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Abstract

Unlike cytosolic processing and presentation of viral antigens by virus-infected cells, antigens first 

expressed in an infected non-professional antigen-presenting cell, such as CD4+ T cells in the case 

of HIV, and then taken up by dendritic cells are cross-presented. This generally requires entry 

through the endocytic pathway, where endosomal proteases have first access for processing. Thus, 

understanding virus escape during cross-presentation requires an understanding of resistance to 

endosomal proteases such as cathepsin S. We have modified HIV-1MN gp120 (gp120MN) by 

mutating a key cathepsin S cleavage site T322T323 in the V3 loop of the immunodominant epitope 

IGPGRAFYTT to IGPGRAFYVV to prevent digestion. We found this mutation to facilitate cross-

presentation, and provide evidence from both MHC-binding and X-ray crystallographic structural 

studies that this results from preservation of the epitope rather than an increased epitope affinity 

for the class I MHC molecule. In contrast, when the protein is expressed by a vaccinia virus in the 

cytosol, the wild type protein is immunogenic without this mutation. These results demonstrate 

proof-of-concept that a virus like HIV, infecting predominantly non-professional presenting cells, 

can escape T cell recognition by incorporating a cathepsin S cleavage site that leads to destruction 

of an immunodominant epitope when the antigen undergoes endosomal cross-presentation.
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Introduction

Worldwide, in 2016 there were 36.7 million people living with HIV and 1 million deaths due 

to HIV-related illness (ref. WHO global health observatory data http://www.who.int/gho/en/, 

http://unaids.org). Despite progress, there remains an urgent need for an effective HIV 

vaccine (1). To date, however, current HIV vaccine strategies have offered only modest 

protection (2). Research efforts to improve on these have focused on designing novel HIV 

immunogens and understanding the role of antigen processing and presentation of various 

HIV proteins, including Tat and gp120 (3).

It is well recognized that HIV exploits multiple mechanisms to evade immune recognition, 

including a high mutation rate, glycosylation of the envelope protein gp120 and the virus’ 

ability to manipulate host antigen processing and presentation mechanisms (4). While much 

research has explored HIV’s manipulation of the classical MHC class I (MHC-I) pathway, 

recent work has begun to focus on the role of the much less-explored endosomal route which 

involves both the MHC-I cross presentation and MHC-II dependent pathways (5). Because 

the predominant cell infected by HIV is the CD4+ T cell, which is not a professional 

antigen-presenting cell (APC), much of the presentation of HIV antigens from infected cells 

requires cross-presentation by uninfected dendritic cells (DCs) to prime specific CD8+ CTL 

responses. Thus, escape from cross-presentation becomes a potentially critical issue for HIV.

Typically, following immunization with a whole protein in adjuvant, protein is phagocytized, 

processed, and presented through the endosomal pathway (6, 7). Once in the 

phagolysosome, a range of endosomal proteases digest it into peptide fragments that can be 

loaded onto MHC class II (MHC-II) molecules and presented to CD4+ T cells (8). As a 

result, this immunization strategy typically selects for CD4+ T cell presentation and B cell 

responses. However, during endosomal processing, peptides can be processed and presented 

on MHC- I molecules to CD8+ T cells, a process known as cross-presentation (9). 

Endosomal acid proteases known as cathepsins contribute to the production of such 

antigenic peptides (8–10). Many cathepsins have redundant specificity; however, the 

cathepsin S protease is crucial for removing the invariant chain from the MHC- II molecule 

and thus regulating CD4+ T cell immunity (11–13), and a recent study found that cathepsin 

S is also important for cross-presentation to CD8+ T cells (9).

Although the CD8+ response in HIV model systems has been examined with respect to 

MHC-I-dependent presentation to CD8+ T cells, and the importance of antigen processing in 

HIV CTL epitope dominance has been well documented for the endogenous class I MHC 

processing pathway (14), the role of endosomal antigen processing in cross-presentation of 

viral proteins leading to the MHC-I presentation has been incompletely explored (7). In this 

regard, it is striking that the cathepsin cleavage sites are highly conserved among many HIV 

gp120 isolates even though they are in regions that otherwise have high mutation rates, such 

as the V1/V2 and V3 loops (5). This raises the question whether these sites have been 

conserved through selective pressure, for example to permit escape from immune responses 

especially during endosomal cross-presentation (5). To investigate this question and the role 

of endosomal processing in induction of CD8+ T cells specific for HIV envelope, we focus 

here on the immune response in BALB/c mice to HIVMN gp120 glycoprotein (gp120MN) 
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and variants engineered to affect processing in known cathepsin S sensitive sites. gp120MN 

was shown early to be a target for neutralizing antibodies (15) and was used at that time as 

an experimental vaccine in monovalent or bivalent form (15, 16). Further, it was a key 

component in the first successful phase III human HIV vaccine trial, RV144 (2), albeit with 

modest 31% vaccine efficacy. It is tempting to ask whether modification of cathepsin 

cleavage sites could make the modified gp120MN a more effective vaccine immunogen and 

improve on the efficacy of the protein used in the RV144 vaccine trial.

We used a repeated immunization strategy employing either wild type (WT) gp120MN 

protein or a cathepsin S cleavage site mutant gp120MN protein (VV gp120MN) and the 

liposomal Cationic Adjuvant Formulation 09 (CAF09) to compare both CD4+ and CD8+ T 

cell responses to peptides spanning the gp120MN sequence, since CAF09 is known to induce 

strong CD4+ as well as CD8+ T cell responses (17). We mapped the CD8+ response to an 

immunodominant epitope (18–20) IGPGRAFYTT encompassing the cathepsin S site at 

T322T323 that we had mutated to V322V323 to prevent cathepsin cleavage. Whole protein 

immunization with the cathepsin S mutant protein (VV gp120MN) elicits a strong CD8+ T 

cell response to the WT IGPGRAFYTT (gp120314–323) epitope, a response lacking in mice 

immunized with the wild type (WT gp120MN) protein. We hypothesized that this enhanced 

CD8+ T cell response in mice immunized with the VV gp120MN protein results from 

preservation of the immunodominant epitope, allowing it to be presented to CD8+ T cells. 

Peptide-MHC binding assays surprisingly excluded the alternative explanation that the 

mutation improved MHC-binding of the epitope. To understand the binding, we crystallized 

and determined the three-dimensional structure of H2-Dd complexed with three MN-derived 

peptides. Thus, manipulation of the cathepsin S cleavage site in the gp120MN can alter the 

cross-presentation of the immunodominant epitope, IGPGRAFYTT, and the induction of 

antigen-specific CD8+ T cells in BALB/c mice. In contrast, a vaccinia virus that expresses 

various HIV proteins, including the wild type gp160MN protein, can elicit robust CD8+ T 

cell responses to the IGPGRAFYTT epitope (18–20), as vaccinia expresses the gp160 

protein in the cytosol and does not require passage through endosomes, which may account 

for its evasion of cathepsin S cleavage. We conclude that augmentation of CD8+ responses 

induced by whole gp120 protein in adjuvant benefits from judicial introduction of a 

cathepsin S-resistant site within or adjacent to the location of an immunodominant epitope, 

preventing escape by this mechanism. This conceptually simple strategy may lead to 

improvement in vaccine design and efficacy.

