
Degree project in Biotechnology 

Second cycle, 30 credits 

Structural features underlying 

antigen presentation by the non-

classical MHC class Ib molecule  

Qa-1b 

LEJLA AL-TAMIMI 

  

Stockholm, Sweden 2022 



 2 

Table of contents 

Structural features underlying antigen presentation by the non-classical MHC class Ib molecule  Qa-1b .............. 1 

Abbreviations ..................................................................................................................................................... 3 

Abstract .............................................................................................................................................................. 4 

Sammanfattning ................................................................................................................................................. 5 

Introduction........................................................................................................................................................ 6 

Immune checkpoints and limitations ................................................................................................................... 6 

Inhibiting a novel immune checkpoint, NKG2A ................................................................................................. 6 

Blocking of NKG2A with monalizumab ............................................................................................................. 6 

The role of Qa-1b/Qdm in the NKG2A-axis ....................................................................................................... 8 

Structural features of the Qa-1b/Qdm complex ................................................................................................... 8 

Objective ............................................................................................................................................................. 9 

Materials and Methods...................................................................................................................................... 9 

Cloning of gene constructs .................................................................................................................................. 9 

Recombinant expression of Qa-1b H-chain and m2m..................................................................................... 10 

Extraction of inclusion bodies ........................................................................................................................... 10 

Refolding by dilution in the presence of Qdm/peptide 001 ............................................................................... 10 

Purification of refolded Qa-1b/peptide complex ............................................................................................... 11 

Characterization of Qa-1b/peptide complex ...................................................................................................... 11 

Crystallization .................................................................................................................................................... 11 

Results ............................................................................................................................................................... 12 

Cloning of Qa-1b construct ............................................................................................................................... 12 

Purification of refolded Qa-1b/peptide complex ................................................................................................ 13 

Thermal stability of Qa-1b/peptide complex ..................................................................................................... 15 

Crystallization assay .......................................................................................................................................... 17 

Crystal structure ................................................................................................................................................. 18 

Discussion ......................................................................................................................................................... 20 

Future Perspectives ......................................................................................................................................... 22 

Acknowledgements .......................................................................................................................................... 22 

References ......................................................................................................................................................... 23 

Appendices........................................................................................................................................................ 25 

 

 

 



 3 

Abbreviations  

 

Qdm  Qa-1 determinant modifier 

TME   Tumor microenvironment 

TCR-like  T cell receptor-like  

ICI  Immune checkpoint inhibitor 

PD-1  Programmed cell death protein 1 

PD-L1  Programmed cell death ligand  

CTLA-4  Cytotoxic T-lymphocyte antigen 4  

CTL  Cytotoxic T lymphocyte  

NK  Natural killer  

HLA-E  Human leukocyte antigen-E 

MHC   Major histocompatibility complex  

SHP-1  Protein tyrosine phosphatase, non-receptor type 6 [PTPN6] 

EGFR  Epidermal growth factor receptor 

ADCC  Antibody-dependent cell-mediated cytotoxicity  

SCCHN  Squamous cell carcinoma of head and neck 

APM  Antigen processing machinery 

TAP   Transporter associated with antigen processing  

SEC  Size exclusion chromatography  

H Chain   Heavy chain  

2m  Beta-2-microglobulin  

m2m  Mouse beta-2-microglobulin 

nanoDSF  Nano differential scanning fluorimetry  
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Abstract 
 

Blocking of the NKG2A receptor expressed on NK cells and CD8+ T cells with an anti-NKG2A 

antibody for elicitation of cytolytic activity, is a promising immune checkpoint in cancer 

immunotherapy. EXX1, a novel TCR-like antibody with specificity for the NKG2A ligand, Qa-

1b -  a murine non-classical MHC class Ib ortholog of HLA-E - has been assessed in tumor 

models in vitro. The antibody only engages with Qa-1b when it presents the dominant peptide 

Qdm, derived from the leader sequence of the classical MHC class Ia H-2D. This raises 

questions about the structural features of antigen presentation by Qa-1b, and the molecular 

parameters driving the specificity of the TCR-like antibody. The purpose of this study is to 

determine and compare the crystal structures of Qa-1b in complex with Qdm (AMAPRTLLL) 

and peptide 001 (AQAERTPEL). The Qa-1b heavy chain and mouse beta-2 microglobulin were 

recombinantly expressed in E.coli, refolded in the presence of respective peptide, purified using 

size exclusion chromatography and crystallized with the hanging drop vapor diffusion method. 

