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Abstract

Despite efforts to develop effective treatments and vaccines, Mycobacterium tuberculosis (Mtb), 

particularly pulmonary Mtb, continues to provide major health challenges worldwide. To improve 

immunization against the persistent health challenge of Mtb infection, we have studied the CD8+ 

T cell response to Bacillus Calmette-Guérin (BCG) and recombinant BCG (rBCG) in mice. Here, 

we generated CD8+ T cells with an rBCG-based vaccine encoding the Ag85B protein of M. 
kansasii, termed rBCG-Mkan85B, followed by boosting with plasmid DNA expressing the Ag85B 

gene (DNA-Mkan85B). We identified two MHC-I (H2-Kd)-restricted epitopes which induce cross-

reactive responses to Mtb and other related mycobacteria in both BALB/c (H2d) and CB6F1 

(H2b/d) mice. The H2-Kd-restricted peptide epitopes elicited polyfunctional CD8+ T cell responses 

that were also highly cross-reactive with those of other proteins of the Ag85 complex. Tetramer 

staining indicated that the two H2-Kd-restricted epitopes elicit distinct CD8+ T cell populations, a 

result explained by the X-ray structure of the two peptide/H2-Kd complexes. These results suggest 

that rBCG-Mkan85B vector-based immunization and DNA-Mkan85B boost may enhance CD8+ T 

cell response to Mtb, and might help to overcome the limited effectiveness of the current BCG in 

eliciting tuberculosis immunity.

Graphical Abstract

Ag85B specific polyfunctional CD8+ T cells are inducible by recombinant BCG encoding the 

Ag85B protein of Mycobacterium kansasii (rBCG-Mkan85B), followed by boosting with plasmid 
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DNA expressing the Ag85B gene (DNA-Mkan85B). We identified two MHC-I (H2-Kd)-restricted 

epitopes which induce cross-reactive responses to M. tuberculosis and other mycobacteria.
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Introduction

The only available vaccine for Mycobacterium tuberculosis (Mtb) is a live attenuated strain 

of Mycobacterium bovis, termed Bacillus Calmette-Guérin (BCG), that induces pathogen-

specific CD4+ T cells which contribute to the protective immune response against 

subsequent Mtb infection by inducing inflammatory cytokines [1–3] and central memory 

CD4+ T cells [4–6]. However, BCG has a limited ability to activate the CD8+ T cell response 

for controlling the spread of tuberculosis (TB) [7, 8], while after infection with Mtb, CD8+ T 

cells contribute to immunity by producing cytokines and acquire cytolytic function leading 

to lysis of infected cells and release of bacteria for extracellular killing [7, 9–12]. Although 

cross presentation of antigen is often crucial to the induction of pathogen-specific CD8+ T 

cells, BCG antigens are relatively inefficiently presented by this MHC-I pathway [13].

Recombinant BCG (rBCG)-based vectors have been used in a variety of applications to 

induce CD8+ T cell immunity [14] and other responses and have been more effective in 

eliciting Mtb resistance than BCG alone [15–19]. Several different rBCG vaccines and 

immunization strategies have been explored, including introduction of immunodominant 

Mtb-specific antigens that are lacking in BCG, such as the 6-kilodalton early-secreted 

antigenic target protein (ESAT-6), the mycobacterial protein from species TB (MPT64) [20–

22]. Use of rBCG VPM1002 (BCGΔureC::hly) has demonstrated increased immunogenicity 

and efficacy by releasing BCG antigen and DNA into the cytosol of engulfed cells, then 

evoking autophagy, inflammasome activation and apoptosis of the cells [23–25]. Another 

approach is to modify BCG to improve mycobacterial antigen presentation by either infected 

cells or bystander cells [5, 26, 27]. Alternatively, over-expression of BCG antigens including 
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proteins of the Ag85 complex has been explored [17–19, 28–30]. Such rBCG for improving 

induction of mycobacteria-specific CD4+ and CD8+ T cells has been demonstrated [17].

The mycobacterial antigen 85 complex (Ag85) consists of three abundantly secreted proteins 

(Ag85A, Ag85B, and Ag85C). Ag85 proteins play an important role in mycobacterial 

pathogenesis and also exhibit cell wall mycolyltransferase activity[31], and may induce a 

strong T-cell proliferative response and IFN-γ production in healthy individuals exposed to 

M. tuberculosis and M. leprae [32, 33]. Therefore, Ag85 proteins have been used as 

mycobacterial antigens for new TB vaccines, such as recombinant BCG [17–19, 27, 34], 

DNA vaccines [35], subunit vaccines [36], and viral vector vaccines [37–39]. rBCG30 is the 

first constructed recombinant BCG overexpressing Mtb Ag85B in BCG. rBCG30 provided 

better protection from TB than BCG and has proven its safety in adults [17, 18]. These 

previous candidate vaccines studied by others have been based on Mtb Ag85B. We have 

been studying the BCG Ag85 complex, and the related Ag85 from M. kansasii, which 

causes a weak respiratory disease in immunocompromised humans. We previously noted 

that the protein sequence of M. bovis Ag85B (Mbov85B) was identical to that of Mtb85B 

[40], which is very similar to that of Ag85B of M. kansasii (Mkan85B) [41]. One approach 

is to clone and express these genes in vaccine vectors and to determine their effects in 

relation to the immune response to infection [40, 41]. In this study, we selected the Ag85B 

gene from M. kansasii (Mkan85B) which encodes a protein 89% identical to that of Mtb85B 

to generate a new rBCG (rBCG-Mkan85B) (Supporting Information Fig. S1) [41]. The 

rBCG-Mkan85B harboring the Mkan85B gene expresses the foreign protein at a high level 

in both mycobacterial cultures and upon infection of mammalian cells as described below. 

Moreover, we identified novel CD8+ T cell epitopes of Mtb85B that induce polyfunctional 

CD8+ T cells and that share functional epitopes with Mkan85B as well as Mtb85C and 

Mtb85A. We studied these epitopes structurally and functionally as well as their MHC 

restriction in a mouse model.

