 179 179 179
4 2 4 2 1 0 0 0 0 0
Gln 32 -114 49 167 —60 -179 -102 179
4 4 2 1 2 2 0
Ala 33 -71 —53 176 —68
3 4 3 4
His 34 —69 93 176 -179 78
2 4 2 0 2
Cys 35 —154 156 179 60
3 1 0 12

solvent. However, unlike the suggestion made in a previous sume this to be due to the fact that we used a low peptide
work (18), the broadening was not big enough to hinder com- concentration of 2.5 mM in the mixed solvent experiments
plete sequential assignments and NOE determination. We as-  which prevented the formation of aggregates. (iv) The amino
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Fic.6. An enzyme-linked immu- 08
nosorbent assay showing the prefer-
ence of monoclonal antibodies for the g
cyclic over the linear form of the g 05
HIV-MN V3 loop. Human monoclonal S
antibodies 1510 (top) and 1511 (center), ©
and mouse antibody 1289 (bottom) all g 0.4
bind to a greater extent to the cyclic V3 &
loop peptide. The recognized epitopes s
1510 (top), 1511 (center), and 1289 (bot- 2 o2
tom) are shown on the right. In the sche- ﬁ
matic representations of the HIV-MN V3
loop shown on the right, solid circles de- 00
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lar uncharged residues.
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1 1
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mAb 1289
epitope

0.0

acid sequence variability of the V3 loop is restricted on the two
sides of the GPG crest (19). Amino acid sequence variability in
the regions flanking the conserved GPGR turn can alter the
stability of the turn and/or alter (camouflage) the surface ac-
cessibility of this conserved secondary structural element.
Therefore, structural studies such as ours on this type of se-
quence variability will be useful in the PND-based vaccine
design and also in deciphering the role of the V3 loop in cell
fusion (20, 21) and cell tropism (22, 23) where structure and
presentation of the V3 loop might be crucially important.

Acknowledgments—We thank Dr. James Bradac of NIH Vaccine
branch for providing us with the linear and cyclic MN V3 loop peptides.
We also thank Dr. Angel E. Garcia for making technical comments and
important suggestions. The antibodies were obtained from the AIDS
Research and Reference Reagent Program, Division of AIDS, NIAID,
NIH: monoclonal antibodies 1510, 1511, and 1289 were all provided
by Dr. Susan Zolla-Pazner, Veterans Administration Medical Center,
New York, NY.

REFERENCES

1. Geyer, H., Holschbach, C., Hunsmann, G. & Schneider, J. (1988)J. Biol. Chem.
263, 11760-11767

2. Putney, 8. D., Mathews, T. J., Robey, W. G., Lynn, D. L., Robert-Guroff, M.,
Mueller, W. T., Langlois, A. J., Ghraycb, J., Petteway, S. R., Weinhold, K. J.,
Fischinger, P. J., Wong-Staal, F., Gallo, R. C. & Bolognesi, D. P. (1986)
Science 234, 1392-1395

3. Goudsmit, J., Debouck, C., Meleon, R. H., Smit, L., Bakker, M., Asher, D. M.,
Wolff, A. V., Gibbs, C. J. & Gajdusck, D. C. (1988) Proc. Natl. Acad. Sci.
U. S. A. 85, 4478-4482

4. Javaherian, K, Langlois, A. J., McDanal, C., Ross, K. L., Eckler, L. I, Jellis, C.
L., Profy, A. T., Rusche, J. R., Bolognesi, D. P., Herlihy, W. C., Putney, S. D.
& Mathews, T. J. (1989), Proc. Natl. Acad. Sci. U. S. A. 86, 67686772

5. Deleage, G. & Roux, B. (1989) Prediction of Protein Structure and Principles of
Protein Conformation, pp. 587-594, Plenum Press, New York

100 200
ng mAb
6. Ramachandran, G. N. & Sasisekharan, V. (1968) Adv. Protein Chem. 23,
283:438
7. Roterman, 1. K., Gibson, K. D. & Scheraga, H. A. (1989), J. Biomol. Struct. &
Dyn. 7, 1-25

8. Gupta, G. & Myers, G. (1990) Cinguieme colloque des cent gardes, pp. 99-105,
Pasteur, Paris
9. Veronese, F. D., Reitz, M. 8., Jr., Gupta, G., Robert-Guroff, M., Boyer-Thomp-

son, C., Louie, A., Gallo, R. & Lusso, P. (1993) J. Biol. Chem. 268, 25894 —
25901

10. Gupta, G., Sarma, M. H. & Sarma, R. H. (1988) Biochemistry 27, 34233431

11. Gupta, G., Anantharamaiah, G. M., Scott, D. R., Eldridge, J. H. & Myers, G.
(1993) J. Biomol. Struct. & Dyn. 11, 345-366

12. Wuthrich, K., Billeter, M. & Braun W. (1984) J. Mol. Biol. 180, 715- 740

13. LaRosa, G. J., Davide, J. P., Weinhold, K., Waterbury, J. A, Profy, A. T.,
Lewis, J. A., Langlois, A. J., Dreesman, G. R., Boswell, R. N., Shadduck, P.,
Holley, L. H., Karplus, M., Bolognesi, D. P., Mathews, T. J., Emini, E. A. &
Putney, S. D. (1990) Science 249, 932-935

14. Wyatt, R, Thali, M., Tilley, S., Pinter, A., Posner, M., Ho, D., Robinson, J. &
Sodroski, J. (1992) J. Virol. 66, 6997-7004

15. Gorny, M. K,, Xu, J., Gianakakos, V., Karwowska, S., Williams, C., Sheppard,
H. Y., Hanson, C. V. & Zolla-Pazner, S. (1991) Proc. Natl. Acad. Sci. U. S. A.
88, 3238--3242

16. Rini, J. M., Stanfield, R. L., Stura, E. A,, Salinas, P. A., Profy, A. T. & Wilson,
I. A. (1993) Proc. Natl. Acad. Sci. U. 8. A. 90, 6325-6329

17. Zvi, A, Hiller, R. & Anglister, J. (1992) Biochemistry 31, 6972—6279

18. Chandrasekhar, K., Profy, A. T. & Dyson, H. J. (1991) Biochemistry 30,
9187-9194

19. Rose, G. D., Gierasch, L. M. & Smith, J. A. (1985) Adv. Protein Chem. 87, 1-106

20. Rusche, J. R., Javaherian, K., McDanal, C., Petro, J., Lynn, D. L., Grimaila, R.,
Langlois, A., Gallo, R. C., Arthur, L. O., Fischinger, P. J., Bolognesi, D. P.,
Putney, S. D. & Mathews, T. J. (1988) Proc. Natl. Acad. Sci. U. 8. A. 85,
3198-3202

21. Freed, E. O., Myers, D. J. & Risser, R. (1991) J. Virol. 65, 190-194, 333-336

22. Hwang, S. S., Boyle, T. J., Lyerly, H. K. & Cullen, B. R. (1991) Science 253,
71-74

23. Chesebro, B., Wehrly, K., Nishio, J. & Perryman, S. (1992) J. Virol. 66,
6547-6554

24. Sklenar, V. & Bax, A. (1987) J. Magnet. Reson. 74, 469-479

25. Wuthrich, K. (1986) NMR of Proteins and Nucleic Acids, Wiley, New York




6498 U0ISOH LISMPYNAIE V661D
SI0)PF ‘YeEurEIeytreuy ‘W 0 pue eaeseq ruuey)
&nanzy pondojorg puo swswyruks ‘ulisaq spydad

ut doo| gA 3 Jo 2101 YL, (F6T “Te 12 115qIM) 81192 L J3dioy pue (6861
“Te 19 Iyseyexe]) S[[92 I 2030040 y10q 10} sadoyds se 34195 01 9[qe os[e
are sjueuIUIOp SurziennaN ‘(6861 I 32 IPAIS19M ) wisidon T-AIH w
JURUnUIANIP € se paredyduur udaq sey dooy gA YL (0661 19XV Pue £3qoy
{1661 19ss1y pue paa1g) uolsny [[32 Jo uzaned ay3 19333e doof gA 243 apisul
souanbas ur saBueys 2yl 1eyl uMoYs uIq osfe sey If (8861 € 12 dYIsny)
$[[22 pa13jutun 2antsod- D Y3M s[[22 PAIdajur-A [H JO uosny Suniqryur 4q
uoNdIJUL [1IA YI0[q Os[e ued sarpoquue JuiziennaN (9861 e 19 Lowmng
8861 “Ie 19 ueroyeae[ !ggFT “Ie 19 AWSPNon) sniia Y1 Surzijennau sayy
‘“A11andagur snata yoolq ¢z1d8 wuaxed oy 10 dooj gA a1 £q pasdIe satpoq
-nuy ‘(1-£1 1081y 935) doof gA Y1 10 J[qeLrea pIry) oY) st ouersodur Je
-nonred 3O '5312[081 [-ATH JUI9JIp 55015 L1ea sdoo] a3 jo seouanbas pioe
ourwe 3y ], '(0661 “Ie 12 preuoa]) sdoo] padpuq(s-s) sjdninw jo sisisuod
021d8 ur01dodk8 oy ‘[~ 2unBig ur umoys sy (GEET “Te 12 I5IUOIIA
6861 “Te 12 £42qoy ‘G861 “Ie 13 ue[y) 0z1d8 ‘umr01dos4[3 sdejns oy
Jo so1dod [e12A3s YuimM papps st {(SAIV) dwopuds AousmdiPpounuiwy a3
sasned YPym ([-ATH) sniia £oudpyyspounuuu uewny Y3 Jo 3dejans sy ],