Thermal stability of the MHC/peptide complexes was assessed with nano differential scanning 

fluorimetry, implying a higher stability of Qa-1b/001. Crystals of the Qa-1b/Qdm and Qa-1b/001 

were obtained with 8% PEG4000, 10 mM NiCl2, 0.1 M sodium acetate at pH 5.7, and 10% 

PEG4000, 10mM NiCl2 and 0.1 M sodium acetate at pH 6.0, respectively. The structure of Qa-

1b/001 was obtained by molecular replacement at 2.43 Å. The presence of negatively charged 

side chains that protrude from the binding groove, may imply that differences in electrostatic 

interactions between Qdm and 001 will determine antibody-binding. Further structural 

characterizations, of Qa-1b complexes with bound EXX1 are of great interest.  

Keywords: immune checkpoint, NKG2A, MHC class Ib, Qdm, antibody, crystal structure 
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Sammanfattning 
 

Blockering av NKG2A receptorn på NK - och CD8+ T celler med en anti-NKG2A antikropp, 

medför en aktivering av cytolytisk aktivitet, och är en lovande immunkontrollpunkt i 

immunterapi mot cancer. Nyligen har en TCR-liknande antikropp, EXX1, som binder till 

liganden för NKG2A receptorn, Qa-1b - en icke-klassisk MHC klass Ib molekyl i möss - 

studerats i tumörmodeller in vitro. Resultat påvisar att den TCR-liknande antikroppen endast 

binder till Qa-1b om denna presenterar Qdm peptiden på sin yta, som erhålls från 

ledarsekvensen hos klassika MHC klass Ia H-2D. Detta väcker frågor kring de strukturella 

faktorerna som möjliggör antigenpresentation på Qa-1b och de exakta molekylära parametrarna 

som ger upphov till antikroppens specificitet.  Syftet med denna studie var att bestämma och 

jämföra kristallstrukturerna för Qa-1b med Qdm (AMAPRTLLL) samt peptid 001 

(AQAERTPEL). Den tunga peptidkedjan hos Qa-1b och beta-2-mikroglobulin producerades 

rekombinant i E.coli, återveckades med respektive peptid, renades med kromatografimetoder 

och kristalliserades genom ångdiffusionsmetoden med hängande droppar. Värmestabiliteten 

hos MHC/peptid komplexen undersöktes med nano differential scanning fluorimetry, där Qa-

1b/001 uppvisade bättre stabilitet. Kristaller för Qa-1b/Qdm och Qa-1b/001 kunde erhållas med 

8% PEG4000, 10mM NiCl2, 0.1M natriumacetat vid pH 5.7, respektive 10% PEG4000, 10 mM 

NiCl2 och 0.1 M natriumacetat vid pH 6.0. Strukturen för Qa-1b/001 kunde bestämmas vid 2.43 

Å med molekylär ersättning. Med anledning av negativt laddade sidogrupper i peptid 001 som 

har en ytlig konformation i bindningsfickan, kan avsaknaden av bindning till EXX1 förklaras 

av en skillnad i elektrostatiska interaktioner mellan Qdm och peptid 001. Ytterligare strukturella 

karakteriseringar av Qa-1b komplexen med antikroppen är av fortsatt stort intresse.  
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Introduction   

Immune checkpoints and limitations  

Immune checkpoints are regulatory pathways with inhibiting properties employed by the body 

to sustain self-tolerance and moderate immune responses [1]. Tumor cells readily exploit these 

checkpoints, mostly receptor-ligand interactions, to resist NK- and T cell-mediated cytotoxicity 

in the tumor microenvironment (TME) [1]. These escape tumors can be targeted with Immune 

checkpoint inhibitors (ICIs), which are blocking monoclonal antibodies (mAb). The currently 

FDA-approved ICIs are blocking PD-1 (programmed-cell death protein), PD-L1 (programmed-

cell death ligand 1) and CTLA-4 (anti-cytotoxic T-lymphocyte-associated protein 4) to enhance 

the T cell response in several cancer types either as monotherapies or as adjuvants [2][3]. 