Materials and Methods

Recombinant HIV-1MN envelope mutants and cathepsin S digestion studies

Plasmids encoding recombinant gp120MN (UCSC358) and recombinant gp120MN mutated 

to replace threonine at positions 322 and 323 with valine (VV gp120MN) (UCSC435) were 

expressed in 293HEK cells and purified by immunoaffinity chromatography as described 

previously (21). Purified human cathepsin S (CatS) was purchased from Biomol 

(Philadelphia, PA). 6 μg samples of protein were treated with a 1:100 dilution of CatS and 

incubated for the times indicated. The reaction conditions for the protease digestion and the 

method for stopping the reactions were similar to those described previously (5). The 
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irreversible inhibitor of cathepsins B, L and S, Z-FA-FMK (Enzo Life Sciences), was used in 

control experiments to demonstrate the specificity of the protease. Because there are 4 CatS 

cleavage sites in recombinant glycoprotein 120 (rgp120MN), the T322V and T323V 

mutations did not completely prevent protease cleavage. However, N-terminal sequence 

analysis demonstrated that the fragments detected resulted from cleavages between positions 

208 and 209, 261 and 262, and 435 and 436 as described by (5).

Cell culture and peptide induction of surface MHC-I expression

A TAP2-deficient cell line, RMAS-Dd, expressing the MHC- I H2-Dd (gift of Dr. David 

Raulet, U. California, Berkeley) was cultivated in serum free, X-VIVO medium (Lonza). 

Cell cultures were incubated with indicated peptides overnight either with or without the 

addition of human β2-microglobulin (hβ2m)(Sigma-Aldrich). Following culture, cells were 

stained with the mAb 34-5-8S (AbCam), which binds H2-Dd MHC- I molecules in a 

peptide-dependent, but not peptide-specific fashion (22). Stained cells were analyzed using a 

BD LSR II flow cytometer with FlowJo© software. The results are expressed as the 

fluorescence index (FI), the ratio of mean fluorescence intensity (MFI) in the presence vs 

absence of peptide, minus 1, as previously described (23). This method was an adaptation 

from previously described methods (23, 24).

HIV gp120MN wild type and recombinant proteins and peptides

Proteins for immunization were produced by a previously described method (25). We 

prepared one wild type recombinant protein, WT gp120MN, and one mutant gp120MN 

envelope glycoprotein, referred to as VV gp120MN. The VV recombinant g120 protein 

differs from the WT gp120 protein by substitution at the cathepsin S cleavage site T322T323 

in the V3 domain, where the native sequence has been mutated to V322V323. The following 

synthetic peptides, obtained from Genescript, were >95% pure, dissolved in water and 

diluted in culture medium for in vitro studies: IGPGRAFYTT, IGPGRAFYVV, 

IGPGRAFYT, IGPGRAFYV, IGPGRAFYTI, IGPGRAFYVI, IGPGRAFYTV, and 

IGPGRAFYVT. To avoid confusion, peptide pools are denoted p.p. followed by the number, 

and single peptides are denoted s.p. followed by the residue numbers or name.

Whole protein immunization

Studies were performed on 6–12 wk old BALB/c mice purchased from Charles River 

Laboratories and maintained in the National Cancer Institute Animal Care Unit under 

pathogen-free conditions. Animal studies were approved by the National Cancer Institute 

Animal Care and Use Committee and conducted in accordance with all federal and National 

Institutes of Health policies and regulations. Mice were immunized three times at two-week 

intervals i.p. with experimental vaccines containing 100 μg of either WT gp120MN or the 

mutant VV gp120MN formulated with the cationic adjuvant formulation 09 (CAF09) 

consisting of dimethyldioctadecylammonium bromide (DDA, NCK, Copenhagen, 

Denmark), synthetic monomycoloyl glycerol (MMG, NCK, Copenhagen, Denmark) 

analogue MMG-1 and the TLR-3 agonist polyinosinic-polycytidylic acid (pI:C, Sigma-

Aldrich, Copenhagen, Denmark), formulated by the film method in a volume consisting of 

0.1 mL CAF09 and 0.1 mL of antigen in 10 mM TRIS-buffer (pH 7.4) as described (17, 26). 

In CAF09, the lipid DDA forms the backbone of the liposomes along with MMG, a 
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synthetic analogue of a mycobacterial cell wall component that is highly immunostimulatory 

and also stabilizes the liposomes. Incorporation of poly(I:C) enables type I interferon 

induction and hence licensing of DCs to cross prime a CD8+ T cell response (26).

Vaccinia immunization

Studies were performed on 6–8 wk old BALB/c mice purchased from Charles River 

Laboratories. Mice were immunized once i.p. with vaccinia virus (vMN) (a kind gift of 

Patricia Earl and Bernard Moss, NIAID) expressing the gp160MN protein, at 20 × 106 PFU/

mouse. At either day 9 or 13 post infection (p.i.), splenocytes were isolated and stimulated in 
vitro with minimal peptides or stained with dextramers loaded with desired peptides.

Flow cytometric analysis of dextramer staining

The following H2-Dd dextramers were purchased from Immudex (Copenhagen, Denmark, 

and Fairfax, VA): IGPGRAFYTT (PE), IGPGRAFYT (APC), IGPGRAFYVV (PE), and 

IGPGRAFYV (APC). For dextramer staining, spleen cells (1–5 × 106) were isolated and 

directly stained for CD3, CD4, CD8, CD16/32 (Biolegend), Yellow Viability or AquaBlue 

(Life Technologies) plus the indicated dextramers. For intracellular staining, single cell 

suspensions (106 cells/μL) from spleen were isolated and stimulated with indicated peptides 

or ionomycin and phorbol 12-myristate 13-acetate (PMA), as previously described (27–29). 

Subsequently, cells were removed and stained for CD3, CD4, CD8, CD16/32, IL2, IFNγ 
(Biolegend) and TNFα (BD Pharmingen). Intracellular cytokine production was quantified 

using the previously described method (27–29). Stained cells were analyzed using a BD 

LSR II flow cytometer with FlowJo software.