uornpnponuy

SIA presan pue vidng ureinos)

dOO7T [-AIH 9HL 40 SNY4dLLV]
ONIATOH SNOIVA JO SISATVNY

L1

) oo L e A © oy ok, PRIl ¢ € 42N A o BRI R TR




‘saxardwod poq
nue-doo[ gA Jo Lioads pue aundnas Y Surunuip 10§ pue uoidaua
1VRIN0D a3 Je 3dusnbas ploe outwe Y pue ploj A1en123 Y1 Jo §3[0J A1
Burure;dxa 10j [enU2ssa st 91eI5 2345 Y1 ut $doo] gA Jo sansadoud resmodnns
a1y jo afpapmouy ‘sanesado st wstueydodw iy pRInput, Iyl 1o Loy-pue
0}, Y3 LYY M “Tuawdo[aasp surddes ug duedtjiuis [e1dads € daey 210§
<191 pinom uonenis syl ‘sadords doof gA 1wunsIp Ajjeuoneuriojuod jo
afueu e 5z1u80221 01 2315 Suruiquiod o8urs e Sumoype Aq a110113da1 Apoquiue
oy puedxs Ajjenuaiod ued LjIqrxa[) e yons asnedaq ‘Apoquue ay3 ut NS
Burpuiq s[8uis o1 Jo Liiqrear3 ay Suniordx Aq Auye seqiuts yim dpoq
-nue sures ay) puiq sa0uanbas doof gA 1PUNSIP A[[EUOTIEULIOJUOD OM) UIYM
s2815ws uonenys wertodu Apremonred v Arejuswdwod 2oejuns 19)e213
ureiqo 03 saSueyd [euoneurIOjuod ofiapun yoq 10 “Apognue ay3 ‘dooj
€A 3 YoTYM U] WISTURYDIDIW ,J1} PIINPUL,, UE BIA 19AIMOY ‘PIAIIYDE 3q OS[e
1yt Apoqnue ayp pue doof gA 2y1 usamMIdq Ajueiuswajdwod soejang

*(a1e1s 2913 ayy ut dooj
€A 3 JO 22e1ns 33 03 192ds31 YIm sdnosB aB1eyd pue Onewore Oneydire
3y Jo suonejuaLo O} ‘st 1eyy) sanradoud soeyans 3y3 01 Pare[AI ATE YoIyMm
‘658p11q 1jes pue ‘Sutpuocg-1j ‘SUONIJLIAUI S[EBA IO ULA WIO] SUOTINGLHU0D
s1djerpua (1) pue (a1e3s 9213 3y ug 21mdnns dooj gA 3y ut sdnois 1o swiore
IE2U IO 18 UOTIEXE[S1 191EM JO ulatied oY1 01 PaIe[al si YoTyM ‘s19ke] Ja1em Jo
sso a1 woij Adonua ut ureS ay (11) ‘pjoJ Y U] SIUSWSD [esnIdnLIs A1epuo
-395 21 Jo suonenN(J ay1 pue Surpjoy Arenss) wnuqmba oYy o1 parepor
Ap2axip st uam ur yorym ‘doo] g4 Y3 Ul sureyd Ipis 3y) pue syuawdas suoq
~yoeq apiqow 3y Jo Jurzaayy Y3 woy Sunmsax xaidwod sy ur Adonus
0 s50] 91 (1) 95e 51010€) 959y} JO Swog "xddwod Apoqnue-doo| gA 3y jo
A1213103ds 1PRIU0D Y3 SUIWLIANIP 1Y) £1010€) INUBUAPOULIDY) [€13A3S Y3
uo SuLreaq 1031p € JABY [[IM 1231E] S} ISNEII] eI I31) Y3 Ul UMPDNNS
dooy gA a3 Aprus o1 yuerzoduut st 31 ‘Aes 03 st 3ey xadwod 3y jo Lidizoads
913 SUTILISAP pinoys (sa1poq piSur se 1ay10 Yoed Buryoeosdde) Apoquiue 53t
pue doof gA Y JO saoejns [qissddde Areudwa(dwon Jo 1eju0d Jo 32182p
a1 “wstueydaw e yons Supunssy (0661 “Te 19 sa1ae() (wisiueyoaur A9y
-pue-yo[, €) satpoquue >ypads 01 Surpuiq uodn a8ueyd> jeuonewiojuod
apuy o81opun suaSnue spndad4jod pue uiaroid Teys (2941 SAIPMYS [eISAID
918uis 1onamo xa[dwiod doof gA-Apoqnue ay3 jo Aifjiqels pure 21monns oy
SUIULIANGP 1B} sUONIBINUI d1j1>3ds Y INoqe uoneULIOJUL dY 81 1YL,

suonoesau] doo] gA-Apoquuy

*aumeA a110Ea1 Aproaq v dojaasp
01 sa1e[0sI [-A[H JO 19qunu 331e| e woiy sauanbas doo| gA Jo sandnns
[euoIsusWIP-221y) 3zA[eue 01 Juelrodwr 21032.3Y3 11 (0661 “IE 12 esoyeT)
soouanbas proe ourure u213331P Yim sdoo] gA Yim sAe(ost [-ATH dzifennau

192 door] [-ATH 241 Jo susaneg Suipjog snotrep jo saskjeuy . 41

j0u ewt s1e[ost [-ATH 2uo woyy doo| gA 2y 4q paadYa satpogqnue Juizy
qennau (0661 “T€ 12 MeH) 0AlA Ul satpoquue Surzijennau Aq pasodwi a1ns
-s21d 2A110513s adeass 01 doo] g Y1 uy saBueyd ss0319pun ‘snaiA ezudnjut
oy 1l ‘I-ATH 12y 9qeqoad st 3] -souanbas doof gA Y1 uryimm Arenonsed
‘I-AIH JO s1e[0s1 1u21)31p Suowre punoj AjiqeLrea dudnbas proe oujure
oy 4Aq popadurt udaq sey 49aomoy “udwdo[aAdp UIdIRA [NJEEDNG
‘uondaJuI [-AIH IsureSe Juswdoaasp aumdea jo snooy Arewstad e 31 spews
sey wsidon (20 SuUIWINIP Ul Pue ‘uoisnj [[33 Ul ‘UCTIEZI[ENNAU SNIIA

*021d3 jo uoiBa1 aqeLrea 150w Y osfe
st dooj gA 2y 1 "uoneSnsaaul Yoreasas asuaul 150w 3y) Jo 192(qns 3y udaq sey dooy
SA PISpLg(S-S) ay1 ‘uoisny [[2 pue ‘wisidon [[20 ‘UONEZI[EINAU Ul TUIWIIAJOAUL
$11 JO 25NEIIQ IIAIMOH ‘GA PUE pA UIdMIdQ say ‘(utaroxdodk[8 e osfe) QD 10
-d221 31 a1 uo anasjow pz1dS oys jo wrod wawydenE rewrig saunskd oma But
-109UU0D SIeq PIOS ST UMOYS 1€ §a8pLiq (S-§) SpIINsi(] "PIoe ourure we sjudsasdal
wreaSerp siyy ut a1 uado yoeq (GA ySnoys 1A pajeqe; pue papeys) sulewop 3qe
-LTeA [EJ9A9S sureIuod u1101dodA[8 aoepums siy L *1-A1H Buisne>-gQIV i Jo oejuns
ays spms 1eyd ‘0z1d8 ‘win01dod4[8 oy Jo uoneluasaidas deWIAYPS “1-41 andiy