Results

BCG immunization fails to induce polyfunctional CD8+ T cells specific for Mtb85B

Previous studies have shown that BCG immunization only weakly activates CD8+ T cells in 

contrast to the robust activation of CD4+ T cells [7, 8, 13]. We studied Mtb85B-specific 

polyfunctional CD8+ and CD4+ T cells after in vivo BCG priming followed by in vitro 
restimulation using PPD or pools of overlapping 15-mer peptides spanning the entire 

sequence of Mtb85B for restimulation. The gating strategy used to identify cytokines 

producing CD8+ and CD4+ T cells in spleen cells from mice is shown in Fig. 1A and the 

cells producing three, any two and any one cytokine were determined by Boolean 

combinations (Fig. 1A). Polyfunctional cells were counted as those making either two or 

more cytokines. No induction of CD8+ T cells reactive with PPD or with peptide pools 

representing Mtb85B was observed following immunization with BCG in either H2d 

BALB/c (Fig. 1B) or H2b C57BL/6 mice (Fig. 1C). In contrast, BCG-induced polyfunctional 

CD4+ T cells were detected following in vitro PPD stimulation in both H2b and H2d mice 

(Figs. 1B and C). Interestingly, peptide pool-5 of Mtb85B activated polyfunctional CD4+ T 

cells only in H2b (Fig.1C), but not H2d mice (Fig.1B).
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rBCG-Mkan85B/DNA-Mkan85B prime-boost immunization induce Mtb85B-specific 
polyfunctional CD8+ T cells

To overcome the inability of BCG to induce an Ag85B specific CD8+ T cell response, we 

increased the level of Ag85B antigen expression using a recombinant BCG that encodes 

Mkan85B in addition to the BCG-derived Mbov85B, designated rBCG-Mkan85B, and we 

revised the immunization procedure employing the prime boost regimen. We prepared 

rBCG-Mkan85B and plasmid DNA-Mkan85B (DNA-Mkan85B) as described in Materials 

and Methods. Western blot analysis of rBCG-Mkan85B lysates showed 9.3 times higher 

expression of an Ag85B protein than parental BCG lysates (Supporting Information Fig. 

S2A), while rBCG-Mbov85B expressed 1.8 times higher levels of Ag85B than parental 

BCG (Supporting Information Fig. S2A). To confirm that the Ag85B protein is expressible 

in mammalian cells as well, we transfected 293T cells with plasmid encoding Mkan85B 

named p3H-Mkan85B and analyzed this expression by SDS-PAGE and immunoblotting 

(Supporting Information Fig. S2B lane 4). Plasmid DNA-Mkan85B, used as a boosting 

DNA vaccine, which harbors the same Mkan85B gene, directed the expression of a protein, 

recognized by the Ag85B specific antibody, of the same size as that expressed by p3H-

Mkan85B in 293T cells (Supporting Information Fig. S2B lane 2).

We immunized H2d BALB/c and H2b C57BL/6 mice by priming with rBCG-Mkan85B and 

boosting with plasmid DNA-Mkan85B (rBCG-Mkan85B/DNA-Mkan85B) (Supporting 

Information Fig. S3). We then quantified the Mtb85B specific polyfunctional CD8+ and 

CD4+ T cell responses in splenocytes from immunized mice using overlapping 15-mer 

peptides. In contrast to the failure to induce polyfunctional CD8+ T cells following BCG 

immunization, rBCG-Mkan85B/DNA-Mkan85B elicited Mtb85B-specific polyfunctional 

CD8+ T cells (Fig. 2). Stimulation was observed only with peptide pool-2 (Fig. 2A) and only 

in BALB/c mice, and was further localized to the H113 15-mer peptide 

(YYQSGLSIVMPVGGQ) (Fig. 2C). By contrast, CD8+ T cells of C57BL/6 mice, despite 

being primed with rBCG-Mkan85B and boosted with plasmid DNA-Mkan85B, failed to 

respond to any Mtb85B peptide pools (Fig. 2B, D).

We then studied 9-mer peptides overlapping by eight amino acids, and identified two novel 

immunodominant CD8+ T cell epitopes in Mtb85B -- Peptide-8 (pep8, YYQSGLSIV) and 

Peptide-9 (pep9, YQSGLSIVM) (Fig. 2E). These peptides stimulated responses similar to 

those of the parental 15-mer peptide (H113) at the same concentration (0.25μM) (Fig. 2C).

For the polyfunctional CD4+ response to pool-5 in C57BL/6 mice, we identified the 15-mer 

peptide H149 (QDAYNAAGGHNAVFN) (Fig. 2D), a peptide that closely overlaps 

Peptide-25 (FQDAYNAAGGHNAVF), identified by others as one that induces a CD4+ H2b-

restricted response [42–44]. However, as with BCG (Fig. 1), rBCG-Mkan85B immunization 

did not elicit polyfunctional MtbAg85B-specific CD4+ T cells in BALB/c mice (Fig. 2A, C).

Differential stimulation of CD8+ T cells with distinct peptide fine specificity

The amino acid sequences of the immunodominant CD8+ T cell epitopes of pep8 

(YYQSGLSIV) and pep9 (YQSGLSIVM) of Mtb85B are very similar to mycobacterial 

Ag85 complex proteins of other mycobacterial family members (Fig. 3A). rBCG-Mkan85B/
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DNA-Mkan85B -immunization elicited responses that could be restimulated in vitro by 

peptides representing sequences from related Ag85 proteins from different mycobacterial 

species. As shown in Fig. 3A the pep8 epitope of Mkan85B (used in the vaccine) differs 

from pep8 of Mtb85B, Mtb85A, Mbov85A, and Mle85B. However, each pep8 variant 

elicited similar levels of polyfunctional T cells (Fig. 3B). For pep9, the substitution at 

residue 62 of D for Y in Mtb85A completely eliminated the in vitro response, while other 

versions of pep9 could elicit similar levels of polyfunctional CD8+ T cells. Thus, the sharing 

of peptide sequences that induce polyfunctional CD8+ T cell responses among proteins of 

the Ag85 complex in Mtb and other mycobacteria suggests that BCG85B-based 

immunization might be an effective to control mycobacterial infection.

Polyfunctional CD8+ T cells specific for the pep8 and pep9 epitopes of Mtb85B in CB6F1 
(H2b/d) mice

We examined whether the potent generation of pep8- and pep9-specific CD8+ T cells 

required CD4+ T helper cells using F1 hybrid CB6F1 (H2b/d) mice (Fig. 4A and 4B). On 

rBCG-Mkan85B/DNA-Mkan85B immunization, and in vitro restimulation with peptide, 

H149 induced polyfunctional CD4+ T cells in both C57BL/6 and in CB6F1 animals. 