Antibody blocking H2-Dd MHC- I molecules

Splenocytes from VV gp120MN-immunized mice were distributed to a 96 well plate (106 

cells/200 μL) and incubated for 15 min with one of the following anti-mouse mAbs: H2-Dd 

(34-2-12), H2-Ld/H2-Db (28-14-8), H2-Kd (SF1-1.1) (Biolegend), or an isotype control, 

mouse IgG2a (AbCam). After incubation, the indicated peptide was added at 1.5 μg/ml, the 

cells were cultured with peptide for 6 hours and then were stained for CD3, CD4, CD8, IL2, 

IFNγ (Biolegend), AquaBlue or Yellow Viability Dye (Life Technologies) and TNF (BD 

Pharmigen). Intracellular cytokine production was quantified using the previously described 

method (27–29). Stained cells were analyzed using a BD LSR II flow cytometer with 

FlowJo software.

Protein expression and purification, crystallization and data collection and refinement

The luminal domain of H2-Dd, expressed in E. coli BL21(DE3) from plasmid pET21, was 

refolded with murine β2m and peptide s.p.V9 (IGPGRAFYV), peptide s.p.T9 

(IGPGRAFYT), or peptide s.p.VI10 (IGPGRAFYVI), as described previously (30, 31). 

Following dialysis and concentration by ultrafiltration, the proteins were purified by size 

exclusion chromatography on Superdex 75 followed by ion exchange chromatography on 

mono Q (GE Healthcare Life Sciences). The purified complexes were concentrated to ~6 

mg/ml and crystallization screens were set up in hanging drops at 4 °C. Several small (0.05 

× 0.01 mm) crystals of the s.p.V9 and s.p.T9-containing complex were observed after two 
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weeks in solutions of 12% PEG 20,000 in 0.1M (2-(n-morpholino)-ethanesulfonic acid) 

(MES) pH 6.5, and those with peptide s.p.VI10 were obtained in 15% PEG 20,000 and 0.1 

M cacodylate at pH 6.0. Crystals were flash frozen in 10% ethylene glycol in crystallization 

buffer and diffraction data were collected remotely on beamline SER-CAT 22-ID at the 

Argonne Photon Source. Data were indexed with XDS (32), and analyzed with Xtriage in 

PHENIX (33). For the complexes with s.p.T9 and s.p.V9, space groups were P212121 and P1 

respectively and for s.p.VI10 analysis indicated pseudo-merohedral twinning with a twin 

fraction of 0.38, in space group P21. Molecular replacement solutions for complexes were 

readily found with Phaser (34) using 3ECB (H2-Dd complexed with P18-I10 

(RGPGRAFVTI) and murine β2m) as a search model, with the peptide removed. Following 

rigid body and individual B-factor refinement in PHENIX, SA-omit maps of the peptides 

were calculated which readily permitted manual building of the peptides. Further refinement 

of the complex with peptide s.p.V9 resulted in a final model with R-work/R-free of 

0.198/0.249 at 2.35 Å, for the complex with s.p.T9, R-work/R-free of 0.195/0.239 at 1.96 Å, 

and for the complex with peptide s.p.VI10 a final model with R-work/R-free of 0.184/0.224 

at 3.05 Å. Data collection and refinement statistics are listed in Table 1. Final models are 

illustrated with the calculated SA-omit maps in Fig. S1. Structure factors and coordinates 

have been deposited in the protein data bank (PDB) (URL: https://www.rcsb.org/pdb/home/

home.do) under accession numbers 5T7G, 5KD7, and 5KD4 for s.p.T9, s.p.V9, and s.p.VI10 

respectively. Molecular graphics were produced with PyMOL (The PyMOL Molecular 

Graphics System, Version 1.7, Schrödinger, LLC., unpublished). Analysis of crystal 

structures was performed with Protein interfaces, surfaces and assemblies’ (PISA) program 

at the European Bioinformatics Institute (http://www.ebi.ac.uk/pdbe/prot_int/pistart.html), 

(35).

Data analysis and statistics

All comparisons between mutant gp120MN and WT gp120MN immunization groups were 

conducted using the Mann-Whitney non-parametric test or unpaired Student t test except 

where ANOVA was used as noted. Data are expressed as mean +/-SEM. P < 0.05 was 

considered significant. * = p<0.05; ** = p<0.01; *** = p<0.001. For binding curves in Figs. 

4 and 5, a stratified Wilcoxon rank sum test was used, with a Hochberg correction for 

multiple comparisons were such occurred.

Results

Immunization with recombinant VV gp120MN generates a strong IFNγ+ CD8+ T cell 
response to an immunodominant epitope in gp120MN

Cathepsin S plays a critical role in MHC-II antigen endosomal processing and presentation 

(36, 37) and has been suggested to play a role in cross-presentation on MHC-I molecules to 

CD8+ T cells (9). To evaluate the role of cathepsin S in modulating the HIV-1-specific 

cellular responses, we took advantage of a previously described recombinant HIVMN gp120 

protein, which has a mutation in the cathepsin S cleavage site, from T322T323 to V322V323 in 

the V3 domain (VV gp120)(38) (Fig 1a). The recombinant VV gp120 protein is completely 

resistant to cathepsin S digestion at that site (Fig 1b), although three other cathepsin S 

digestion sites within gp120 such as 208–209, 261–262, and 435–436 remain digestion 
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sensitive. We compared the ability of WT gp120 with VV gp120 to induce antigen specific 

cellular immune responses. Mice were immunized with either of these recombinant proteins 

in a cationic liposomal adjuvant, CAF09 (26) three times with two weeks between 

immunizations (see schematic in Fig 1c). Approximately two weeks after the final 

immunization, splenocytes were isolated and stimulated in vitro with 15-mer HIV gp120MN 

peptides (each peptide overlapping by 10 residues) spanning the entire WT gp120MN protein 

(for a total of 212 peptides, divided into 10 peptide pools (p.p.1-p.p.10) of 12–30 peptides 

each, distributed as shown in Fig 2a).

Priming with exogenous protein provided a greater IFNγ+ CD8+ T cell response in BALB/c 

mice immunized with the VV gp120 protein than in animals given the WT gp120 protein 

after in vitro stimulation with peptides spanning the wild type HIV gp120MN protein (p = 

0.0286). These responses were directed primarily to p.p.3 (s.p. 61–90) (Fig 2a). 