90000000 .0..0.0....00.
800 o, O o
o ® %% oo.oocooo e &

s12ip *o pue eidno 0 096




€ 30005000 ued am ‘ABojopoyisur sty Summojog xipuaddy Yy Ul paqLIds
-9p are A3o[opoyIaw A JO s[TEIIP [EdTUYIN Y “synow Surp|o; I JIP
03 BuiBuoaq sdoof gA ay3 Jo sarmonns Jeuoisudwip-331y)y ay3 Suizdjeue
Jo poyidw 3yl Jo 1IeYIMO[] Y1 SIQUIIEIP A[[ednewrayds g4 inBiyg

swia)eq duipjog L1ensa] jo uonesyisser)

"uIn Mou am Yrym o3 ‘doof gA 9y Jo
Anpqels pue s1n1dnns a3 U0 15310 DN Y3 Bupquey) suoiBar sjqertearadiy
OM1 313 3O 129533 313 1O s130J ued sdoO] §A Y3 JO $IUMPNLNS pue AfIqeLreA
3ouanbas jo sosdreure (-4 1 2181 Ul XTPY [PUNMLISD) ) pue 15210 DdD 3
‘uone[£sod4|8 jo aits a3y “2°1) sa1mINIS Lrepuodas I19Y1 Ul PIAIISUOD Os[e
axe dooj A 241 Jo suorBau ([qeLres ssa]) ,pIaasuod, ay1 1eys Burwnssy
193332 Sui
-ZIfennau e sadedsd snyp snarA Y pue ‘snga a3 01 asuodsai uy 1504 oY) £q
paanpoud &poquue a1 yo Anuyge Surpuiq ay) aonpas A[reouseap 35310 940
oy Sunjuer suoidaa 3y ur 3ouanbas proe ourure ut saueyd yong "yloq
Io ‘suotBar Bupjuely sy3 ur aBueyd [eampIns € dnpur 10 15212049 Y
Jo Ajiqers pue 21mdNNS 3y J93[E 19y Ued suorax a59y) ur 2>usnbas pioe
ourure 5y ut sadueyd jey os (suoneinw urod Jo uonenwNIIe [enpei8)
Yup d1uslnue [enunod 10§ sAts oY1 are ‘slqerreasadiy Sureq 95910 odo
oy Bupjuely suorBa1 om1 Y ‘SPIDE OUTUIE UIAIS O IAL O IIEJUOD 21p
Bupew (1661 “T¢ 19 ouYQ ‘6861 “Ie 19 UeLIIyeAe[ ‘1661 “12 13 Au109) 15010
B /4949 341 1e3u Jo je dew sarpoquue Suiziesnau 9A13I9J32 1S0W AY ],
(0661 ‘s194W pue midno)
18210 O /YDJD PAAIsU0D A4Bry oy Jo sapis oMl oY) 01 pauLuod AoBie|
st doo gA 3y Jo AnpiqeLrea >uanbas proe ounue sy ey [esaal sarpnis Sur
“ISpowt 1a1mdwod QO "oAtA ul sarpoqnue Surzirennau 4q pasodur snssaad
a1 adeds? Inq 2ANdE A[[EUONOUN; UTEWaI O ST SNIIA YT JI PAITU] Jeym
~dwos st [-ATH Jo 3oudnbas doof gA ay1 ut Liniqerrea ey seap s1an sy g,
‘saumn
-64) JuELIEAUT OM) JY U2IMIIq PawIo] 3q ued a8priq (S-S) ue 1Y) yons
D Buipadaud oy e Lpiqxary oy Sumzinn Aq xiay 941 JO UOnEBJUILIO e
-tdoudde ue smojre 3194 pue x1joy 2y jo KBt oy ureras o3 sdjoy sdeyiad
WRwWB3s [€d1[2Y Y 210J9q O PIAIISUOD A[ITR] Y1 JO 2ouIsasd 9y, ‘uonew
~J0jJu0d fesiay e dope 03 spuay dooj gA sy1 uruswBas HHVOYIA ayy jeyy
moys (0661 ‘s124 N pue exdnn) O pue  jo Liqertea 3y 1oy Sununoooe
Ang 4q ‘sa1pmis Suyopour 1eindwior) (s1sunioy xyay [ie oe M pue ‘4 O)
) 10 Y 4q paderdas st QY pue (soumdnus L1epuosas tefuis 10j 9oua1aj91d
e Moys N pue (1) N 4q paoe[das u1j0 150w i ( Y2918 S Ul $3118 J[qELIeA
1s0W A1 2re Y pue q WwAwWSs (DY VOUIQ) 2w 103 paripaxd st xippy v

XK Jo yoraus v DHVOAIAD

€93 door] [-AIH 9 jo suzaneg Suipjog snotrep jo sask[euy . £ |

S s g R ION ST @) 20 i e *

-doof gA 2y ut saunsdd ue
-LIBAUT OM] U9M19q 3BPLIq §~§ 91 s1eN[10e] UIn) Ut yaym ‘Buiploj ureyd e
£20npul (35310 HJ) Y} SE O PA11dJAI Y110JduaYy) asuanbas D /ADID
sy yo aduasaad ayJ 15910 ¥ /O/UODID Y J0) INIONNS PILOAg Isouwt
a1 AjeonaBiaua aq o1 saeadde uinig 11 adh1 e (gg61 “Te 12 Yornedyary)
sa1pnis Surjeauue paje[nuwis uo paseq 'y Aq Aouanbasy ur pamojjo)
D/ 51 94D 13 aduanbos o1 ur Apuanbayy 1sow Furrinddo npisar YL

uin g I1 94€L V :1524D OO

v

(2861 ‘ysng) uonedsod4[3 105 Juswasnbal [ed1WIY>0213s A101e81|q0 UE
€ PIaMaIA §1 ‘UInig € JO JaquIsW € Se A[[ensn ¢, N JO A[iqissadde ‘surajord
-02418 snoLiea jo sisAjeue a3 woiy] "uone[dsodL|8 10] qissaode 1 Buppew
£qa1o1 “JuswuoliAus Y3 01 pasodxa s1 ,N 2I19ym (gg61 ‘uouioy] pue
10W[IM ‘G-6I “T€ 12 350) uni-g | 2d41 € 03 spes] IN«NN Jo duasaad ay ],

uin g | 3961 V :LN«NN

(0661 ‘1oL pue vidnn) sonsadoad [esmionns Sunsasayut 4194
aaey suswSss pIoe ourure JueLTEAU] 953Y3 Teyi 3s988ns saduanbas dooj gA
URIRIIP (g UO SIS SurPpow INQ "DHVOAIGD XIPY [BUiLlar) oyl
(§) pue 48315 99 Y () ‘[uoneids0d|3 105 uswasmMbax 2uanbas 3 st
(proe ourure Aue 8u1dq X) SX4N 10 LX«N Pue usurysene sedns jo ais ayy
St N 219UM T N« NN] U0onej4s024(3 jo 211s € (1) 212 suoiSa1 paaIasuod £j2an
-e[1 3Y L (0661 ‘s19A) pue eidny) 3dusnbas pioe ourwe 3yl Ul PIAIISUOD
Aparey urewax jeys suorSar saxyy Suiaes| ‘dooj gA Y1 jo suoias pay
-19ads uy [uo sand20 souanbas proe outwre ur Lif[iqeLIEA Y1 TBY) MOYS SITE]
-0s1 [-AJH snowrea woyy sdoo] gA 3y} Jo sduanbas proe ouure Jo sIsk[euy

doory gA 943 JO anXa|] [EUONEWIOJUO))

‘suonoesaur doof gA~-Apogqnue Jo A1191J192d50a1215 Y3 SUTWLISIIP 1By SINP
-1§91 [eonILd 3y AJNuap! diay ‘wany ut ‘[jim 33pajmou] SIY "s2INdNAS [euols
-USWIP-0.11) JIPY} JO aunxaf [ouoypuLofuos Y1 JO SULI U sadudnbas dool
§A SNOLIEA 33 dzA[eUR 0] [enuassa si 31 ‘a10joray ] ‘uiold adofeaus aunud
Sy} 01 Jepruns Jouuew ® Ul Apoquue Y3 01 AIs JUEUIULINIP-duIBnUE 3y
wasa1d 01 Ajay| 51 3 (z1d3 jo 1red 1saqrews oy st doo] A PaBPLIG(S-S)
ay (1) pue (0661 “1e 19 sdjAe() UaBnue Y3 JO SINIINAE [LUOISUIWIP-2IY]
o13109ds e saziuBooau Apoquue ue (1) :s19e] Juersodwr OM] JO ISNEII] JULAI[DS
are sesf[eue [exndNns asay ], ‘doo| gA Y3 Jo Apmis [eanjonus 3y st uon
-sesaur Apognue-doo] gA 3y Suizdfeue ur dais 153y 2y ‘paurerdxd snf sy

suonduwmssy oM ],

8394 -0 pue wadn9 D 393




M S s L

) Xy pos  wm (oo wm > ¥ 6 “dooj

o xy foo wm Xy wwm D M 13 €A uaAi8 e 105 jnow Burpjoy yoes 10 saampnas {81ouz-mof 001 192195 M ‘Afjeury

o) Xty oo wm  w®Rq wm > 1 L ‘saanonans Sunres se pasn upeSe are uopeziunuiw-A819us pue Sugesuue paenus