Whereas pep8 and pep9 induced only 0.4% and 0.3% polyfunctional CD8+ cells in BALB/c, 

the response was augmented to 2.4% and 1.9% in CB6F1 respectively. Although pep8 and 

pep9 peptide stimulation was about six-fold more effective in CB6F1 than in BALB/c mice 

(Fig. 4A and 4B), there was no difference in the proportion of polyfunctional CD4+ T cells 

in CB6F1 (0.7%) as compared with C57BL/6 (0.6%) as detected after H149 peptide 

stimulation (Fig. 4). Thus, immunization of H2b/d mice with rBCG-Mkan85B/DNA-

Mkan85B improved the induction of pep8- or pep9-specific polyfunctional CD8+ T cells, 

presumably due to the contribution of H149-specific H2b-restricted CD4+ helper T cells in 

CB6F1, suggesting that CD4+ helper T cells contribute to the generation of potent CD8+ 

effector T cells in the rBCG-Mkan85B-based prime boost immunization.

As rBCG-Mkan85B expressed 9.3 times higher levels of the Ag85B protein than parental 

BCG lysates, while rBCG-Mbov85B expressed 1.8 times higher levels of the Ag85B than 

parental BCG (Supporting Information Fig. S2A), we compared the immunogenicity of 

rBCG-Mkan85B with rBCG-Mbov85B. We immunized H2b/d CB6F1 mice by priming with 

rBCG-Mkan85B and boosting with plasmid DNA-Mkan85B (rBCG-Mkan85B/DNA-

Mkan85B) or rBCG-Mbov85B and boosting with plasmid DNA-Mbov85B (rBCG-

Mbov85B/DNA-Mbov85B). We studied polyfunctional CD8+ T cells after immunization 

followed by in vitro restimulation with pep8 or pep9. rBCG-Mkan85B/DNA-Mkan85B 

enhanced the CD8+ T cell response, while rBCG-Mbov85B/DNA-Mbov85B immunization 

did not induce pep8- or pep9-specific polyfunctional CD8+ cells (Supporting Information 

Fig. S4).

Properties of the pep8- and pep9-specific polyfunctional CD8+ T cells

Having shown that rBCG-Mkan85B/DNA-Mkan85B enhanced the CD8+ T cell response in 

CB6F1 mice, we evaluated functional properties of the peptide-specific CD8+ T cells. Dose-

response analysis of pep8 and pep9 showed differences in the generation of polyfunctional 

CD8+ T cells. Pep8 is more potent than pep9 for peptide-specific CD8+ T cell induction--

Komine-Aizawa et al. Page 5

Eur J Immunol. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pep9 produces half-maximal stimulation of polyfunctional T cells at a concentration of ~ 4.0 

× 10−9 M, while even at 2.5 × 10−12 M pep8 achieves near maximal stimulation (Fig. 5A).

Furthermore, the level of surface expression of CD107a/b, an indicator of granule 

exocytosis, on peptide-specific CD8+ T cells was significantly elevated to 85.8 ± 3.6% and 

82.0 ± 6.1% by stimulation with pep8 and pep9, respectively (Fig. 5B, C). In contrast, 

polyfunctional CD8+ T cells elicited by stimulation with PMA and ionomycin showed low 

surface expression of CD107a/b (Fig. 5B, C). These results indicate that the rBCG-based 

vectors can prime CD8+ T cells to effectively induce peptide-specific effector CD8+ T cells 

by H2d-restricted epitopes of Mtb85B.

MHC class I specificity of Mtb85B-activated CD8+ T cells

To identify the particular H2d MHC-I molecule(s) presenting pep8 or pep9 peptides to the 

immunization-elicited T cells, we used C1498 (H2b) cell lines expressing transfected H2-Kd, 

H2-Dd, or H2-Ld as antigen presenting cells. In vitro re-stimulation of BALB/c splenocytes 

from animals immunized with rBCG-Mkan85B/DNA-Mkan85B, by pep9 peptide-pulsed 

C1498 cells, indicated that only the H2-Kd expressing transfectants stimulated the 

polyfunctional T cells (Fig. 6A).

To confirm the H2-Kd-restriction of the presentation of pep9 and to explore that of pep8 as 

well, we restimulated splenocytes from rBCG-Mkan85B/DNA-Mkan85B-immunized 

animals with peptide and blocked with specific mAb (Fig. 6B, C). In both BALB/c and 

CB6F1 animals, only mAb 34.1.2, which is specific for both H2-Kd and H2-Dd, inhibited 

the polyfunctional response, while mAbs 34.5.8 (anti-H2-Dd) and 30.5.7 (anti-H2-Ld) had 

no effect. Thus, both functional peptide epitopes, pep8 and pep9 of Mtb85B, are H2-Kd 

restricted.

We confirmed the specificity of the CD8+ T cell responses elicited by the rBCG-Mkan85B/

DNA-Mkan85B prime boost regimen with H2-Kd tetramers prepared with pep8 and pep9. 

Kd-pep8 and Kd-pep9 tetramers stained 0.9% and 0.2% of the CD8+ T cells from spleens of 

BALB/c (Fig. 6 D, E). Consistent with the greater potency of pep8 as compared with pep9 in 

dose-response titrations (Fig. 5A), although both pep8 and pep9 elicit specific CD8+ 

polyfunctional T cells, pep8 consistently gives a stronger response.

Since the rBCG-Mkan85B/DNA-Mkan85B-induced T cells were stained by both H2-Kd-

pep8 and H2-Kd-pep9 tetramers, we wondered whether this was due to cross-reactivity of 

the same T cells on the two different epitopes, or whether these T cells expressed TCR of 

distinct reactivity. Double staining with the two tetramers labelled with different 

fluorochromes (Fig. 6F) revealed that most of the T cells (1.6%) stained only with the 

pep8/H2-Kd tetramer and a smaller population (0.12%) stained only with the pep9/H2-Kd 

tetramer, but very few (0.005%) stained simultaneously with both tetramers. Thus, although 

the rBCG-Mkan85B/DNA-Mkan85B elicits an H2-Kd-restricted response with two 

overlapping peptides, the bulk of the T cells are unique for one or the other epitope, and few 

cells react with both.
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Structural analysis of pep8 and pep9 peptide/H2-Kd complexes

To gain mechanistic insight into the molecular basis of the H2-Kd-restricted T cell 

recognition of the MtbAg85B-derived epitopes, we determined the structures of the 

pep8/H2-Kd and pep9/H2-Kd complexes by X-ray crystallography (Table 1). The structures 

of the peptide/MHC-I/β2m complexes for pep8 and pep9 (Fig. 7) were determined to 2.3 and 