Despite being widely applied in melanoma, breast cancer, liver cancer, lung cancer, colorectal 

cancer and cervical cancer amongst others [3], not all patients are responsive to anti-PD-1 and 

anti-PD-L1. Occurrences of acquired and innate resistance to anti-PD-1/PD-L1, immune-

related toxicity due to attack on healthy cells as well as a lack of response-predictive 

biomarkers, underline the need for novel immune checkpoints [3]. Moreover, CTLA-4 is 

detected on T cells in many tissues which is why blocking with an anti-CTLA-4 Ab will give a 

strong elicitation of T cell response, resulting in incidences of adverse reactions, posing the 

main limitation of this ICI [5].  

Inhibiting a novel immune checkpoint, NKG2A 

van Hall et al [2] have shown proof-of-concept for a novel checkpoint target, the inhibitory 

receptor NKG2A expressed on adaptive cytotoxic CD8+ T lymphocytes (CTLs) and innate 

natural killer (NK) cells. Specifically, NKG2A-expressing NK cells constitute more than 50% 

of NK cells in peripheral blood, whereas a smaller portion of CD8+ T cells express NKG2A 

when activated by tumors or viral infections – human immunodeficiency virus (HIV) and 

hepatitis C virus (HCV) in particular [2]. In humans, the ligand for NKG2A is the non- classical 

HLA-E (human leukocyte antigen E) bound to VML9, a leader peptide obtained from other 

classical HLA class I (HLA-I) molecules. The association of NKG2A and the CD94 molecule 

will give rise to a heterodimeric receptor NKG2A/CD94. The mechanism of action involves 

binding of NKG2A/CD94 to the HLA-E/VML9 complex, which attracts SHP-1 (protein 

tyrosine phosphatase) that in the signaling synapse can initiate inhibitory intracellular signaling 

in the CTLs, thereby inhibiting an immune response. In support of this checkpoint is the fact 

that tumor-infiltrating NKG2A-expressing NK cells have been detected in non-small lung 

cancer, breast cancer and squamous cell carcinoma of the head and neck [7][2]. Moreover, 

cancers associated with high levels of HLA-E-expression, including lung-, liver-, kidney-, 

melanoma and stomach cancer to name a few, often have a poor prognosis, which implicates 

the NKG2A inhibitory pathway in the TME. [2]  

Blocking of NKG2A with monalizumab  

To explore the relevance of this inhibitory pathway, an ICI against the NKG2A/CD94 receptor 

has been produced with the intention of blocking the NKG2A-axis to unleash inhibition of 

engaging CTL/NK cells within the TME and activate cytolytic activity in vivo. Preclinical 

studies on a humanized anti-NKG2A mAb, named monalizumab, performed by André et al [8] 

imply that monalizumab and anti-PD-L1 (durvalumab) have a synergistic effect on NK and flu-
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specific CD8+ T cell reactivity, by reducing the inhibition of these effector cells and promoting 

degranulation and IFN- secretion [2]. Similarly, assessment of monalizumab with cetuximab, 

an anti-epidermal growth factor receptor (EGFR), improved NK cell function by evoking 

antibody-dependent cell-mediated cytotoxicity (ADCC). This has been further corroborated in 

phase II trials enrolling patients with squamous cell carcinoma of the head and neck (SCCHN), 

showing an improvement in overall response rates from 13% to 27.5% upon combining 

monalizumab and cetuximab as compared to cetuximab monotherapy [2]. Since then, the triplet 

combination of monalizumab, durvalumab and cetuximab has also shown promising anti-tumor 

activity in phase II trials (32% overall response rate) for the treatment of recurrent/metastatic 

SCCHN, with an acceptable safety profile [9]. [2] 

 

 

 

 

 

Figure 1. Schematic representation of the HLA-E/NKG2A-axis in tumors. The NKG2A/CD94 heterodimeric receptor expressed on NK- 
and CD8+ T cells binds to its ligand, consisting of HLA-E in complex with the peptide VML9. The receptor/ligand interaction will initiate 
inhibitory signalling in the effector cell, preventing an immune response. Blocking of the NKG2A with a humanized monoclonal antibody 
will disable receptor/ligand binding, and no inhibitory signal will be delivered to the effector cell. Consequently, immune activity will be 
restored, allowing binding of the TCR to classical HLA-I displaying immunogenic peptides in CD8+ T cells, and activation of NK cells. The 

resulting secretion of TNF-, IFN-, perforin and granzymes towards the target cell, will promote cell death. Image was created with 
Biorender.com  
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The role of Qa-1b/Qdm in the NKG2A-axis 