Interestingly, this pool contained peptides s.p.78 (RKRIHIGPGRAFYTT) and s.p.79 

(HIGPGRAFYTTKNII), both of which contain a previously described immunodominant 

epitope, IGPGRAFYTT (s.p.TT10) for mice immunized with recombinant vaccinia virus 

(vMN) expressing the entire gp160MN protein (19, 20). Further epitope mapping revealed 

that only mice immunized with the VV gp120MN protein, but not WT gp120MN, developed 

strong IFNγ+CD8+ T responses to s.p.78 and s.p.79 (Fig 2b). To determine whether the 

IFNγ+CD8+ T cell response was directed against the s.p.TT10 epitope, splenocytes were 

stained with the s.p.TT10/H2-Dd (Dd-s.p.TT10) dextramer. This dextramer was loaded with 

the minimal epitope, s.p.TT10, which is the wildtype sequence and hence differs from the 

sequence in the VV gp120MN protein (IGPGRAFYVV (s.p.VV-10)), by the substitution of 

TT for VV. Mice immunized with VV gp120MN had a significantly greater number of 

s.p.TT10/H2-Dd- binding CD8+ T cells as well as significantly greater IFNγ+ CD8+ T cell 

responses to epitope peptides s.p.78, s.p.79, s.p.VV10, s.p. T9, and s.p.V9 (Fig 2c, d and Fig 

3a). It is well known that immunization with whole protein can elicit a CD8+ T cell response 

through cross-presentation (7, 39–41), and previous studies have demonstrated that 

cathepsin S can affect cross-presentation (9, 42). To explain this enhanced IFNγ+ CD8+ T 

cell response in VV gp120MN-immunized mice, we proposed the following hypotheses: (1) 

the mutation from T322T323 to V322V323 in the V3 domain of gp120 had prevented the 

epitope IGPGRAFYVV (s.p.VV10) from being cleaved by cathepsin S in the endosome 

(and thus also prevented further endosomal degradation), thus enhancing the frequency with 

which the epitope could be cross-presented; (2) the mutation at the final residue from a 

hydrophilic residue T323 to a more hydrophobic V323, enhanced the binding of the mutant 

Val anchor residue within the F pocket in the MHC-I molecule, thus increasing the 

immunogenicity of the s.p.VV10 epitope; or, (3) the mutation from T322T323 to V322V323 

did both.

Immunization with the VV gp120 protein elicits greater IFNγ+ CD8+ T cell responses to 
minimal epitopes than immunization with wild type gp120 protein

We observed that CD8+ T cells from VV gp120MN immunized mice had a greater cross-

reactive response to the minimal epitopes s.p.TT10 and s.p.VV10, with s.p.VV10 providing 

the greatest response. However, we were interested in determining whether the same CD8+ T 

cells were cross-reactive to the s.p.VV10 and s.p.TT10 as well as the alternative minimal 
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epitopes s.p.V9 and s.p.T9 (Fig 3a). We utilized several dextramers with different 

fluorescent labels, and compared the cross-reactivity of CD8+ T cells from WT gp120MN 

and VV gp120MN-immunized mice. Interestingly, CD8+ T cells from mice immunized with 

VV gp120 bound the s.p.V9 and s.p.T9 dextramers with similar frequency and almost all the 

T cells were double positive, indicating that the same T cells reacted with both epitopes; 

while the s.p.T9 and s.p.TT10 dextramers were recognized unequally with a greater response 

to s.p.T9, only some of which cross reacted with s.p.TT10. By contrast to those immunized 

with VV gp120, cells from mice primed with the WT gp120 protein did not bind any of the 

three dextramers, s.p.V9, s.p.T9 and s.p.TT10 (Fig 3b and c). The dextramer positive cells 

for DdT9, DdV9 and double positive for DdT9 and DdTT10 or for DdT9 and DdV9 were 

significantly higher for VV-gp120-immunized mice than for WT-gp120-immunized mice 

(Fig. 3c).

Vaccinia virus infection bypasses endosomal destruction of the TT epitope

Previous work using recombinant vaccinia virus expressing the gp160MN protein has elicited 

CD8+IFNγ+ T cells that recognize the immunodominant s.p.TT10 (IGPGRAFYTT) epitope 

(19, 20). Vaccinia virus can infect antigen-presenting cells (APCs), where the resulting 

recombinant gp160 protein is produced and processed in the cytosol through the typical 

MHC-I proteasomal pathway. In contrast, we hypothesized that immunization with WT 

gp120MN protein processed through the endosomal pathway would result in the degradation 

of the s.p.TT10 (IGPGRAFYTT) epitope, via cathepsin S cleavage during cross-

presentation. However, the VV gp120MN protein with the mutation of the cathepsin S 

cleavage site would result in preservation of the epitope during cross-presentation and 

induction of CD8+ T cells that cross-reactively recognized 15-mer peptides containing the 

IGPGRAFYTT epitope. Thus, in contrast to mice immunized with recombinant protein, 

those immunized with the recombinant vaccinia expressing the WT gp160MN even once 

without boosting or in vitro expansion raised a response to both s.p.78 and s.p.79 (Fig 3d), 

consistent with our earlier results (19, 20). Thus, it appears that immunization with vaccinia 

virus, which is followed by the processing and presentation of the gp160MN protein through 

the classical, MHC-I pathway, preserves the s.p.TT10 epitope from cathepsin S cleavage and 

subsequent degradation, thereby enabling s.p.TT10 presentation to T cells. This is in stark 

contrast to the cross-presentation pathway where the s.p.TT10 epitope seems to be cleaved 

by cathepsin S and immediately further degraded so that even the s.p.T9 9-mer is not 

presented.

The s.p.TT10 epitope, contained within the P79 15-mer peptide, is presented by H2-Dd

Immunization with a whole protein may elicit CD8+ T cell responses through cross-

presentation. Based on our results, it appears that immunization with the cathepsin S 

resistant mutant, VV gp120MN, can elicit CD8+ T cell responses specific for the s.p.TT10 

epitope through cross-presentation. However, this mutant VV gp120MN protein has the 

mutation T323 to V323 at the H2-Dd C-terminal anchor residue. It is well known that a more 

hydrophobic amino acid can bind more efficiently to the F-pocket in the H2-Dd MHC-I 

molecule (43, 44). Thus, we expected that the cathepsin S-site mutation from T323 to V323 

also enhanced the binding affinity of the mutant epitope, s.p.VV10 (IGPGRAFYVV) for the 

MHC-I molecule. We first confirmed that H2-Dd presented the s.p.79 15-mer peptides that 
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contain the PTT10 minimal epitope from the gp120MN protein. Previous studies of immune 

responses to the gp160MN protein in BALB/c mice demonstrated the immunodominant 

minimal epitope s.p.TT10 was H2-Dd restricted (38, 45). Since BALB/c mice express three 

classical MHC- I molecules, H2-Dd, H2-Ld and H2-Kd that could potentially present the 

s.p.TT10 peptide, we evaluated the presenting element with an in vitro antibody blocking 

study. Only the blocking antibody to H2-Dd, but not those to the other class I molecules, 

resulted in a significant reduction (p = 0.0215) in the IFNγ+ CD8+ T cell response against 

s.p.79 (HIGPGRAFYTTKNII) in mice immunized with the VV gp120 protein (Fig 4a). 

Additionally, s.p.TT10 binding to H2-Dd was further confirmed in an RMA-S/H2-Dd 

epitope stabilization assay (Fig 4b). Thus, the binding was to H2-Dd as predicted.