3 oy xpoy wmi jloo wmi > w9 JO PUS Y] 1B PaureIqo $AININNG "UCHE[NI[Ed Y] JO PU IY) I $AINPNNS PIzIW

o} Xy wyq wm oo wn o ® S “unu-A81aus wa1yp AjreuoneurIojuod aauerend o1 APy st S, ‘SUNt DN W

o Y nweq wm  uRq wm o ““ M ~I9}3IP Ul SAeM JUSI3JJIP Ul PILTEA PUE UISOYD T SI]QELIEA U1 18y 1ous s1oje1aual

o e g nn_.on ._:..".:_“ W @ T Jaqumu wopues Jua1ayip Suisn amipnns Sunrels sures ay) 10§ sawm o pareadas

ol X n-.un _.“..5.3 n.ﬁ._ wm ONEH W 1 st s9pAd armiesadwal (g 105 una DY 215000006 UL *N 001 Jo dmiesaduwid) jeury
-0020 e o i : -+ e 01 s3p4> smiesadwal oG ut pasamo] Ljjenpesd are sunx Hpy Juanbasqns jo saum

JHVYOUIQ DdO

.rzlﬂu . - -esadwiay, Y 0001 e pourtojaad st (sdass 000'0G YiMm) unt DI Isayy 2y 1 ‘Burfesuue
moo:osouﬁwx_ ooqon\w_ 3 Fp— PatenuuIs 10 s2MONNS SUNJEIs S UISOYD aXe $a18I9Ua JIMO] YIM SRINDNAS Yons
paoadxg swaned Suiplod dAnBsaKday JO TV °T 02 100qe 425 sty woig KBojopoyawt o jo g dais Ja1ye paureiqo axe samionns Suy
<rels [e19A9g ‘uoneziunuiw A81aud pue ‘Suijeautre parejnuils Opre)) AUO ‘UODIP
-21d amidnns {repuodas sourquiod 1ey ABojopoyiow a2y Jo 1reyImoly g~ mB1y

.m%o v..Ma ~Uv
: ) ar5puIq (S-S
usaM12q 28p1Iq (§-G) 10} UNENSUOD BDUEISIP Inoy 1I9suj ‘uolieulIoy )

Y1 Ul PIAjoAUL e ‘GED PUe 1D ‘sounsA2 JueLreAul Y J, Y5zd pue A1IS suoneInw
o_nso.v wolj ‘g ouanbas (Y11 ‘uonenw NS ajBuis ‘g 2ouanbas (3861 ‘1942331)

h 8duanbas dooj §A UaAIG e Jo j1jow Buip|oy usalb
SNSUIFUOD ‘| 2ouanbas :suonEmMd|Ed INO Ul pIsn saouanbas 221y, “g-L] 0ol € J0j S8JNIINUYS PazZiwiuiw-ADIaus |eUaA3S

_

<) 6 %001
e uoijeJanbijuod pajdadde
pue |7 Uaam}aq IBPLIG-(S-§) Y} 40} SIVILLSU0D aueysig 1se| a9y} azIwiuiw-ABJiau3
Amm”n_.: . (12) Uo1eJnbijuod
u a

Y pajdadde unJ
\ _ 150( 3y} 84015 oW ey
1eadad
aumeJadwa)
aseaJdaq §da31s 000'0S

L
s § } o §

/ i}
)

:
i
|
, _ J40j UoIje (WIS DL
| 135N ]
| EROVRLNGH
m buijJels e asooy)
_ (Abojopoyjaw
\ u .m 4 8y} U} Z da1g) dooj ©A UdALD e Jo SaunydNUyS
__ Y peziwiuiw-AbJuaud buljuels |edanas uleyqo
_ 9JN}INAS
! AJepuodas peldipaJdd s} uo bujpuadap
i "] 4 ee Yoea 03 (A'd) jo sabued s)ejudoddde ubissy
T _
. wyjiJobje
ot ote Sl -1-N-N-N-d--1- 3 . 3 uonaipaad e Buisn (2 %¢ “3'q 'Y ' 8'1) SIUIWI|S
u-s-c-a-s-.-n-a..-_-m-u-—-a-»&-__.a-e d-9-1-H-4-§-N-U-t N-N-N-d-t-d uuZuE_:u {BJIN1INJ}S AJBPUOIIS 0JUf 3DUBNDAS BB JJ3AU0D
1 . .
g0 door [-ATH Y1 jo susaned Buipjog snoLreA jo saskreuy L1 s394 "0 pue widng 'O ¥9¢

- '




-a8ed snotaard uo puads) 2By 33g p-£1 amSBy

L9%

doo 1-ATH 3 jo susaneg Sutpjog snotrep jo sasieuy . L1

IUIUOD ININANS ATepuodIs Ul qo, 3yl Uey) 12Ydu si Juow qq,
Y3 ‘4aaamol Anjiqers xejrunis moys £y Aym aq Aeur siyJ, "UONEULIOJUOD Papual
%3 10 ¢ o1 pardope sanpisaz BurioqySisu asour 10 om) ‘Aturey g, Y1 03 SutBuoy
-aq saanidnns Sunsers jo uoneziuuiw £810us pue Surjeauue parejnuIs INJE ‘1943
-moH *uoiB8aa (MA‘dh) sures ay3 01 Buojaq sanpisax BurioqyBiou om1 ou 33ers 103 AYI UL
SINPISII JO Y21aNs € 10] ‘saamdnas Bunurels ug *(,04,)o1- 4(,22,) 01+ £.292, pue ,1qd,)
66— (4q,)L1- (.qu.) 6 (.4q,) g6~ 2re (sjous /[edy) sa1f1oud aane(sy Ajrurey sures
ut (soanionuais) eurtuiw pajdures (240495 JO $08RIDAR D1¢ WI0J HDUDIDYIL JO) PUE ULIO)
paploj yoeoa 10y SLOXA FPHLOLA) - PPPIOY(LOLT) st paindwod st sarers pap[o)
ay1 Jo uonezijiqels jo A31aus aanrelay ‘Ajturej SUip|oy dwes ) UIYIIM UIAD UOLIELIeA
Jeuonewiojuod wedtjiusdis 3¢ pinod 1Y) 1Byl NeNSN[[I 01 UMOYS Ie ‘,ZqD, pue
1G2, ‘sw1oj om1 Y] ‘ynous o, aures a1 0 JutBuojaq sarfioud rejruns Yum siue
-rea oM} Suturelqo mofje Aess 102 3yl Jo saesausfop oya A|iurey aures 0y Juojaq
292, pue ,1q2, sjnow Juipjoy ySnoyiyy wiuafew ‘GgH pue [ JO SWOIE § ‘AYM
‘GED PUE [D) JO SWOIE q)) ‘SWI0) PIP[o] (€ ul Judsaid st XI[aY [eunuIdl-y) "an[q ‘11od
/uIni (U238 ‘papusIxa /g {pax ‘XI[aYy PapPOD J0[0I ITE SIUDWISLD [EINIINIS LIEPUCIIS
292, 499, 194, uq, :(0ydiz 01 a1 ‘wonog 19, LGy, .44, eIs 20ud13JA HyBu
01 3351 ‘doy, “Ajiurey aures ui s2an1ONAS (19435 JO dFeaaAE 2} 1€ DIDY UMOYS SULIO)
Pap[0} UAAIS ‘Z~/ 1 24N JO] PISSNISIP SY "ULIO} PIPUIIXD Ut e WINF DI A1
-eind 1d20Xa $aNPISaL [[e ‘ULI0J 2DUILJOI ) U] "ULIO) POPUIIXD IIUILIDL pue (g-£]
am3iy w [ aouanbas) dooj gA snsuasuod jo synowr Suip|oj UdAIG P-4 dandiy