In the light of reported clinical benefits of blocking the NKG2A inhibitory checkpoint, there 

has also been a shift of focus of ICIs towards the ligand. In fact, Ghaffari et al [10] have 

developed a T cell receptor-like (TCR-like) Ab that specifically recognizes and binds to the 

combination of Qa-1b in complex with the Qdm peptide, which is the NKG2A receptor ligand 

in mouse. Qa-1b is a murine non-classical MHC class Ib (MHC-Ib) molecule, that similarly to 

HLA-E in humans, presents leader sequence-derived peptides from classical MHC-I. In TAP-

positive cells i.e. with a functioning antigen processing machinery (APM), Qa-1b is 

predominantly bound to Qdm with the sequence AMAPRTLLL, encoded within the classical 

MHC-I, H2-D/L loci [11] [12]. A longstanding argument for Qa-1b/Qdm expression on NK 

cells is that it regulates effector reactivity according to the “missing self” principle [12]. When 

the Qdm peptide cannot be presented on Qa-1b as a result of e.g. impairments in proteasomal 

degradation, signal peptidase enzyme, peptide-loading tapasin or loss of TAP1/2, this NKG2A 

ligand will be removed and no inhibitory signal will be provided by the target to the NK cell 

[12]. Hence, the presumed role of Qa-1b/Qdm expression on healthy tissue is to protect the cells 

from unwanted NK cell lysis, in addition to acting like a sensor for overall MHC-Ia expression 

and APM integrity [12] [10]. Indeed, it has been demonstrated that Qa-1b expression is up-

regulated by IFN- in the frame of inflammation, viral infection and stress, arguably 

downmodulating CTLs and NK cells to minimize damage of noninfected cells and tissue [12]. 

The specificity of the TCR-like anti-Qa-1b/Qdm Ab, named EXX1, was assessed against Qa-1b 

loaded with a control peptide and an empty binding groove. The control peptide (001) with the 

sequence AQAERTPEL is a known Qa-1b-binding epitope encoded within the DENN domain-

containing protein 3, isolated from TAP-positive cells [12]. As indicated by ELISA, significant 

EXX1-binding was only observed with Qdm even at low peptide concentrations, implying good 

sensitivity. Additionally, an in-vitro staining of human Qa-1b-transfected embryonic kidney 

cells (293T) with the Ab EXX1 was positive for cells pulsed with the Qdm peptide, but negative 

for peptide 001 and leader sequence peptides from MHC-I H2-Kb and H2-Dk. Seeing that EXX1 

is able to discriminate between Qa-1b loaded with Qdm (AMAPRTLLL), peptide 001 

(AQAERTPEL) and Dk (AMVPRTLLL), even if the latter differs from Qdm with as little as 

one amino acid residue at the third epitope position, contact-critical residues seem to indeed 

exist. In an alanine scan analysis, single amino acid substitutions are introduced in native Qdm 

peptide to observe changes in EXX1-staining on peptide-pulsed 293T.Qa-1b cells. Results 

identify p3, p6, p7 and p8 as primary residues responsible for specific binding. [10].  

Structural features of the Qa-1b/Qdm complex   

Substitution of different positions in Qdm may alter both the affinity of the peptide ligand to 

Qa-1b compared to native Qdm, and/or influence the conformation of the peptide as well as of 

MHC heavy chain residues. The crystal structure of the Qa-1b complex has been published by 

Zeng et al [11], illustrating that the Qdm peptide is stabilized by a network of both direct- and 

water-mediated hydrogen bonds within the binding groove of Qa-1b. The binding groove forms 

hydrophobic binding pockets that are residue-specific and accommodate so called anchor 

residues of the peptide. The suggested anchor residues for adequate binding of Qa-1b and Qdm 
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are pM2, pA3, pT6, pL7 and p9L whereas the more solvent exposed residues at p4, p5 and p8 

mediate antigen recognition by T cells.  

 

Objective  

The objective of this master thesis is to determine and compare crystal structures of the murine 

non-classical MHC class Ib molecule Qa-1b in complex with Qdm and the peptide 001, giving 

insight into the structural features underlying specific binding of the Ab EXX1. A hypothesized 

difference in binding of the Qdm and 001 peptide to Qa-1b may explain the low binding affinity 

of EXX1 for peptide 001.   