In vitro binding of minimal epitopes to H2-Dd MHC-I molecule

Following confirmation that the s.p.79 epitope, containing the IGPGRAFYTT minimal 

epitope, is presented by H2-Dd, we evaluated the relative binding affinities of s.p.VV10, 

s.p.TT10 and related peptides to H2-Dd. Previous studies demonstrated that substitution of 

amino acid residues with greater hydrophobicity at the C-terminal anchor residue position 

can enhance peptide binding to the H2-Dd MHC-I molecule (24, 43, 46). Therefore, we 

expected that s.p.VV10, with the more hydrophobic amino acid, Val, at the C-terminus 

would have greater binding affinity to H2-Dd than s.p.TT10 with the more hydrophilic Thr at 

the anchor residue site. Surprisingly, however, there was no significant difference in the 

apparent binding affinities of peptides s.p.TT10 and s.p.VV10 to H2-Dd, both of which give 

a 50% increase in H2-Dd surface expression at about 1.0 μg/ml with nearly superimposable 

curves (Fig 4b). Moreover, the slight difference (< 1 log2) was in the direction that s.p.VV10 

was a slightly weaker binder than s.p.TT10, not supporting an improvement in binding. To 

explore the basis of the similarity in affinity between s.p.TT10 and s.p.VV10, we compared 

several peptides that have a Val or Thr penultimate residue (position nine, immediately 

adjacent to the anchor residue) and varied anchor residues: Thr, Val, and Ile as a positive 

control. The following single peptides (s.p.) were tested: IGPGRAFYTI (s.p.TI10), 

IGPGRAFYTV (s.p.TV10), IGPGRAFYVI (s.p.VI10) and IGPGRAFYVT (s.p.VT10) 

(Table 1). First, we compared the binding affinity of the peptides with the same penultimate 

position (either T or V) and varied the anchor amino acid residues T, V, and I (as a positive 

control for its previously demonstrated ability to enhance peptide/MHC binding) (Fig 5). As 

expected, when we compared peptides with T at the penultimate position, we observed the 

following hierarchy of binding: s.p.TI10> s.p.TV10> s.p.TT10, demonstrating that the more 

hydrophobic anchor residues, I and V, enhance the interaction of the peptide with H2-Dd 

more than the less hydrophobic T (Fig 5a right panel). Similarly, when we compared 

peptides with different terminal anchor residues all with V at the penultimate position, we 

observed the following binding: s.p.VI10 > s.p.VV10 = s.p.VT10, indicating the more 

hydrophobic I bound best, while V and T bound with similar affinity (Fig 5a left panel). 

Unexpectedly, we noticed peptides with V at the penultimate position had significantly 

worse binding to H2-Dd molecule than peptides with T at the penultimate position. Keeping 

the anchor residue constant, and comparing the penultimate position between T and V, T 

always bound with greater affinity to H2-Dd: s.p.TI10 > s.p.VI10, s.p.TV10> s.p.VV10, and 

s.p.TT10 > s.p.VT10 (Fig 5b).
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This binding behavior of peptides with substitutions at the penultimate position from T322 to 

V322 in the VV gp120 protein helps explain the inability of the VV mutation to improve 

binding affinity. While the Val at anchor position 10 should increase binding, the Val at 

position 9 interferes and apparently counters this beneficial effect, thus resulting in similar 

net binding affinity for s.p.TT10 and s.p.VV10. We also asked how the 9-mers would bind if 

the proteins were cleaved at the cathepsin S cleavage site in the TT wild type protein, or in 

the equivalent place (albeit without a cathepsin cleavage site) in the VV protein. In fact, both 

9-mers bind equally well and with about 2 logs higher affinity then the corresponding 10-

mers (Fig 4c). Therefore, if the TT site were cleaved by cathepsin S and the VV not, then the 

TT protein would be expected to be more immunogenic, not less, unless that first cleavage 

led to rapid further degradation of the 9-mer in the endosome. For this reason, the data are 

not consistent with 9-mer’s binding to explain the immunogenicity, but rather with the 

hypothesis that the VV mutation protects the site from cleavage and further degradation in 

the endosome and allows the VV10 peptide to be presented.

X-ray structures provide a basis for differential effects of peptide substitutions 
IGPGRAFYVI and IGPGRAFYTI peptides in the H2-Dd MHC-I molecule

In order to understand contributions of the different peptides to the level of MHC-I binding, 

we determined three new peptide/H2-Dd X-ray structures (Table 1, Fig S1) and examined 

them along with previously reported ones (31, 45). As illustrated in Fig 6, a comparison of 

the peptide conformation of the three H2-Dd-bound 10-mers, s.p.VI10, s.p.TI10, and P18-

I10 (the IIIB strain homolog of s.p.TI10 based in the MN strain) reveals essentially the same 

backbone configuration (Fig 6a,c) and the same anchors at positions 2 and 3 (GP), 5 (R), and 

10 (I) (Fig 6b,d). One apparent difference is the orientation of the sidechain of position 7 

Phe of s.p.TI10, which is stacked with the position 8 Tyr, while in the other two structures 

the position 7 and 8 residues are splayed, with position 7 Phe oriented toward the α1 helix 

for s.p.VI10 and P18-I10. Careful inspection of the crystal contacts in the s.p.TI10 structure, 

however, indicates that this is a region that interacts with another molecule in the crystal, and 

that this most likely represents the result of crystal packing rather than the natural interaction 

of the position 7 Phe sidechain with solvent. However, a logical basis for the apparent 

differences in binding affinity of different 9-mer and 10-mer peptides to H2-Dd is suggested 

by consideration of the size and hydrophobicity of the C terminal residue. Those peptides 

with I at the carboxyl terminus (10-mers s.p.VI10, s.p.TI10, and s.p.18I10) bury more 

surface area than peptides with C-terminal V, and thus bind less well. Additionally, we may 

hypothesize that V at position 9 in the context of s.p.VV10 thus generates a steric effect and 

exposes a hydrophobic side chain to solvent, making s.p.VV10 less avid for H2-Dd than 

s.p.TV10.

To explore the structural basis of 9-mer peptides binding to H2-Dd, we examined the 

structures of s.p.T9, s.p.V9 and the previously determined PA-9 (IGPGRAFYA (3E6F, ref 

(45)) (Fig 6c and d). For the three 9-mer peptides, there is essentially no difference in the 

backbone conformation (rmsd of Cα atoms < 0.2 Å), or in the orientation of the amino acid 

side chains. Taken together, the binding and structural studies indicate that there are no 

major differences in binding of the different 10-mers that have a position 2,3 (GP), position 

5 (R), and position 10 (I) anchor motif, nor are there major differences among the 9-mers 
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with position 9 T, V or A. Quantitative differences in binding seem to be related to the 

degree of hydrophobicity (and buried surface area) of the C terminal anchor and the result of 

energetic costs of exposing penultimate residues to aqueous solvent. Furthermore, these 

results help to explain why the mutation from T322T323 to V322V323 did not enhance 

peptide-binding affinity. Overall, by excluding the hypothesized increased affinity of the 

mutant VV peptide to the MHC molecule as one explanation for the increased 

immunogenicity of the VV protein, we are left with the conclusion that the main mechanism 

by which the VV protein is more immunogenic when administered in a way that requires 

endosomal cross-presentation is that it eliminates the cathepsin S cleavage site and thus 

protects the epitope, and the molecule as a whole, from cathepsin cleavage and possible 

further endosomal degradation from the C-terminus.