€A SNSUISUOI 3Y) J0J I)E]S IDUAIIJI SY] PUE SI1E)IS PIPO] JUIIIJJIP SMOYS
$-£1 2anB1y -9rers papuajxa ay3 ur are PBgdo 1e wm 1 2dKr oyi 1dadxa
SINPISI [[€ YDIYM Ul 2.)S 2DUIIIJ3I 3Y) 03 102dsal 1M pajelqijed dIe saim
NS PIPIO] Y1 JO SINI[IQRIS ANE[II Y] ‘Paureiqo 21om sarrofered Sur
-ploJ 1ua13331p 01 SurBuojaq saanjonas A31aua-mo] ‘g-4 [ 2Ty ut umoys
2suanbas doof gA snsuasuod 33 uo suonenI[Ed Surapowt INO PILLIEd IM
‘suroned Suipioy dooj gA asay
JO yoeo 1noqe 33psmouy dleandde pur Nddwod ueIgo 01 PIIU IM U9AI
-MoyY ‘uBoq ued s[eL) duIRA 2105a¢] “Iudwdopaap auaoea ursdoop gA (e
Jomaj asn 0) Anunpaoddo ue yum sn sopraoad £porerpowan susoned Suipjo)
A1enao Jo Jo swdy ug sdoof gA 91 JO UONEDLJISSE) UL YOJL) OY)
Bumorjoj 10 Surpadaid APreIpawuny spide ounwue daly o1 Inoj ueds uIm O
/4DdD PAAIISU0D 31 Jupjue]] SIUSW]D [BINIONIIS AXEPUOIIS J[qeLrey
‘I~£1 d[qeL ut umoys sar08o1ed ay1 ot sutaned Sut
-PIO} 3y Ajissepo> ued am ‘sajels [eanianas A1epuodas ajqissod [je SuiuBisse
Aq 18910 g9 Y1 Sunquely suoifas om1 a3 ur AnjIqeLIea Y3 103 Supunod
-oe A[[ny 4q pue ‘DHVOUIA 10} Y231213is [ed1[ay & pue “sa1d YHJO 24l 10)
wam g1 2d4) e ‘uone}dsoa4(8 Jo aits a3 10y urm § 2dAy e Jununsse ‘(A3ojopo
-y3aw 1no jo | das “a'1) spunoi jesidojouswouayd uo 4jpand uonedijisseld
ano Suiseq ‘utanjed Buipjoy Arenisn jo ad4y usall e Juasardar pnoys 19s
SIY1 Ul JoquIDtl Yoey ‘s24ndnais AIepuodds J191] JO suLId) ul Jatjjoue duo
woly WDIaPJIP A[[edniseap oq 01 paadxa ase ey saouonbos doof gA Jo 19s

s19A o) pue widnn ‘o 994




‘uim Yo g0 2anend ayy ay3 jo apis 1aYd vo puens
PAapPUIXd 10 - 21 Jo uoneusiro pue uonisod aanear sy ut salueyds oy
01 spuodsa110d UonelIeA SY1 JHIOW qY, YJ JO IS Y} Ul SY "SWOIE ;D) Y}
jo suonisod a3 01 19adsa1 yam saxmonns pajdwres jje Suowre y g1 Jo uon
-e1A3p sunr s3e1oAe ue 2onpouad 01 pareas10d are sanfea (M'd) Syl ut (,01>)
sa8ueyd jjews ureBe a1y ‘Jnow Burpjoy ,qq, ay1 01 SuiBuoraq sduanbos
dooj gA snsuasuod ay1 jo saxnmnns pajdues o1 Y3 103 s98ue uoIsIo)
3Y1 JO SUONIBIAIP pIepuels 2yl pue san[ea aFesdae oy smoys ¢—/ 1 2[qel,
*2oejans 9y uo pasodxa e Jeyy sanpisa1 y) 10} Ajjerdadso
‘s3]3ue UOIS10] Urey>-opls 21 J0J PIAIISQO 2Ie SUONerAdp 1sadre; ay L (uon
-ezjuuna A319u9) Buryouanb aumeradusy 193je N0 PaIdfIy Jue suonow
[ewIaY3 Y1 asnedaq LN[IGIXa[ SYI JO W[ JOMO] Y3 399 J2I A[uo saInIdnals
paziuntutu-£81aua pajdures 103 sanjea (h'd) aY1 jo sUOneIAIpP piepuels Iy
yey) Ino pajutod aq Aeur 3] ‘uam OO0 2aneind o431 Jo IpIs IIYIIS U0 puens
Papuaxa, 10 - ¢, 3y pue X123y, 3Y3 Jo uoneuaLIo pue uonisod sAneas oYy
0} 319adsas Yam a3y ip Aprewad are ynow Suip(o} qY, Y UIYIIM $IN)
-onns 3y, ‘swoe ;) 3y Jo suonisod ays Ljuo Suuapisuod £q saanpnas
3y {[e Buowre y '] 1MOQE JO SUONEIAIP (surr) drenbs uesw 1001 2Fesone
01 peaf sanjea (A‘d) oy ur s38ueyd Pale[aIIod [[BWs YIAIMOY ‘0] UIYNM
are (,081 ~ ®) siuun spndad suny sy jo (A‘d) saj8ue uoisioy suoqydeq
941 JO SUOTIRIAID plepuels JY) Jey) 0N '$2INdNDs Q[ 2531 1240 paind
-W0d 2Je SUOHBIADD plepuels oy3 pue safesdae ay ], ‘ajow /[edy (g UM
SI3M $2INIINIS 359Y) 10§ ‘LOIA ‘AB19us [e101 31 Jo suoneradp ayx A
-urej 3urp[oj .qy, 241 ul paureIqo 21am saamdns A313ua-mMof Q1 ‘Z-L1 2In
-811 ut pue xipuaddy ay3 ur paqudsap 3mpasoad sy Buimorjoy ‘Jnow qy,
a1 01 SurBuojaq dooj gA snsuasuod Y} Jo so[Sue uoISIO Y] JO suUoHeIA
-op paepueis Suipuodsa1iod a3 pue sanjea aFe1ae Iy sMoys g-/ | d[qeL

sfuo paprod
.99, puv ,qy, Jo Kru,y ay1 apisur uonDIIDA [DUCIDULO/UOD

*SULIOJ PIPJOJ OM] IS JO sasd[eue [EINIDINIS ) [TeI12P 1918013
U SSNISIP 910J212Y] A\ "WLIOJ J[Ge]S ISOW XU Y SB SMO[[0] ,qq, ‘SurIo]
P2P]0] 341 [je JO 3[qels 1sow Y3 St °,qy, se pareudisap ‘uianed papoy 2y
‘uan 1 2d4y e Jo 1aed e st onpisas siy) Isnedaq JUIWUOIIAUD 31 01 pasodxd
os[e st (uone[4sod4|3 103 utod Juswydene syl) LGN ‘SULIO) POPIO} Y [[e
uj ‘dooj ay1 jo dn pasodxa sy1 surio} ywuawidas PHOJO Y1 ‘21eIs UL
Y1 Ul pue SWLI0} PIP[OJ Y1 [ ul Teyl MNoN Y311 aY) uo sfem[e st uoqred
[BUILLI-D) YT 3[1YM 1J2] 3Y) UO SAEM]E ST UOGIED [euiui1al-N Y1 ‘ejusdew
Ul UMOYS DIe SUOQIed [BUItNId) dY) JO swole Jnjns oy J, *(3) uini € 10 (9)
110D © 10§ dnjq pue (Y) X12Y-0 uv 10j pot {(q) puens-g v 10j uodid :g-£] 2in
H1q ur popod 10]03 2ar UL [RANPANS L1epuodas oy, ‘»ouanbas dooj

69% dooT 1-AIH 2 jo susoneq Suip{og] snowrep Jo saskjeuy . /]

‘$~L1 2anB1f ui se are

€gD pUe [ JO § PUE g0 JO s3pod 10j07) ‘1rede rej parow are GZy PuE | [y 18y 310N g 22uanbas 10j now qq, °g (aym) cga pue (uedd)
114 Jo Amurxoxd 10 *g 2ouanbas 10y Jnowr qy, *y *g-£ 1 2ty ui ¢ aouanbas pue g s3uanbas 10§ surioy papioy paL1aja1g *§-L1 2m31y

5124 'O pue eidng '