2.25 Å respectively, and satisfied standard validation criteria for protein structures 

determined at these resolutions. The complexes with pep8 or pep9 were remarkably similar 

with rmsd of 0.360 Å for superposed 336 Cα atoms. In addition, the backbone fold of each 

complex consistently superposed with rmsd of less than 1.0 Å for all other H2-Kd molecules 

in the protein database. Of particular note, however, is the disposition of the two nanomer 

peptides in their respective structures: pep8 is situated in the binding groove in a canonical 

conformation, consistent with previously published H2-Kd structures, with Y2 of the peptide 

buried in the B pocket of H2-Kd, and V9 in the F pocket (Fig. 7A, C, E, and G). However, 

pep9 is bound with its single Y1 in the B pocket, and the penultimate V8 in the F pocket, 

with the C-terminal M9 laying in a concavity formed in part by H2-Kd Y84, T80 and Y123 

(Fig7B, D, F, and H). The C-terminal carboxylate of pep9 is exposed to solvent. The A 

pocket, which normally accommodates the amine of the N-terminal amino acid, is occupied 

by Y1 in the pep8 complex, but is occupied with several water molecules in the pep9 

structure (Fig. 7G). Superposition of the bound peptides graphically illustrates this aspect of 

the comparison of the two structures -- backbone atoms as well as side chains of pep8 

residues 2 through 9 superpose extremely closely with pep9 residues 1 through 8 (rmsd of 8 

Cα atoms of 0.146 Å) (Fig. 7C, D). These structures reinforce the structural basis of the H2-

Kd motif to be Y at position 2 and a short chain hydrophobic residue at position 9, and 

provide an understanding of how peptides with a single N-terminal Y may bind with the 

position 1 side chain in the B pocket. The striking difference in surface charge between the 

pep8 and pep9 complexes results from the flipping out of the C-terminus of pep9 due to the 

penultimate residue (V8 of pep9) being bound in the F pocket (Fig. 7I). This suggests that T 

cells bearing receptors that bind pep8/H2-Kd would not be expected to bind pep9/H2-Kd 

complexes.

Discussion

Different arms of the immune system play a role in resistance to TB, and so efforts to 

develop immunization strategies include approaches to stimulate both adaptive and innate 

immunity as well as to improve both CD8+ and CD4+ T cell responses. Here we have 

focused on an approach that, in the appropriate genetic background, enhances CD8+ T cell 

responses to epitopes of a conserved region of Ag85 molecules. CD8+ T cells possess 

multiple mechanisms to eliminate Mtb [7, 10, 45, 46]. Depletion or knockout of CD8+ T 

cells significantly decreases immunological responses against tuberculosis and increases 

susceptibility to Mtb [47, 48]. Although BCG vaccination has been used to improve 

resistance to Mtb, it does not adequately control tuberculosis and new candidate vaccines 

have been explored to achieve more effective protection against infection [7, 15, 49–51]. 

BCG immunization induces a delayed and weak CD8+ response when compared with Mtb 
infection [8, 13]. In this study, we observed that BCG immunization and in vitro restiulation 

with Mtb85B peptides could not induce polyfunctional CD8+ T cells in either H2b or H2d 
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mice. We previously suggested that BCG could be useful in prime boost strategies to induce 

CD8 immunity to HIV envelope proteins [14, 52]. Here, we explored the use of BCG as a 

vector for directing the expression of mycobacterial proteins that might similarly elicit CD8 

responses, and studied the proteins of the Ag85 complex, in particular, Mkan85B. The 

Ag85B protein is one member of the Ag85 complex consisting of Ag85A, Ag85B and 

Ag85C, which are major secreted products of mycobacteria and have been investigated as 

candidates for induction of protective immunity [7, 16, 18, 31, 38, 40, 53]. All three Ag85 

proteins are highly conserved among mycobacterial species [31, 38, 54]. We observed that a 

recombinant BCG expressing Mkan85B (rBCG-Mkan85B) produced more Ag85B than the 

endogenous Mbov85B, and that immunization with rBCG-Mkan85B, followed by boosting 

with a plasmid encoding the Mkan85B could elicit CD8 T cells that responded to Mtb85B 

peptides. This CD8 response was only observed in BALB/c (H2d) and not in C57BL/6 (H2b) 

mice, although a CD4 response was readily detected in C57BL/6 (H2b). Thus, the 

presentation of CD8+ and CD4+ epitopes from Mtb85B was dependent on H2d or H2b 

respectively.

Mapping of the antigenic epitopes of Mtb85B in BALB/c (H2d) animals identified two 

peptides, pep8 and pep9 as the YYQSGLSIV and YQSGLSIVM sequences (amino acids 

61–69 and 62–70, respectively). Both epitopes were presented by the H2-Kd, as 

demonstrated with transfected APC and with specific monoclonal antibody blocking. The 

previous failure to identify these epitopes might be due to the difference of the expressed 

proteins, i.e. our Mkan85B single protein as compared to a single fusion protein composed 

of Mtb85A, Mtb85B and TB10.4 [38]. In processing of the fusion protein, immunodominant 

CD8 epitopes on Ag85B might be masked and another MHC-I epitope might become 

immunodominant [38]. Alternatively, it may depend on the different type of priming 

antigens, i.e. our rBCG-Mkan85B vector-based prime boost regimen in contrast with 

proteins, plasmid DNA or adenovirus vector [38, 44, 55]; or that rBCG infects antigen 

presenting cells and resides primarily in vacuoles. When the rBCG is degraded, the escape 

into the cytoplasm may lead to expression of Ag85B in the mammalian cells. In contrast, 

adenovirus and plasmid DNA vectors may direct the expression of foreign Mtb antigens to 

different antigen presentation pathways. Another possible explanation is the difference in 

length of peptides used for the mapping of CD8+ T cells [44, 55, 56].

The CD4 response in C57BL/6 (H2b) was due to a 15-mer peptide, presumably IAb 

restricted, that was almost identical to one previously identified as Peptide-25 by others [42, 

43]. On the other hand, we did not detect CD4+ T cell epitopes of Ag85B recognized by 

BALB/c mice (H2d) in agreement with previous reports [38, 44, 55].