Discussion

The most common view of CD8+ T cell responses to viral infections is that viral proteins are 

synthesized endogenously and thus processed through the endogenous class I MHC 

processing pathway involving proteasomes and TAP transport into the endoplasmic 

reticulum, where the peptides are loaded onto class I MHC molecules. That is certainly the 

case when viruses infect professional antigen-presenting cells such as DCs, or when the 

infected cell is the target of CTL killing. However, priming of CD8+ T cells in the case of 

viral infections of cells that are not professional antigen-presenting cells often involves 

cross-presentation, in which antigen expressed in infected cells is taken up by DCs and 

presented to T cells. This may be a major mechanism especially relevant in HIV infection 

because the predominant cells infected are CD4+ T cells, which are not professional antigen-

presenting cells. The cross-presentation mechanism usually involves uptake initially into 

endosomes where whole protein antigens can be processed into fragments (7). This has been 

mimicked by immunizing with whole proteins in adjuvants that allow endosomal uptake but 

then transfer to the endogenous pathway for class I MHC presentation, or could be loaded 

onto recycling class I MHC molecules in the endosome (47). Thus, during cross-

presentation, antigens are exposed to endosomal proteases to which they would not be 

exposed if they had been synthesized in the cytosol and processed by proteasomes initially. 

We hypothesized that such endosomal processing may provide another opportunity for 

viruses to escape immune recognition, by promoting destruction of key antigens by 

endosomal proteases such as cathepsins. Cathepsin S in endosomes has been shown to 

contribute to the processing of antigens during cross-presentation (9). To address this 

hypothesis, we took advantage of the fact that an immunodominant determinant 

IGPGRAFYTT within the V3 loop of HIV-1MN gp120 contains a cathepsin S cleavage site 

TT. Thus, we asked whether that cleavage site would open up the molecule for endosomal 

destruction of the epitope, preventing cross-presentation of this dominant epitope. The 

epitope had been previously mapped as immunodominant when animals were immunized 

with a recombinant vaccinia virus expressing the HIV envelope (19, 20). As vaccinia 

synthesizes the protein in the cytosol, we knew that the epitope was active and even 

immunodominant when presented in the cytosol. Here, we contrasted that with 

immunization with the whole recombinant protein in an adjuvant, CAF09, that promotes 

cross-presentation of whole proteins (26). Indeed, we found that CD8+ T cells specific for 
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this epitope were not induced effectively when the whole protein in adjuvant was injected. 

However, when the epitope was mutated to change the TT to VV, making it resistant to 

cathepsin S (as shown in Fig 1b), now the epitope was quite immunogenic even with the 

whole protein as vaccine. This result supported our hypothesis that cathepsin S in 

endosomes could cause destruction of epitopes during cross-presentation that were not 

destroyed during classical endogenous processing and presentation, and that this situation 

could provide the virus with another means of immune escape.

Mutation of the epitope from IGPGRAFYTT to IGPGRAFYVV clearly promoted the 

immune response not only to the modified VV sequence but also to original wild type (WT) 

TT sequence. Nevertheless, several explanations remained possible. The C-terminal valine is 

a stronger anchor residue than threonine for peptides binding to H2-Dd, as previously shown 

(43, 44). Also, as we hypothesized, the VV mutation could prevent endosomal destruction of 

the epitope, promoting induction of immunity. These explanations are not mutually 

exclusive, so both could be acting together. To test these, we first carried out binding studies 

of these peptides to H2-Dd using the RMA-S binding assay described in Materials and 

Methods. To our surprise, the VV peptide did not bind with higher affinity than the TT 

peptide (Fig 4b). To investigate the reason for this surprising result, we examined the 

binding of several related peptides (Fig 5). What was revealed by these studies was that the 

penultimate V was deleterious for binding. When the C-terminal residue was held constant 

as either V, T, or I, the peptide with a V at the penultimate position was always a poorer 

binder than the one with a T at the penultimate position. On the other hand, when the 

penultimate position was held constant, the C-terminal V or I resulted in higher affinity 

binding than the C-terminal T. Thus, the V at the penultimate position canceled out the 

beneficial effect of the V at the anchor residue in the conversion from TT to VV, and the net 

effect was no improvement in binding. This result, however, left by default only the 

remaining interpretation that the VV substitution promoted immunogenicity by preventing 

destruction during cross-presentation.

This binding study answered one question but raised another: why was the penultimate V 

deleterious for binding to H2-Dd, especially considering that this residue was not expected 

to interact directly with the MHC molecule? To address this new question, we prepared 

crystals of H2-Dd bound to several of the peptides and carried out X-ray crystallographic 

studies of the structures of these peptide-MHC complexes (Fig 6 and Fig S1). The backbone 

peptide structures of all the complexes were found to be quite comparable, and the 

penultimate V was indeed pointing up out of the MHC groove (Fig S1). The only structural 

explanations we have for the deleterious effect of V at this position is that it is a hydrophobic 

residue that produces adverse entropic effects when forced to be exposed to aqueous solvent, 

whereas the threonine at that position has a hydroxyl group that is hydrophilic, and that there 

are fewer opportunities for H-bonds.

Another question that arose was whether the 9-mer peptides with the C-terminal residue 

removed would bind as well, and indeed they do, although the differences in affinity of the 

various 10-mers indicates that the 10-mers are what is binding in those studies and not 

peptides degraded to 9-mers, which bind with higher but equal affinity. Further, the 9-mers 

with the C-terminal T or V are recognized by the same T cells, as determined by dextramer 
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staining. Thus, if the 10-mer epitope were cleaved just to remove the terminal T, it should 

have been immunogenic just like the VV protein. However, the endosome contains many 

proteases, and we believe that once the TT bond is broken, other proteases will rapidly 

further destroy the epitope, making the TT protein poorly immunogenic compared to the VV 

protein which does not get cleaved at that site. Once the site is protected in the endosome 

and the protein undergoes cross-presentation, the T cells induced by the VV protein clearly 

cross-react well with the TT version of the epitope, as seen by the recognition of peptides 

s.p.78 and s.p.79 in Fig 2. Thus, it is the preservation of the epitope from endosomal 

destruction that determines the difference in immunogenicity.