896




PRI

s

-PIO} qu, 98e10AE a3 smoys YG-4 1 2By (-4 1 24nB1]) 2ouanbas siyl 10§
paua9jaxd st Burpjog ,qq,  pue ‘uotsindal dIeISONIID JO IsNedIq YGZ(J Pue
A11S Jo suoneinw o[qnop yum (g-41 2mBy]) ¢ aousnbas 103 s[qesoaejun
$1 UONBUIIOJUOD € UYING "UONEZI[IqEls JNEISONIIP JO dsnedaq Aiwmxord
9502 Uy aIe Gz PuE [ 1Y JO SUTEYd IPIs Y3 ULIO} PIPIO] SIY) U] ‘uoneInw
WIS 218us e yum g-41 d3aSiy ur g souonbas oy 10y pasoaey st uipjoy
QY. 2 1eY1 MoYys suoneno[ed Ing *dduedtjiudis exmonns Lue saey dooj
€A 241 uo uonnqinsip 281ey> 3deyINs I31[E 1LYl SUONEINW ISIY] IYIAYM
152I9)UT JO $1 31 ‘310j313Y . *3Ande wnpidduds are g aouanbas jo dooj gA Y
i sapnded sniia oy ‘oandeur winnouds are g pue [ s2ouanbas jo sdooj

s 0 8 8

8 6LI- 671 08 s€ O
Is 9 L L
L 19- 891- 65- SS9 ¥€ H
s 9 9
9Ll- St~ 8§~ €V

0 o s o L 8 L
0 €6 9Ll 8L LLI- O L9 €0
T 0 ¢ ¢ S 9 € S S 9
6Ll 6L1 6LT 6LI- LLT S8LI- 69~ SLI- 8¢ #9- ey
€ k4 £ 1 14 9 8
19 € €51 $9- €LI- 9 99 [
st 1 14 S L
L8 65~ SLI- 8¢ 19 6T 4
L 9 ot
[ SN2 § 4 8T O
1 T € 14 8 9 L
L OSI- SLI- #T- (91 1IvI- Ly L1
€ S L o1
§s- 6L 191 T 9Ll €8 9l 9 1
t (4 8 6 S
80l 9F 6LI- I8  8SI- st a

L
8LI- O£l 691- [ (R
0 61 1 6 8 14

6L1 8S1 vS- 6L LL 68 €L
S L 11
LLy- ottt ori- (44
I L £ ot 8
8L1- OL Oy #LI- 6T S91- 1ITA
6 11§ 6 9
6 9s- 8Ll LS~ vl 0z A4
I 8 8 9
$8  LLI- ¥IL LL 6l Vv
0 61 8 8t 8 L 9
0 06~ 6L1 991 pLI~ 9E- 9~ 81 0
hK ox X oX X NK X o A & wonpisay
(panunuoD) °z-L1 Aq8L
1.3 doo [-AIH 33 Jo susoney Suipjog snotrea jo sasdfeuy« 4|

SA 243 1M soponted sNUIIA 3yl 2[IY M "PRAIISqO A[uowwiod axe (g 25udnbas)
JAS3A pue YIS Jo suonmnsqns sjqnop pue (g-£1 24y ur g aouanbas)
|11S 2d4 a3 yo uonninsqns o8uis € ‘g-4 | 2inSi ur umoys sy ‘Jrede sey
PaAOW e SUTEYD IPIS OM) ures 3y jriow SuIp|o] qq, Y3 JO UONEULIOJUOD
a8eraae o) U1 AIYM G Pue 1S Jo sureyd apis ayy jo Ayrurxoad 3iqrs
-sod a3 smoys Surpjoj .qy, ayd Jo uonewsojuod afelane ayJ, synouwr Jus
-P19J .99, PUe qy, oY1 jo uoistredwod uo saBiowd aunyedy Sunsaiul duQ

synop 3uipjog
A9, Pu® qy, 34} UO suUCHMISNS PIOY OUIWY JO 3193137

9 8 8
8Ll sz 101 (338
9 or 0
9Ll 68 SL- 91 d
L o 8
8L1- 00V €SI~ SI O

19 05 ¢St 99 LL1- TL- 09 14

86~ 8¢ LI 05~ 8- €l H
9 ¥ [4 3 ) 9 9 8
0s- 8¢ 891 89 vLI- Ly €9 a1
w sy ¢ L 8
6E1  ¥E-  9LI- O~ 9¢- s
1 € 1 € (4 9 s 9
691~ 89~ TLI- 6L1- 99 L91- S+ 99 or X
0 1 £ £ € 6t T < 8 6
0 ur v 8- 9LI- 86~ SL- £91- S6- 8TI- 6 ¥
i€ o 1 L s (L
191- v91 §¢  LL1- T g2l 8L
1 (172 4 L L 8
0 LT 91~ L L 901 LN
1 6 sv ¢ 6 L
0 62- OTl- SLI- $91 8¢l- 9N
0 v s€ (L L 8
0 oy  OLl- BLI- §S- L6 SN
8 o 0
6LL 11 SL- v d
01 T s 1 € €9 € ¢
0 6Ll 0 6Ll 6LL 9L1- 1€l 1LI- €S- 9§ €y
9w ¢ 1 L 9 u
Ls- tL 09 OLI- SS- 80I- (AR Y
L < vl Ll
L9 8L1- vE  Tel- 1o

XX X X X X X @ s b wonpsay
uolBULIOJU0D ,.QY,, 34} 10] SA[IUY UOISIOL Y JO
(833183 ut) suoneIAxg prepums pue sadesday ‘Z-LI AQEL

s19A 'O pue widny ‘D 0Le




L Ll

|

‘uoIsny jJo spour JUIYJI ue Jo ddwexd
renusiod e ap1aoid 310§219Y1 puE ‘PAUONUIUL SE WIWYDILNE IDBJINS{[ID
WS1J2 JO BLILD 3 ([P dg-41 2mByg ur umoys axmpdnns Surpuods
1102 2y1 pue g-7[ 2mBiyg ur ¢ 2dKy 2y Jo sadusnbag 'Sy B, 10Y Y1
uo gz1d3 Jo JuswIYdENE IDELINS WUIPJP U ANerpauw 01 (1| d1e saBreyd
aAneSau jo uononpal 12u Y pue sa8rey> aanisod jo uonnqLusp e
-INS Y} Ul 95BAIDUT Y 1910 Yoed yoeoxdde o) Jatireq uoisindas e s5010

9 I 6t S

ot 6Lt 801 €8 $€ O
69 L Y < 14
¢St T wl- §9- s§ vt H
v 9 9
oLl- 190 09 {2 4
V] S 14 14 S 1 <
0 9% vLL  SL- - g 99 €0
0 0 T € s € a T 1 4 v
6Ll 6L1- 8LI- 6Ll SLI- 8LI 91~ 8LI- I L9 1€y
I V] 1 0 14 14 €
6$ §9 st 99 sL1- 8¢ 19 ot 1
8 1 Y € S
oL 19 9Ll- 6 19 62
14 9 S
- €9 9L1- 8¢ O
0 T 4 £ S < €
Ly gs1- TLl- 91- 6Ll 651 6 a1
¢ 6 4 € S 9 9
9 98 91 8¢ 6L1 6L 8s1- 9T 1
4 1 S S S
h:+] SA 4 6L1- T8 6S1- sTa
9 v v
8L~ LT 65t T O
0 0 1 1 4 < <
6Ll 791 ¥6-  6LI- UL s8- [ XA
9 9 S
b7 SN § 9 S A 4 0 wy
[+} L € 14 9 9
sLi- L Oy Ll 0E  §9l- 1T A
6 14 S 6 9
$6 65~ 6Ll 85~ 80Q- 0T d
4 S v v
€8 sLl €0l ¢L 61 V
0 v €l s 9 14 9
0 €I 9st wl- Wl o §§ 81 0
S 9 s
8L1- 11 66 L1 o
XX (X WX X X X o 71 & # anpisoy
(ponunuoD) *¢-LT Aq8L
L% A dooT 1-AIH oY Jo suzaned Suipjog snotrep jo sasdleuy - 41

01 9ary pinom g 1d3 sy pue D 2y ‘surar01doaf|3 s1e Yroq snedaq ‘103
-da221 D) 2oejans [[93 213 03 0z 1d3 o Jusurydee I st uoisny ut dajs Isayy
syl -wnnpiduds pue uoysnj [23-sniia oyl uo Surreaq [erdads € saey Kew
dooj gA 2yt jo uamyed Buipoj oy ur a8ueyd o1jads-aouanbas e Yong