The simplest interpretation of these studies suggested that F1 animals capable of presenting 

both the MHC-I (H2-Kd) and MHC-II (IAb) –restricted epitopes would mount the best 

response. This was confirmed by evaluating the proportion of polyfunctional CD8+ and 

CD4+ T cells in either the BALB/c or C57BL/6 parental strains or the CB6F1 hybrid 

(H2b/d). Interestingly, the magnitude of the CD8+ response in the CB6F1 mice was six-fold 

higher when compared with that in BALB/c mice. These observations suggest that the 

generation of a potent Mtb85B-specific polyfunctional CD8+ T cell response is improved by 

the simultaneous elicitation of an Mtb85B-specific CD4 response in these animals.
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To understand further the nature of the CD8 response, which resulted from priming and 

boosting with Mkan85B and was then detected in vitro with the homologous Mtb85B-

derived peptides, pep8 and pep9 were compared quantitatively, and recall responses with 

related Mtb85A, Mkan85B, and Mle85B were examined. These studies provided initial 

information on the relative potency of pep8 and pep9, and also revealed sequence 

dependency of the stimulation by different related but distinct peptides. That the two 

overlapping peptides, pep8 and pep9, showed different quantitative effects prompted us to 

explore the relationship of the T cells elicited by the immunization strategy. Staining with 

specific peptide/H2-Kd tetramers indicated that most of these T cells were specific for 

pep8/H2-Kd complexes, that some revealed specificity for pep9/H2-Kd, and that few reacted 

with both peptide/H2-Kd reagents. Thus, the CD8+ T cell populations, which are induced by 

rBCG-Mkan85B/DNA-Mkan85B prime boost immunization, are unique for one or the other 

epitope.

The X-ray crystal structures of the two peptide/H2-Kd complexes revealed striking 

differences not only in the mode of peptide binding, but also in the apparent surface charge 

of the complexes due to distinct orientation of the peptides in the pep8 as compared with the 

pep9 complex. Pep8 (YYQSGLSIV) binds H2-Kd in the canonical configuration observed 

for several different nonamer peptide/H2-Kd complexes [57–61]. That is, the P2 residue, Y, 

is anchored tightly in the B pocket of H2-Kd and the C-terminal residue, V, is firmly planted 

in the F pocket. All other H2-Kd structures in the protein database show P2 Y or F in the B 

pocket, and all but the decamer with G9GF (LYLVCGERGF) [60] locate the C-terminal 

residue to the F pocket. The pep9 (YQSGLSIVM) structure reported here explains how 

peptides that have P1 Y can plant that side chain into the B pocket, leaving the A pocket 

occupied by water molecules. Pep9, like the G9GF peptide, is bound with the C-terminal 

residue side chain lying flat in an auxiliary “G” pocket, that lies distal to the canonical F 

pocket, generated by the lateral rotation of H2-Kd residue Y84. This forces the C-terminal 

carboxylate to be exposed to solvent, changing the peptide-dependent electrostatic charge, 

and altering the requirement for TCR interaction. These conformational differences between 

the pep8/H2-Kd and pep9/H2-Kd complexes explain the distinct recognition by different T 

cell populations.

The rBCG-Mkan85B/DNA-Mkan85B prime boost scheme not only induced polyfunctional 

(i.e. double and triple positive IFN-γ, IL-2 and TNF- producing cells), as analyzed 

cytometrically, it also increased, in an epitope-specific response, the expression of 

CD107a/b, an indicator of granule exocytosis, on the CD8 T cells. This contrasts with the 

non-specific stimulation by PMA-ionomycin that failed to induce CD107 expression, and 

emphasizes the value of the immunization scheme in directing an additional 

immunologically relevant effector function.

Several recombinant BCG strains have been developed as novel TB vaccine by others. 

rBCG30, which overexpresses Mtb Ag85B, provided better protection from TB than 

parental BCG and has proven its safety in adults [17, 18]. VPM1002, in which the ureC of 

BCG has been replaced by the listeriolysin O (LLO) encoding gene (hly) from Listeria 
monocytogenes is one of the most advanced recombinant BCG. The expression of LLO in 

VPM1002 causes bacterial products to escape to the cytosol, then the bacterial antigens are 
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presented by MHC-class I pathway. VPM1002 provided better efficacy than BCG due to 

induction of specific CD4 and CD8 T cell response [23–25]. In this study, we showed rBCG-

Mkan85B produced more Ag85 protein than parental BCG or rBCG-Mbov85B. rBCG-

Mkan85B/DNA-Mkan85B immunization could elicit Mtb85B-specific polyfunctional CD8+ 

T cells besides CD4 + T cells. We also found two H2-Kd-restricted peptide epitopes that 

elicited polyfunctional CD8+ T cell responses that were also highly cross-reactive with those 

of other proteins of the Ag85 complex. The structures of H2-Kd complexes with each of 

these epitope peptides were determined by X-ray crystallography. Our data further suggest 

that understanding the mechanism of immature CD8+ T cell activation by BCG 

immunization in mouse model systems may contribute to approaches to improve BCG 

vaccine efficacy against Mtb and to the rational design of a TB vaccine. Thus, modifications 

of BCG as addressed in our study may prove to be effective in enhanced activation of CD8 + 

T cells resulting in more efficient control of Mtb infection.

Materials and Methods

Animals

Specific pathogen-free female mice; BALB/c (H2d), C57BL/6 (H2b) and CB6F1 mice were 

purchased from Japan SLC Inc., Shizuoka, Japan and CLEA Japan, Inc., Tokyo. All animal 

studies were carried out in Japan under institutional guidelines approved by Nihon 

University Animal Care and Use Committee and The Research Institute of Tuberculosis, 

Japan Anti-Tuberculosis Association Animal Care and Use Committee, and the institutional 

committee for gene-recombination experiemtns and bio-risk management and control. 

Institutional animal experimental guidelines are in accordance with ILAR Guide. Mice were 

allowed free access to sterile water and standard mouse food, and physiological conditions 

were assessed every few days.

Shuttle vector, generation of rBCG-Mkan85B, plasmid DNA-Mkan85B

Freeze-dried BCG vaccine was rehydrated in cold sterile water. We prepared rBCG vectors 

expressing the Mkan85B gene [41] or Mbov85B gene [40] modifying previous procedures 

with the E. coli-mycobacteria plasmids p3H8.4 containing mycobacterium promoter from 

Dr. G.J. Nabel [14, 52, 62]. Plasmid DNA expressing the Ag85B gene (DNA-Mkan85B) 

was prepared as booster antigen. For preparation of shuttle plasmid and rBCG-Mkan85B-

expressing Ag85B gene, we employed two kinds of vectors. One is a previously 

characterized p3H8.4 vector [52] composed of the pAL5000 gene from pSO246 [14] and 

CMV enhancer/promoter from VRC8400. The other, a pKAH20 vector [41] encoding the 

gene of Mkan85B, which was subcloned as an XbaI/BamHI fragment into p3H8.4 (p3H-

Mkan85B). We also used pαL-1 vector for preparation of p3H-Mbov85B [40]. p3H-

Mkan85B or p3H-Mbov85B were electroporated into cultured BCG using Gene Pulser (Bio-

Rad). rBCG-Mkan85B and rBCG-Mbov85B were cloned and a single colony was passaged 

once on a Middlebrook 7H10 agar (Difco) plate supplemented with oleic acid albumin 

dextrose complex (OADC) enrichment (Difco) containing kanamycin. Plasmid DNA-

Mkan85B encoding the Mkan85B gene was prepared by inserting the DNA fragment 

encoding the Mkan85B gene into the existing Xbal/BamHI sites in VRC8400 [52]. 
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Expressions of Mkan85B or Mbov85B protein in rBCG lysate and plasmid DNA-Mkan85B-

transfected 293T cells are described in the legend to Figure S2.