In conclusion, these studies have revealed a novel mechanism by which a virus like HIV can 

evade the immune system and avoid inducing an immune response when infecting cells that 

are not professional antigen-presenting cells, such as CD4+ T cells that are the main target of 

HIV infection. In such cases, to induce a primary immune response, the viral antigens must 

be cross-presented by professional antigen-presenting cells like DCs, and exposure of these 

antigens to endosomal proteases during such cross-presentation allows the virus a stealth 

mechanism to avoid induction of immunity by selecting for sequences containing cathepsin 

cleavage sites in critical epitopes. Recognition of this novel mechanism should allow it to be 

taken into account in designing viral immunogens for more effective AIDS vaccines or 

vaccines against other viruses that might share this evasion strategy. Furthermore, as 

rgp120MN was a key component of the RV144 vaccine that is the only phase III human 

AIDS vaccine trial to show efficacy (albeit a moderate 31% efficacy) (2), such modifications 

of rgp120 might make it more immunogenic and therefore a more effective vaccine 

candidate. In addition, an adjuvant like CAF09, that can promote induction of CD8+ T cells 

to a soluble whole protein antigen through cross-presentation, could also potentially improve 

the efficacy of the vaccine. Thus, this study provides at least two approaches for potential 

improvement on the encouraging success so far with the first efficacious human AIDS 

vaccine.
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Figure 1. 
a) Overview of the HIV gp120MN V3 domain. The cathepsin S lysosomal protease cleaves 

(as indicated by the black arrow) between the amino acids T322T323 (red) in the WT gp120 

protein. In the mutant protein that inhibits cathepsin S cleavage, referred to as the VV gp120 

protein, the T322T323 has been mutated to V322V323 (blue). The sequence IGPGRAFYTT 

(purple) is a minimal epitope that has previously been reported to elicit CD8+ T cell 

responses in BALB/c mice immunized with modified vaccinia virus expressing HIV 

gp160MN. b) Effect of mutations in the V3 domain of rgp120MN on cathepsin S digestion. 

Purified rgp120MN and rgp120MN mutated to replace threonine (T) at positions 322 and 323 

with valine (V) were digested with cathepsin S (CatS) for the times indicated. The reactions 

were stopped by the addition of SDS-PAGE sample buffer and stored overnight at −80°C. 

The samples were loaded onto gels and the protein digests were visualized by Coomassie 

blue staining. Controls included incubation of the proteins in CatS digest buffer without 

added enzyme, and incubation in Cat S digest buffer containing the irreversible cathepsin 

inhibitor Z-FA-FMK. Because there are 4 CatS cleavage sites in rgp120MN the T322V and 

T323 mutations did not completely prevent protease cleavage. However, N-terminal 

sequence analysis demonstrated that the fragments detected resulted from cleavages between 

positions 208 and 209, 261 and 262, and 435 and 436 as described by Yu et al (5). c) The 

repeated immunization strategy. At day 0 (D0), BALB/c mice were immunized I.P. with 
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100μg of either wild type (WT) gp120MN or the cathepsin S mutant, VV gp120MN protein in 

a cationic liposome, CAF09. At 14 day intervals (or at D14 and D28), mice were re-

immunized. On D38, splenocytes were isolated and stimulated in vitro with desired peptides 

for 12 hours (overnight). After 12 hours, splenocytes were stained for intracellular 

cytokines: TNF, IFNγ and IL-2.
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Figure 2. 
CD8+ T cells from BALB/c mice immunized with the cathepsin S mutant, VV gp120, 

generate strong IFNγ responses to peptides containing the IGPGRAFYTT sequence and 

recognize an IGPGRAFYTT dextramer when compared to mice immunized with the WT 

gp120 protein. a) BALB/c mice were immunized with either WT gp120 or VV gp120 in 

CAF09, as described in the Materials and Methods. Splenocytes were isolated 14 days after 

the final immunization and stimulated in vitro for 6 hrs with (7.5 μg/ml) HIV gp120MN 

overlapping 15-mer peptides spanning the length of the gp120MN protein, and then stained 

for IFNγ. CD4+ T cell responses to peptide pools are shown in Fig S1 b) BALB/c mice were 

immunized with either WT gp120 or VV gp120 in CAF09 and 14 days later splenocytes 

were isolated, stimulated in vitro for 6 hrs with (7.5 μg/ml) single peptides 78 (s.p.78), s.p.

79, s.p. 80/81 and s.p.TT10 (IGPGRAFYTT) and stained for intracellular cytokines: TNFα, 

IFNγ and IL-2. c) Mice were immunized with either WT gp120 or the cathepsin S mutant, 

VV gp120 in CAF09, as described in legends to Figure 1c, and Ag-specific CD8+ T cells 

were detected with Dd-s.p.T10 dextramers. d) Frequency of H-2Dd-s.p.T10 peptide 

dextramer-binding CD8+ T cells isolated from immunized BALB/c mice splenocytes that 
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were directly stained for surface markers, CD3, CD4, CD8 and an H2-Dd s.p.TT10 

(IGPGRAFYTT) dextramer. * indicates p < 0.05.
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Figure 3. 
CD8+ T cells from BALB/c mice immunized with Cat S mutant, VV gp120 protein induce 

strong IFNγ+ CD8+ T cell response to peptides IGPGRAFY-T, TT, V and VV. Furthermore, 

these CD8+ T cells are H2-Dd peptide-positive for s.p.TT10, s.p.T9 and s.p.V9. a) BALB/c 

mice were immunized with either WT gp120 or VV gp120 in CAF09, as described in the 

Material and Methods. 14 days following the last immunization, splenocytes were isolated 

and stimulated with (7.5μg/mL) minimal peptides s.p.TT10 (IGPGFAYTT), s.p.T9 

(IGPGRAFYT), s.p.VV10 (IGPGRAFYVV), and s.p.V9 (IGPGRAFYV). b) representative 

data of CD8+ T cells positive for dextramers, Dd-s.p.TT10, Dd-s.p.T9, and Dd-s.p.V9. c) 

Percent of CD8+ T cells positive for dextramers, d) BALB/c mice were immunized with 108 

PFU of modified vaccinia virus expressing the HIV gp160MN protein, 7 days post 

immunization, splenocytes were isolated and stimulated in vitro for 6 hours with (7.5μg/mL) 

peptides s.p.78, s.p.79, s.p.80 and s.p.81. Following stimulation, cells were stained for 

intracellular cytokine IFNγ. * indicates p < 0.05; ** indicates p < 0.01; and *** indicates p 

< 0.001.
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Figure 4. 
The IGPGRAFYTT epitope is presented on the H2-Dd molecule. Moreover, mutating the 

last two amino acid residues in the V3 minimal epitope does not significantly alter peptide 

binding affinity with the H2-Dd MHC-I molecule. a) Splenocytes were isolated from 

BALB/c mice 14 days after the final immunization with either VV gp120 or WT gp120 in 

CAF09 and stimulated in vitro for 6 hours with the 15-mer peptide s.p.79 (which contains 

the IGPGRAFYTT epitope) as well as varying concentrations of anti-H-2Dd, H-2Ld, H-2Kd, 

and IgG2a-K (isotype control). After 6 hour stimulation, CD8+ T cells were analyzed for the 

following intracellular IFNγ.