'Y 0g puodaq ase pue dooy
€A Y2 JO SIPIS JUIIYJIP oM) woa) o Sunidns a1e (NYm) Gz pue (uedd)
1Y sureys apis ay3 ‘@duanbas sy uy ‘g~z 21nBiyg ur ¢ 2ouanbas Juipjoy
.qq, 98e1oae ay3 smoys gG~21 2anSy “(iym ur umoys) ¢z Jo dn padreyo
Apanedsu oy Jo ey 01 (y $>) 950]2 st (uedd ur umoys) 1Y JO ureyd apis
padzeyd Ljpanisod ay) o dn ayd yeyy 310N "g-£ [ 281 ui g 2ouanbas 10y Sur

S S 0
6Lt t6  SL- 91 d
9 9 9
9L1- S8 191 SI O
I I (4 z S 9 14
89 0oL €91 ILI- 6LI- 9vl  ¥SI- vl 1
/14 9 Y L 14
L6 L9 8L1-  SLl oSl ¢l H
I 1 (4 [4 L < 14
89 0§~ SOt TL1- 8LI- Tyl €S- [ARS |
8S 8€ 9 14 L
vLl L 8L vp1 L6 s
0 1 0 0 0 s 14 9
L9t 99~  €L1- LL1 9LI- 8LI- 9¢l  OSI- o1 A
0 I (4 (4 S 12 ¢ 9 4 14
0 Li- ¢ 78 6Ll 8- 66 6Ll 91 LIl- 6d
(4 e 6¢ S £ 14
8L1- 121 €I~ 8L1- ¢ 26 8 1L
0 | 41 { € Y 9
I 9L~ L1~ 8Ll 91-  S6- LN
0 S € 14 9 9
0 €6~ €€l-  LLI- 091 L21- 9N
I 14 (44 Y Y L
0 €01 99 SLL vs- SUI- SN
S < 0
6L1 Lt st v d
81 (1 1 4 8 1Y S 14 9 v €
L= 6L1- 0 8L1 9L1- sL1 Tli- 8Ll £s- ¢ £
I L1 (4 14 14 14
€9 88 9 691- ¢S~  PEl- L
€ s s €l
LT SL1 08-  8tl1- 1D
N.K ox nK vx mx NR X o ¢ 7 # onpisoy

UONIFULIOJU0)) ,.qq,, 941 J0J $3[JUY UOISIQL oY) JO
(sauBa(] ut) SUOHEBIAY(] prepuBlS puB sanjrp dTeI0AY *C-L] AQEL

s19 'O pue vidnn) ‘0 aLe

At A VI e U et




3d£1) wole usaMIaQ MW 1DLIUOD Y] $AEIIPUL ,,( Pue {(u 2dL1) fwore pue
(w 3d41) 1 Wwole UIaMIaq IDURBISIP SAEINPUL 4P ‘stvrdnnu uerBueiBey
sared1puL WY (Z661 <1212 19QI0Y) Y GBS = Yol ‘Y GO’ = Fol = Tl 'Y $0°G = 1ol
a1e saduelstp wnuqiinbs Suipuodsarsod (ggD)gD — (10)¢D = *3 pue (1D)S
- (g£0)dD = *1 (g§D)S — (1D)gD = &1 (G§)S ~ (1D)S = 11 se pauyyap a1e uon
-ean8ryuod doof gA pa3puiq-g-§ ay1 ui saduelsiq ‘g-£1 ind1g ur umoys se
a8p11q S~ UE JOJ SIUTEIISUOD DUBISIP SNENPUL (O = |1 =11 | =) ') 319ym

¢ luwd — :E.q._—uv _.ﬁ +'oNT=4

(A‘dh) aoeds oy ur g uonouny
oY1 soznwiunux eyl (pgel “e 10 [ddig) uonenbs juswourjas asenbsysesy
-wore-payuy] e Bursn 4q doof gA e Jo sxmdnns padpliq-g-§ Ue UILIqo I

(€961 “I¢ 1> ueipueydewrey) v 10§ pamoj{e 1ey3 Jo edsqns e A[uo st y
uey; 198uo] ureyd apts € Yimm sanpisas jo aoeds (A‘d) pamoje 3y ey si siy
Burop 10j d[eUONEL INQ SO [EUTULIZ) Y3 PUE §4 Y3 10§ 3da0X3 ‘wrore ¢y Y3
puoiaq Surpusixa sureyd IpIs YIm sInpIsa 10j v Surwnsse Aq souanbas
ayy Apdunis apy (§961 “[e 19 uelpueyoewey 23s ‘sonjea (M‘d) Surpuods
-21103 pUE $2IMIINIIS AIePUOIIS JUIIIJJIP JO suontuLjap 10y) 3eds pamoj[e
oY1 ur jutod Aue asooyd 01 9313 138 e EIS [I0D Y3 UL SINPISAI JO (A‘D)

w1 [ 2d£) e ul SoNpISaI 10] 0F + o0 = "R ‘408 + 006 = E*'d
003 + 0031 = " ‘503 + oG- = 1*'D

uin) | 2d43 € Uy $INPISII 10) 0 + o0 = ZMh 503 + 006~ = 5'0
006 + o0G= A ‘008 + oG9 = TL&

PUEIIS € Ul SINPIS3I I0) 08 + 0¥ =M 50§ + 0PI—=
XI[9Y € U] §INPISII 10J (GF + oG5~ = A ‘0G+ oGG= b

ojdwexs 104 ‘spoe ourwe [[e 01 paudisse a1e sanfea (h'd)
Jo safuel seudoxddy ‘1 dais 1913 paureiqo se sanpisal pIoe OUTWE JUSNINS
-u0d 3y jo sarels [eampPnas AIepuodss ay) uaard souanbas doof gA ® 10}
ainpnns padpug-g-g sqels £|[eonadious ue Sutureiqo saajoaur dars sy,

dooT gA padpug-s-s prrrwruN-QGuaug fo uonvisusn) 7 4215

‘poypaw ano ug g dais 01 speay sty {doof gA d1194d sy Joj ewtunw 4819
U3 [€20] $AA3TYOE Jey) uonewo a8plq §-§ Surnmbai 4q suondipaxd ano
1531 am ‘Aoeanooe aaoadwi of *91eINIE 9(g A[uo ST uonatpald aanonas L1e
-puo2as 105 wyitod[e Aue jo 95 (‘6861 XN0Y pue 23ea[aq woy pardope st
ASojopoyiaw s1y ] ) ‘anpisal 1 941 JOJ Y UONEWIOJUOD Y SIUIIANIP (I ‘A)S
1s9yBry oy ‘surerord Gg INOQe Jo saMINNS [RIsAID 2Buls 3y Jo sisheue
3Y) WO PIALIIP [ INPISII [ENPIAIPUL UE JO UOnEWIoJUOod Jo 2dK) ¥ ay3 0]

GLZ door] [-ATH 241 Jo susdneg Buip(og snotrep Jo sasdjeuy . £y

renua10d = (1 “Y)d ("uan] € 10 [10D € 10] § = A PUR {120Ys €13 € 10 § =4 XI[oY
® 10} G = A :sonpisax proe ouruwre Jurroqydiau Y3 Jo 123)33 3Y3 10j JUNODE
0} UISOYD MOPUIM 3Y] JO 9ZIS m A 10YM ‘A 01 A— = [ I2AO 5] UOIEWIWANS Y ])

I+l 1] A==
: L =08
I+t d A

319YM (UIny J0 ‘109 199Ys ‘XI[3Y = Y) uoneusIojuod jo adLy
-y e1dope 0) doo| gA a1 ur 12upisas uaald e Jo § Lupiqeqord oy Supnndwod
Aq 23uanbas dooj g © 10 pa1dipaid se SUSWI[S [e1ndnns A1epuodas ay ],

saumpm g £4opuosag fo uoynpasd [ 4

‘sdais Suimojoj 2y saajoaur A3ojopoyiau 9y ),
(Sojopoyiapny

xipuaddy

aduosnuew o) Suipeasjoosd 10) 1910WNIPY eDINE] pue
10UdIUO4 [[P1IE( "SI YUBY) O SAYSIM ') (') gV10-168361V 104 WeID
HIN Pue [8GZNNG6 UdIW ue1D iunry g’ 4q paroddns st yiom sy,