Immunization

Mice were immunized with BCG vaccine or rBCG-Mkan85B at a concentration of 4 × 106 

CFU or 0.1 mg of bacilli i.d., and 100 μg of plasmid DNA or control DNA in saline i.m. 

three times [52] (Supporting Information Fig. S3).

Polychromatic flow cytometry for intracellular cytokine production and detection of 
tetramer positive cells

Peptides covering the whole Mtb85B protein, synthesized as 15-mers with a 10 amino acid 

overlap, were first used to identify pools that stimulated CD8+ and CD4+ T cells. Then, 

individual 15-mers were analyzed, and subsequently 9-mers overlapping by 8 amino acids 

were examined to determine the minimal CD8+ T cell epitopes. Tuberculin PPD (PPD) was 

kindly supplied by the Japan BCG Laboratory. Spleen cells were stimulated with peptides or 

PPD (2 μg/ml) and stained for cell surface or intracellular cytokines IFN-γ, IL-2, and TNF, 

as described previously [52, 63]. A seven-colour flow cytometry panel was used to 

simultaneously analyse multiple cytokines at the single-cell level. The gating strategy used 

to identify cytokines producing CD8+ and CD4+ T cells in spleen cells from mice is shown 

in Fig. 1A. Following in vitro stimulation for 6 hours, cells were incubated with ViViD dye 

to identify dead cells followed by surface staining with antibodies against CD3-V500 (BD) 

or CD3-APC, CD8-PerCp-Cy5.5 (BioLegend) and CD4-PE-Cy7 (BD). Cells were then fixed 

and permeabilized using BD Cytofix/Cytoperm (BD) and stained for IFN-γ-PE, IL-2-APC-

Cy7 and TNF-Alexa Fluor488 or TNF-APC (BioLegend) [2]. Since an individual 

responding cell could be present in more than one of the cytokine gates, the total response 

for any cytokine is less than the sum of all three gates. Thus, we used Boolean combinations 

of the three gates to uniquely discriminate responding cells based on their quality or 

functionality with respect to cytokine production. (Fig. 1A). Polyfunctional cells were 

counted as those making either two or more cytokines. Optimal concentrations of all 

antibodies including anti-CD107a-Alexa Fluor488 and anti-CD107b-Alexa Fluor488 

(BioLegend) [64], used in this study were determined in pilot titration experiments.

For tetramer assay, splenocytes were incubated with PE- and/or APC-conjugated pep8/H2-

Kd and pep9/H2-Kd tetramers containing human β2m for 30 min at room temperature and 

then were stained for CD3-V500 (BD), CD8-PerCp-Cy5.5 (BioLegend), CD4-PE-Cy7 (BD), 

CD16/32 -Brilliant Violet 421(BioLegend), and CD19-Pacific Blue (eBiosciense) [52].

FACS analysis was performed using a FACSVerse (BD) or FACSCanto (BD) with FlowJo 

(Treestar) [2, 52].

We have adhered to the “Guidelines for the use of flow cytometry and cell sorting in 

immunological studies” for data analysis [65].
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Analysis of the usage of H2 complex

For ICS, splenocytes were re-stimulated with epitope peptide-pulsed stimulator cells C1498 

H2-Dd, C1498 H2-Kd, C1498 H2-Ld or C1498 cells (ATCC TIB-49) [66] which had been 

treated with mitomycin C (Sigma-Aldrich) for 1hr before re-stimulation. Then, 

polyfunctional CD8+ T cells were analyzed for H2 expression. For blocking of the H2 

complex-mediated pathway, cells were preincubated with antibodies specific for H2-Dd 

(mAb 34.5.8), H2-KdDd (mAb 34.1.2) or H2-Ld (mAb 30.5.7) [67] for 30 min on ice before 

ICS.

Protein expression, purification, crystallization, X-ray data collection, and crystallographic 
refinement

The luminal domain of H2-Kd cDNA (the gift of Dr. M. Zauderer) was expressed in pET3a 

in E. coli BL21, inclusion bodies were harvested, solubilized, and refolded with human β2-

microglobulin (hβ2m) and either peptide pep8 (YYSGLSIV) or pep9 (YSGLSIVM) by 

standard protocols [68, 69]. Peptide/H2-Kd complexes were purified by size exclusion 

chromatography on Superdex 75 and mono Q (GE Healthcare), and crystals were obtained 

in 14% PEG 4000, 0.1 M MES pH 6.5 containing 5% MPD. Data on individual crystals 

were collected remotely at Argonne Photon Source (SER-CAT beamline 22IDD), processed 

with XDS [70], and molecular replacement solutions identified with Phaser [71] using PDB 

2Z76 with the peptide omitted as a probe. Refinement was accomplished with Phenix [72] 

and graphics illustration was accomplished with PyMOL (The PyMOL Molecular Graphics 

System, Version 1.7 Schrödinger, LLC). The complex with pep8, in the P1 space group with 

four molecules in the asymmetric unit (AU), refined to a resolution of 2.30 Å with a twin 

fraction of 0.45 (twin law, -h, k, -l) and Rwork/Rfree (%) of 18.7/22.5. The complex with pep9 

was in P21, with two molecules in the AU, and refined to a resolution of 2.25 Å with a twin 

fraction of 0.48 (twin law, h, -k, -l) and Rwork/Rfree (%) of 19.3/21.6. Data collection and 

refinement statistics are given in Table 1. Since there were minimal differences among the 

different molecules in the AU, all discussion will be focused on the first peptide/H2-Kd/

hβ2m complex for either pep8 or pep9.