In order to achieve this, the Qa-1b heavy chain (H chain) and mouse beta-2-microglobulin 

(m2m) will be separately expressed in E.coli cells, the protein domains will be extracted from 

inclusion bodies, refolded with each respective peptide and purified using size exclusion 

chromatography (SEC). The purity of the obtained MHC/peptide complexes will be assessed 

using SDS-PAGE analyses. The thermal stability of obtained complexes will be analyzed using 

nano differential scanning fluorimetry (nanoDSF). Finally, crystallization assays will be 

performed with the hanging drop vapor diffusion technique in optimized conditions. Diffraction 

from the obtained crystals will allow for determination of Qa-1b/001 and Qa-1b/Qdm structures 

using molecular replacement.  

 

Materials and Methods 

Cloning of gene constructs 

A pET30 construct encoding the H chain of Qa-1b, was extracted with the GeneJET plasmid 

Miniprep Kit by Thermo Scientific and sent for sequencing. A bsp tag was identified after 

aligning the longest reading frame to the reference sequence (PDB accession number: 3VJ6). 

The bsp tag was excluded from the open reading frame using the Thermo Scientific Phusion 

High-Fidelity PCR Kit to insert a stop codon (TAA) after base 297 in the pET-vector. The PCR 

reaction components, cycling protocol and primers are listed in Table 1 and Table 2 of 

Appendix I. To determine if the intended amplicon was present in the reaction mixture, a sample 

was run on an agarose gel in electrophoresis. The obtained PCR product was treated with DpnI 

(1L) on ice to degrade the template DNA. Thereafter, DpnI was inactivated in the thermal 

cycler at 80°C for 20 min. The PCR product was purified for downstream analysis using the 

GeneJET PCR purification kit by Thermo Scientific.  

Transformation of PCR product and m2-m into E. coli BL21 cells  

Purified PCR product encoding H chain Qa-1b and m2m plasmid DNA were separately 

transformed into E. coli expression cells (BL21(DE3)) using heat shock: 42°C for 45s, followed 

by incubation on ice for 2 min. SOC outgrowth medium (500 L) was added to the newly 

transformed cells and incubation was performed for 45-60 min at 37°C. The suspension was 
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plated on ampicillin-containing agar plates and incubated overnight at 37°C. Plasmid DNA 

from six different Qa-1b colonies was extracted using the previously mentioned kit. The 

concentrations of the extracted plasmids DNA (15uL) were measured with a NanoDrop 2000c 

spectrophotometer. All samples reached the concentration threshold of  50ng/L and were 

sent for sequencing. The FASTA sequence from all 6 colonies was translated in ExPASy and 

the correct reading frame was aligned against the PDB reference sequence for Qa-1b (3VJ6) in 

Clustal Omega, with the result shown in Figure 8 of Appendix I.   

Recombinant expression of Qa-1b H-chain and m2m  

A single colony was suspended in Terrific broth (100mL) and ampicillin (100L) to create a 

pre-culture. After incubation overnight at 37°C and 140 RPM, samples (30mL) from the pre-

cultures were added to Terrific broth (1L) and ampicillin (1mL), followed by incubation at 37°C 

and RPM 115 until reaching an OD of  0.8. Protein expression in inclusion bodies was induced 

with 1M IPTG (1mL) for five hours at 37°C and RPM 115. Cells were harvested by centrifuging 

at 6500g for 2x 15 min (Sorvall Lynx 6000, Thermo scientific).  

Extraction of inclusion bodies  

The cell pellet was resuspended in 40 mL STET buffer (1M DTT, 0.1M PMSF, 10 mg/mL 

lysozyme) by vortex. The solution was incubated at room temperature for 20 min and sonicated 

for 6 min (59s ON x 3, 59s OFF x 3). Incubation with 1M MgCl2, 1M MnCl2 and 10mg/mL 

DNase for two hours on an orbital shaker was followed by sonication for 6 min (59s ON x 4, 

59s OFF x 3). The solution was treated with 2xDET buffer (2% Triton X-100, 40mM Tris, 

400mM NaCl, 4mM EDTA), incubated for 10 min on an orbital shaker, and centrifuged at 

8000g for 20 min. The supernatant was discarded, and the pellet was resuspended in wash buffer 