Data were calculated as the % difference over the untreated Ab control ((treated CD8+ IFNγ 
amount/untreated IFNγ amount)*100). Anti-H2-Dd produced significant inhibition 

compared to the other antibodies and control (p = 0.0001 by ANOVA on log-transformed 

data). b) Peptide induced surface expression of H2-Dd with peptides s.p.TT10 and s.p.VV10. 

TAP-deficient, RMAS-Dd were incubated with the indicated concentrations of each peptide 

and stained with the antibody 34-5-8 (an anti-H2-Dd antibody) as described in Materials and 
methods. Results are shown as the fluorescence index, the mean fluorescence intensity 

(MFI) over background (∆ mean fluorescence intensity) × 100. The horizontal line indicts 

the concentration at which the level of H2-Dd staining is increased by 50% (FI0.5). c) 

Binding titration of 9-mer peptides s.p.T9 and s.p.V9 compared with that of s.p. VV10. 

Binding assay was performed identically to that in panel b. The curve for s.p.VV10 is 
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significantly different by ANOVA from the other two at p < 0.0001, and the other two curves 

do not differ from each other.
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Figure 5. 
A more hydrophobic amino acid at the 323 anchor residue enhances peptide binding to the 

H2-Dd MHC-I molecule, while altering the 9th amino acid residue or penultimate position 

from the hydrophilic Thr (T322) to a more hydrophobic Val (V322) can inhibit peptide MHC 

I binding. Peptide induced surface expression of H-2Dd with peptides PTT10 

(IGPGRAFYTT), PTI10 (IGPGRAFYTI), PTV10 (IGPGRAFYTV), PVI10 

(IGPGRAFYVI), PVV10 (IGPGRAFYVV), PVT10 (IGPGRAFYVT). TAP-deficient, 

RMAS-Dd were incubated with indicated concentrations of each peptide and stained with 

the antibody 34-5-8 (an anti-H2-Dd antibody) as described in Materials and methods. 

Results are shown as the fluorescence index (FI), the mean fluorescence intensity (MFI) over 

background (∆ mean fluorescence intensity) × 100 as in Fig 4b. a) Peptide affinity for the 

H2-Dd MHC-I molecule with the penultimate position is held constant as Val322 or Thr322 

and the anchor residue is altered to either Ile323, Val323 or Thr323. Statistics: left panel, 

s.p.VV10 vs VT10 p = 0.0023; s.p. VV10 vs VI10 and s.p.VT10 vs VI10, p < 0.0001 by 

stratified Wilcoxon rank sum with Hochberg correction for multiple comparisons; right 

panel, s.p.TT10 differs from TV10 and TI10 at p<0.0001, but s.p.TV10 and TI10 do no 

differ from each other greatly. b) Peptide:MHCI binding affinity with the anchor residue 

(10th amino acid) held constant at Ile323, Val323 or Thr323 while the penultimate position (9th 

amino acid) is either Thr322 or Val322. Statistics: left panel, p < 0.0001; middle panel, 

p<0.0001; right panel, p<0.0001, all by the stratified Wilcoxon test.
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Figure 6. 
Comparison of superposed 10-mers and 9-mers of different peptides in complex with H2-

Dd. X-ray structures of (a, b) s.p.VI10, s.p.TI10, and P18-I10 and of (c,d) s.p.T9, s.p.V9, and 

s.p.A9 are illustrated. (P18-I10 is the HIV-IIIB strain homolog of s.p. TI10 which is based 

on the MN strain.) s.p.VI10, s.p.T9, and s.p.T9 (PDB codes: 5KD4, 5T7G, and 5KD7) are 

described in Materials and methods, and Table 1. s.p.TI-10, P18-I10, and s.p.A-9 (3E6H, 

3ECB, and 3E6F, respectively) have been reported previously (31, 45). For panels a and b, 

s.p.VI10, s.p.TI10 and P18-I10 were superposed, but only H2-Dd cartoon of P18-I10 is 

shown. Panels a and c show the peptides as viewed from the TCR perspective and b and d 

represent an approximately 90° rotation.
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Table 1

X-ray data collection and refinement statistics

H2-Dd-spVI10 H2-Dd-spV9 H2-Dd-spT9

PEPTIDE IGPGRAFYVI IGPGRAFYV IGPGRAFYT

PDB idcode 5KD4 5KD7 5T7G

Data collection

Space group P21 P1** P212121

Cell dimensions

 a, b, c (Å) 47.13, 90.30, 120.07 51.42, 75.36, 120.03 50.24, 120.50, 143.74

 α, β, γ (°) 90.00, 113.19, 90.00 93.52, 87.14, 96.50 90.00, 90.00, 90.00

Resolution (Å) 47–3.05 (3.16–3.05) * 43–2.35 (2.43–2.35)* 39–1.96 (2.03–1.96)*

Rsym or Rmerge (%) 18.9 (95.0)* 5.5 (77.1)* 6.0 (97.2)*

I/σI 13.0 (2.6)* 14.7 (1.8)* 12.9 (1.3)*

Completeness (%) 99.1 (98.6)* 97.9 (96.5)* 99.5 (98.6)*

Redundancy 7.6 (7.6)* 3.9 (4.0)* 4.0 (3.9)*

Rpim(%) 7.4 (36.8)* 3.2 (44.7)* 3.3 (56.6)*

CC1/2(%) 99.3 (75.8)* 99.8 (75.7)* 99.9 (54.6)*

Pseudo-merohedral-twin 0.389 (h,-k,-2h-l) none none

Refinement

Resolution (Å) 47–3.05(3.16–3.05)* 43–2.35(2.43–2.35)* 39–1.96 (2.03–1.96)*

No. reflections (unique) 17625 72767 61428

Rwork/Rfree (%) 18.4(33.4)*/22.4(35.9)* 19.8(28.8)*/24.9(32.2)* 19.5(30.7)*/23.9(36.0)*

No. atoms 6278 12407 6615

 H2-Dd/β2m 6122 12117 6043

 Peptide 156 276 140

B-factors (average)

 H2-Dd/β2m 51.5 52.8 38.8

 Peptide 43.3 38.3 33.6

R.m.s deviations

 Bond lengths (Å) 0.007 0.005 0.009

 Bond angles (°) 1.17 0.79 1.20

Ramachandran favored/outlier(%) 94.1/0.3 95.0/0.6 96.0/0.1

*
Highest resolution shell is shown in parenthesis.

**
In space group P1 there are two p/H2-Dd/β2m complexes per asymmetric unit.
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