Data analysis and statistics

All comparisons between recombinant and control groups and between immunization 

groups were conducted using one-way ANOVA tests assuming variances with the JMP 

program (SAS Institute). Data are expressed as mean ± SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. BCG vaccination does not induce polyfunctional CD8+ T cells specific for major 
secretory protein Mtb85B.
(A) Gating tree for functional characterization of distinct populations of CD8+ T cell 

responses using polychromatic flow cytometry. Shown is the gating strategy used to identify 

IFN-γ-, IL-2- and TNF-producing CD8+ and CD4+ T cells in splenocytes from a 

representative mouse immunized with rBCG-Mkan85B/DNA-Mkan85B. Upper 4 panels 

show initial gating of total events including a singlet cell gate; followed by selection for 

lymphocytes, live cells (ViViD–) and live CD3+ T cells were identified by ViViD-CD3+ 

cells. CD8+ and CD4+ T cells were further identified by CD8 and CD4 expression. Peptide-
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specific IFN-γ-, IL-2- and TNF-producing CD4+ T cells or CD8+ T cells were gated as 

shown. The cells producing three, any two and any one cytokine were determined by 

Boolean combinations. Each cytokine-positive cell is assigned to one of seven possible 

combinations of these three cytokines (F+I+T+, F-I+T+, F+I-T+, F+I+T-, F+I-T-, F-I+T- or F-I-

T+) and total of the cytokine producing cells were calculated as percent positives in CD8+ T 

cells. The fraction of the total response consisting of cells producing three (3+), any two 

(2+) or any one (1+) cytokine is represented by a pie chart and sum of the three and two 

were measured as polyfunctional CD8+ T cells specific for the epitope peptide. (B and C) 

H2d BALB/c (B) or H2b C57BL/6 (C) mice were immunized with BCG as described in 

Materials and Methods, spleen cells were harvested and restimulated in vitro with: no 

peptide (Control); the indicated overlapping peptide pools of Mtb85B; or with PPD. Percent 

(%) of CD4+ (open bar) or CD8+ (closed bar) T cells that produced multiple cytokines were 

counted as “polyfunctional” as described in detail in Materials and Methods. Data represent 

three independent experiments with five mice per group. Error bars represent SEM.
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Figure 2. Screening of cross-reactive CD8+ T cell epitopes of Mtb by Mtb85B peptides.
Induction of Mtb85B-specific polyfunctional CD8+ and CD4+ T cells by immunization 

consisting of priming with the rBCG-Mkan85B and boosting with DNA-Mkan85B three 

times in BALB/c (A) or C57BL/6 mice (B). Spleen cells were incubated with pooled (A, B) 

and individual (C, D) 15-mer overlapping peptides of Mtb85B for induction of 

polyfunctional CD8+ and CD4+ T cells as described in Materials and Methods. (E) Epitope 

mapping of Mtb85B peptide for induction of polyfunctional CD8+ T cells stimulated with 9-

mer peptide in BALB/c mice immunized with rBCG-Mkan85B followed by DNA-Mkan85B 
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boost. Polyfunctional epitope-sequences were termed as pep8 peptide with YYQSGLSIV 

and pep9 peptide with YQSGLSIVM sequences. H113 is a screened 15-mer peptide which 

contains both the pep8 and pep9 epitope sequences. Data represent three to five independent 

experiments with five mice per group. Error bars represent SEM.
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Figure 3. Differential stimulation of CD8+ T cells with distinct specificity of the functional 
peptides.
(A) Alignment of the epitope pep8 and pep9 for polyfunctional CD8+ T cell-induction on 

mycobacterium Ag85B complex. Amino acid sequence alignment of Mtb Ag85B (Mtb85B), 

Mtb Ag85C (Mtb85C), Mtb Ag85A (Mtb85A), M. bovis Ag85B (Mbov85B), M. bovis 
Ag85C (Mbov85C), M. bovis Ag85A (Mbov85A), M. kansasii Ag85B (Mkan85B), M. 
avium Ag85B (Mav85B), M. intracellulaire Ag85B (Min85B), M. avium subsp. 
paratuberculosis Ag85B (Map85B), M. ulcerans Ag85B (Mul85B) and M. leprae Ag85B 

(Mle85B). Amino acid sequence of Mtb85B and its differences from other mycobacterium 
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sequences are shown in single letter code. pep8 and pep9 epitopes of mycobacterium Ag85B 

complex are highlighted with magenta and green line-rectangles, respectively. (B) Cross-

reactivity and functionality between pep8 and pep9 for the induction of polyfunctional CD8+ 

T cells in immunized animals. The second position of the aspartic acid (D) at amino acid 62 

in antigen 85A complex is critical for activation of CD8+ T cells in H2d mice, whereas those 

of the tyrosine (Y) at amino acid 62 in Ag85B complexes of Mtb85B, Mkan85B and 

Mle85B are cross-reactive. Substitutions of the eighth and ninth positions of valine (V) 

isoleucine (I) with either VI, IV and VV functions as epitope peptides. Data represent three 

independent experiments with five mice per group. Error bars represent SEM.
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Figure 4. Augmented induction of Mtb85B-specific polyfunctional CD8+ T cells by co-inducing 
CD4+ T cells in CB6F1 mice.
(A) Representative fluorogram of epitope-specific polyfunctional CD8+ and CD4+ T cell-

inductions in splenocytes from C57BL/6, BALB/c and CB6F1 mice, with TNF-Alexa Fluor 

488 on x-axis and IFN-γ-PE on y-axis. (B) Augmented induction of the polyfunctional 

CD8+ T cells in H2b/d CB6F1 mice. Polyfunctional CD8+ T cell induction by stimulation 

with 9-mer-peptides in BALB/c mice immunized with the regimen (left panel). C57BL/6 

mice immunized with the prime boost regimen induce polyfunctional CD4+ T cells by 

stimulation with 15-mer-peptides (middle panel). The polyfunctional CD8+ T cell inductions 
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were augmented by co-inducing the polyfunctional CD4+ T cells in the CB6F1 mice by 

rBCG-Mkan85B priming followed by boosting with DNA-Mkan85B three times (right 

panel). Data represent three independent experiments with five mice per group. Error bars 

represent SEM.
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Figure 5. Functional properties of the epitope specific polyfunctional CD8+ T cells.
BALB/c mice were immunized with rBCG-Mkan85B followed by boosting with DNA-