stuawdpamouysy

‘saanionays paurop-[jom 1dope op pue ued
0z1d3 ajoym ay jo 11ed e se sarpognue d131ads 01 paruasaid uaym sdoo gA
a1 ‘01e1s 9313 a3 ui 2jqxa§ Anb ySnoyife eyl sjensucwdp Jey os paurel
-qo s3nsay ‘(ssaxd ur “je 12 asauoiay !ssoad uy “je 19 Juof issoud ut “1e 12
e1dno) ssa1801d ur Apeaie s1e sjuswiiadxs Yang ‘spoypaw [edSojountruy
pue £30j01q rexmonas Suturquiod 4q Surpuiq doo gA-4poqniue jo uoneRl
-102 uonduny-a1nmPNs (1) pue sanbiuya) YN [LUOISUSWLIP-231Y3 10 -0M]
Aq uonnjos ur dooj gA ®© Jo AJ[IqIx2a[j PUE 2INIINAS Y} JO UOHBUILLIANIP
a1eanoe (1) :Suimoljo} oYy sasmbaz 2ouspuadap 2ouanbos Burpuodsaiiod
31} puE SWLI0} PAP[O) UIISYIP JO UonezLIAPEIEY) [eludwLadxy ‘doo] gA
a3 Jo 9auanbas oY1 uo spuadap 1ay10 9Y1 10 WLIO] Pap[o] U0 Jo AjiqEls
3A1E}31 3Y) 1BY) MOYs Os[e sa1pmis asay ], ‘doo] gA 1-AIH 241 Jo Aupiqxayy
[BUOREWIOJUOD DISULIU] 3Y3 2qLId52P 210y pAartodas soipnis Surppou 2y,

syewdy Surpnpuo)

s394 'O pue vrdng 'n | 744

VD« P 70 P AT SIS 3ot S T I 4 0 AT




‘132°608 19t 100 [:(8861) W[ uonwoyy, ‘w0 10uwpm
"L60E88 VS 12 POIY NON 2040 (1661) T& 19 IPAINIIM
"G11:963 (uopuoq)) unioN (Z861) T8 12 1915GoM,
"$6863:898 wayD 101g [(E661) Te 19 353U0IIA
"20%1:633 2uaS (G861) e 13 ISIUOCIA
"B11:9%3g 2uaS (6861) '[e 12 Iyseyexe],
"1689:88 WD shyd [(v861) e 19 [ddig
"B616:G8 VSN 128 POV 119N 204 (8861) '€ 12 dydsny
‘1348 wayD) w04 apy (G861) ‘e 19 5oy
"§64:833 22u98 :(G861) T¢ 19 Loqoy
"£69:09 712D H(0661) Y 19%V ‘T Laqoy
"G6°4 108 1oW [:($961) 'Te 19 ueIpueydeUrey
"TOEETPET 2uag (9861) 'Te 10 Lsuing
"93L01:88 VS/1 128 POV NION 2044 (1661) 'T& 12 oUuyO
"$LE01:698 wayD 101g [(0661) '€ 12 preuoa]
"8£6°6%5 2uas (0661) Te 19 esoye]
‘$SaId
2oqreyy Butids ploD Hy10x maN “toqrey Bunds pio '6.-52 ‘dd ‘sqrv fo uotrumasg
Butpnpur sousnvg maN 03 sryvoiddy usapopy (g6 sewramp up {(z61) e 19 13QI0Yy
"1L9°038 22198 (€861 ) "1e 19 yornedyry
*(ssaxd ur) jou14 [1e 15 Suof
"89L898 VS/1 WS POV 10N 204 (Q6861) T€ 19 Uetioyeae|
"89L9:98 VS/1 19§ PPV NON 204d (6861) e 19 ueliayeae(
“LLIGGYL ounuwu] [(0661) ‘Te 39 el
"Gye 11 uhg pmas jo1g [(§661) Te 19 widng
66 'd ‘s2paw) 1ua) sap ambojjo) awambur) (0661) O SIAW ‘O erdng
"8LYHG8 VSN 195 prIY NON J04d {(8861) 'T€ 19 NMwspnon
"BEZE'88 VSN 198 POIV ION 204d (1661) '1¥ 12 Au10D)
L0, sasnunonay wngp 52y SV (1661) V 19881y ‘'OF poasy
KM DIOX MIN T uonDRUNGQ fo Spoyiap 10a1v4T (HRET) Y 1PYNDLY
‘wnud[g NI04 MaN °£86 “d ‘uoyvuafuor)
waresg fo sadoussg pup unpnyg uaiosg fo uoynpag (6861) € xnoy ‘o Bespaqg
‘68¥:69 wayo0rg a2y nuuy (0661) e 12 sataeq
"G6G: 15 euljodorg (z861) O usng
'1601:838 22u2198 (S861) 'Te 19 Uejjy

SAONTITITA

‘dooy gA
uaA18 € Jo Jnows Suip(oj yoea 10y sarmonas A810us-mof [e1aA3s 2anpoid g-1

sdais (g~ 1 2anB1y) 48ojopoyiaw oY o 11YOMO]} 3Y3 Ul PISSNISIP §Y

LLS dooT 1-AIH 2y1 jo susaneq Suipio] snotrep jo saskfeuy -1

\
i
!
1
{
{
i
i
'
I

!
i

‘dars s1y) Ul O 1A WOlj PAACWAT ST WIN SIAT
sy, ‘suonenSyuod Sunims JULINP [eIoAds 10} pareadas are sdais pip
ySnouy 1s1y ay3 “A[reury ($861 “1e3° [ddig) warpe18 £81ous-mo[ € 01 pazIW
sunu 4813us a1y st Y 001 e uoneindiyuod AB15us 159MO] AP ‘PAIYL
"payaea1 sty 001 Jo s1mesadwal € (nun arxmesadurs) Suisessdsp Ajrenpess jo
9945 (19498 Ul pareada axe sdais DN 000°0G ‘PU0IDS 24> samesadwy
13MO[ 1X3U 91 Ut uoneanSiyuod Sunels e se pasn Auanbosqns oq 0) pasois
st uoneanSiyuod pardasoe 1se] oY1 pue adeds (X' M'd) ay3 ur y 0001 e sdats
000°0S 10y paurioj1ad are suone[nuis (D) O[1eD) JUOW PUE UISOYD 51313
-onns paziuuru-4819us Sunrers e siy] Jouuew Jumoijo) 33 ut (g661 “1e
19 1910y ‘gRET “Te 19 Yornedyary) pawsoyrad st Buiresuue pajenuais Y I,

Suypauuy payomurs DW
€ dooT gA a1 Jo knpqrxag] jpuoypwsofucy) ay; Jo uouDIodY € 421S

‘g da1s u1 paquiosap se ‘sunpadoxd Suijesuue pajenuars
(D) o14eD) ANUOA & ut suoneanSjuod Suntels st pasn J1e SOINIINIS PIZIW
qunw-A815us asay ] "doo A paSpugq{S-S) oY1 Joj saamdnns A813ud-mof
[e12a3s soonpoid (jeury yorym ‘g dass 01 pardafgns st aanidnns Yoes pue
‘(M'd) 3o saBuea pordads Y1 UM UISOYD JIe SAUINONIS [BNHIUL [IAIS

“(siuawaa [eanionas (s2umdns L1epuodss
WSIJJIP Ul Wuasa1d se siuresisuod duelsip wodj A319ud) SIAH +

(spuoq §-§ woiy A319ud Jurensuod) S +

(sared woje papuoquou
u2aM3aq Swia) uolsindai pue uondeIe s|eepy 1P UeA) gNH +

(spuoq N-D [qnop Arened
pue 5{3uis punoue s1arrreq wodj A312ud [ruoisIol) JOLA +

(08 = WRISUOD HIIIIDIP
‘saBreyd 1ented jo sared u2amIaq suondeIUL qUIONOD) STT = LOLA

:susuodwod Suimorjoy ay3 sey ‘(3jow /exq) LOL1T 4810
U3 [EUONEWIOJUOD €101 SYT, "(FRET IOYDI9L) s1oy10m-00 pue eSesoydg
JO PIa1J-9210] a1 Suisn 2deds (X'@'h'd) oy ur poziuruiwr st WNSAS Iy
10 A815u5 [enuarod oy pue ‘adusnbas doof gA [emde ue 3jesduad o) payoder
-1e oxe sureyd apis sreudordde Ajeurq -souanbas {DEYD) PaSpLIQ-S-S
3y} 10J 2IMONIS XOPOYLIO A[[EIIWIYI0313)s & sddjuesend poyw sy
“paaae Afpewniuruz axe (1 dajs I91J€) sanpisad JO s93els [2INIONAS A1EpU0dIs
pa11pasd a3 s1yStom Jo aotoyo seradordde 4q veys yons (s14B1om Yum s3(qe
-L1eA “2°1) SO[ELIBA JTISE[9 SE PIIBII} JIE SINPISaI SNOLIRA JO sanfea (Md)
ay1 uLWwIaULal SIYY UI (2661 1€ 12 urIpuRydRWEY) (U 2d£1) woje pue (w

s1AW ' pue eidno ‘0 9.8