Mkan85B three times. Spleen cells from the immunized mice were stimulated with pep8 and 

pep9 peptide. (A) Different dose-response-generation of polyfunctional CD8+ T cells by the 

epitope peptides. pep8 is much more functional for the CD8+ T cell induction than pep9 

stimulation of immune T cells by comparing the 50% stimulation dose between the 

functional pep8 and pep9. Data represent three independent experiments with three mice per 

group. Error bars represents SEM. (B) Representative histograms of CD107a/b expression. 
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The polyfunctional and effector cytokines-producing CD8+ T cells were analyzed for 

expression of CD107a/b. Percentages of maximal expression with CD107a/b (% of max) are 

presented in histograms of red line (polyfunctional CD8+ T cells of pep8 or pep9-

stimulations, left and right panels, respectively) and of blue line (polyfunctional) CD8+ T 

cells of simultaneous stimulation with PMA and ionomycin (P+I)), which were mainly 

negative of CD107a/b expression. (C) Expression of CD107a/b on the polyfunctional CD8+ 

T cells. Data are presented as the percentage of the CD107a/b expression in the 

polyfunctional cells (closed bar), and CD107a/b negatively (open bar) in the P+I, pep8 or 

pep9 -stimulated polyfunctional CD8+ T cells. Data represent three independent experiments 

with five mice per group. Error bars represent SEM.
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Figure 6. H2-Kd alloantigen specificity for induction of the epitope peptide-stimulated 
polyfunctional T cells.
(A) C1498 cells transfected with H2-Dd, H2-Kd or H2-Ld were incubated with pep9 peptide 

and used as stimulator cells for polyfunctional T cell induction with various ratio of effector 

and stimulator cells; 0, 0.3, 1 and 3. Splenocytes from BALB/c mice immunized with rBCG-

Mkan85B/DNA-Mkan85B were incubated in the presence of medium alone or the 

stimulator cells for 6 h and the polyfunctional T cell induction was analyzed by flow 

cytometry. (B and C) MHC-I alloantigen specificity of pep8 and pep9. Spleen cells from 

rBCG-Mkan85B/DNA-Mkan85B immunized BALB/c (B) and CB6F1 (C) mice were 
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incubated with mAb 34.5.8 (anti-H-2Dd antibody), mAb 34.1.2 (anti-H2-KdDd antibody) or 

mAb 30.5.7 (anti-H2-Ld antibody), followed by stimulation with the pep8 or pep9 for 

polyfunctional T cell assays. (D) Representative fluorogram of reactivity of pep8/H-2Kd and 

pep9/H-2Kd tetramer-positive CD8+ T cells from rBCG-Mkan85B/DNA-Mkan85B 

immunized BALB/c mice, with pep8/H-2Kd (left panel) or pep9/H-2Kd (right panel) on x-

axis and CD8 on y-axis. Control refers to immunization with vector alone. Spleen cells from 

BALB/c mice were analyzed for reactivity with the pep8/H-2Kd tetramer conjugated to 

allophycocyanin (APC) or with the pep9 /H-2Kd tetramer conjugated to phycoerythrin (PE). 

(E) pep8/H-2Kd and pep9 /H-2Kd tetramer-positive CD8+ cell responses in the mice 

immunized with rBCG-Mkan85B/DNA-Mkan85B (closed bar) or control (open bar). Data 

represent three independent experiments with five mice per group. ***, p < 0.001; one-way 

ANOVA test. Error bars represent SEM. (F) Representative fluorogram of double staining 

with the two tetramers labelled with different fluorochromes with pep9/H-2Kd on x-axis and 

pep8/H-2Kd on y-axis. Percentage of positive cells is indicated in each quadrant.
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Figure 7. Structures of peptide/H2-Kd complexes reveal different frames of pep8 and pep9 
interaction in peptide binding groove.
Graphics illustration of pep8 (A. C, E, G) and pep9 (B, D, F, H) complexed with H2-Kd 

depicted as ribbon cartoon (A, B), bare stick of peptide (C, D), or with H2-Kd in surface 

representation (E, F). Omit maps, calculated without peptide model, are shown with 

superposed stick model for pep8 (A, magenta) or pep9 (B, green). Superposition of pep8 and 

pep9 (C, D) emphasizes similarity of peptide backbone. (G) Close-up of region of pockets A 

and B shows how pep8 pY1 (magenta) sits in pocket A, and both pep8 pY2 and pep9 pY1 sit 

in pocket B. Note that five water molecules (green spheres) occupy pocket A in the pep9 
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structure. To allow visualization of the A and B pockets, the surface representation of the 

salt bridge H2-KdR66 to E163 has been removed. (H) Close-up of C-terminal residues pV8 

and pM9 illustrates pV8 anchored in pocket F, p9M laying flat in an additional concavity. 

Note that the terminal carboxylate is flipped for surface exposure by this configuration (G, 

H). (I) Surface charge distribution (calculated with PyMOL) of peptides pep8 and pep9 is 

shown (acidic, red; basic, blue).
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Table 1

X-ray data collection and refinement statistics

pep8/H2-Kd/hβ2m pep9/H2-Kd/hβ2m

PEPTIDE YYQSGLSIV YQSGLSIVM

PDB ID 5TS1 5TRZ

Data collection

Space group P1 P21

Cell dimensions

 a, b, c (Å) 47.30, 88.96, 109.95 46.63, 88.82, 110.75

 α, β, γ (°) 89.97, 93.83, 90.04 90.00, 89.99, 90.00

Resolution (Å) 47–2.30 (2.38–2.30)* 55–2.25 (2.33–2.25)

Rsym or Rmerge (%) 23.2 (118.2) 8.4 (49.8)

I/σI 6.9 (1.3) 19.4 (4.6)

Completeness (%) 98.2 (97.4) 95.3 (57.1)

Redundancy 3.9 (4.0) 7.4 (6.9)

Rpim (%) 13.5 (68.8) 3.3 (20.2)

CC½ (%) 97.9 (48.8) 99.9 (94.7)

Twin fraction 0.450 (-h,k,-l) 0.478 (h,-k,-l)

Refinement

Resolution (Å) 47–2.30 (2.38–2.30) 55–2.25 (2.33–2.25)

No. reflections (unique) 78045 41172

Rwork/Rfree (%) 18.7(23.9)/22.5(30.8) 17.1(22.9)/19.8(29.2)

No. atoms 13146 6619

 H2-Kd/hβ2m 12334 6155

 Peptide 292 138

B-factors (Å2) (Wilson/Average) 23.8/26.0 28.0/38.0

 H2-Kd/hβ2m 26.5 38.9

 Peptide 20.3 33.6

R.m.s deviation

 Bond lengths (Å) 0.007 0.004

 Bond angles (º) 1.20 0.80

Ramachandran favored/outlier (%) 97.0/0.7 97.0/0.3

*
Highest resolution shell is shown in parenthesis.
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