(0.5x DET buffer, 40mM Tris), 1M DTT and 0.1M PMSF, followed by another centrifugation 

at 8000g for 20min. Resuspension and washing with 0.5x DET buffer, 40mM Tris and 1M 

DTT, followed by centrifugation at 8000g for 20 min, were repeated until the pellet appeared 

white in colour. Thereafter, the supernatant was discarded, and the pellet resuspended in 

unfolding buffer (8M Urea, 100mM Tris, 2mM EDTA). The solution was incubated at 4°C 

overnight and centrifuged at 8000g for 20min the following day. The protein concentration as 

well as the 260/280 purity ratio were measured using a NanoDrop 2000c spectrophotometer. 

An acceptable purity ratio for proceeding with protein refolding was  0.6.  

Refolding by dilution in the presence of Qdm/peptide 001 

The peptide (10mg) was resuspended in 5mL refolding buffer (100mM Tris, 400mM L-

arginine, 2mM EDTA, 0.5mM GSSG, 5mM GSH, 0.5mM PMSF), and the total volume was 

added drop-wise to refolding buffer (1L) kept at 4°C. Extracted m2m (30mg) and Qa-1b 

(30mg) were rapidly added under vortex, and the solution was left to refold for 48h. The 

proteins were pre-heated on a 42°C heating block for 5 min before every addition. After 48h 

the refolding solution was filtered using a vacuum filter (rapid-filtermax, 0.22 m) to remove 

aggregates before concentrating the refolded protein complex using peristaltic pumps and a 

flow cassette (Vivaflow 200) to a volume of 50mL. The solution was further concentrated by 

centrifugal filtration (30k MWCO) at 3900min-1, to a final volume of 5mL.  
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Purification of refolded Qa-1b/peptide complex  

 

Size exclusion chromatography  

Size exclusion chromatography (SEC) was carried out at 4°C in filtered 150mM NaCl and 

10mM Tris (pH 8.0) with a HiLoadTM 16/60 SuperdexTM 200 prep grade column connected to 

an ÄKTA fast protein liquid chromatograph (FPLC) system. The sample was injected manually 

into a 5mL loop, and fractions of 1.5mL were collected. Absorbance was recorded at 280nm, 

254nm and 215nm and displayed with UNICORN software (5.31).  

Validation on SDS-PAGE  

Fractions under each respective peak were visualized on an SDS-PAGE to assess the outcome 

of purification by SEC. Samples were mixed with SDS-PAGE loading dye, denatured at 95 °C 

for 5 min, and loaded into the wells of a Mini-Protean TGX Stain-Free Gel together with a 

protein ladder (PageRulerTM Plus, Thermo Scientific). The gel was connected to a Power Pac 

200 with the voltage limit set to 200V. After completion, the protein gel was visualized with 

the molecular imager Gel DocTM XR+ (Biorad).  

Characterization of Qa-1b/peptide complex  

The thermal stability of the refolded complex was assessed by nano Differential Scanning 

fluorimetry (nanoDSF) with Prometheus. Samples (1mg/mL) of purified Qa-1b/peptide 

complex were prepared in 150mM NaCl and 10mM Tris at pH 8.0, and thereafter loaded into 

capillaries. A temperature gradient of 25°C - 95°C was applied, at a rate of 1°C/min. First and 

second derivatives of the fluorescence were processed in PRThermControl software.  

Crystallization  

Fractions containing pure Qa-1b/peptide complex, as indicated by the SDS-PAGE analysis, 

were pooled and concentrated to 10mg/ml by centrifugal filtration (Vivaspin, 30k MWCO). A 

4 mg/mL sample was prepared in running buffer (filtered 10mM Tris, 150mM NaCl, pH 8.0).  

A crystallization screen was set up by optimizing a previous reported condition for Qa-1b with 

Qdm peptide, displaying crystal growth with a reservoir solution of 6% PEG4000, 0.1M sodium 

acetate (pH 6.3), and 10mM NiCl2 with hanging drop vapor diffusion at 20°C [11]. This 

crystallization condition was optimized by exploring the precipitate concentration and the pH 

of the buffer. Reservoir solutions of: 2-12% PEG4000, 10mM NiCl2 and 0.1M sodium acetate 

ranging from pH 5.7-6.6 were added to 24-well plates. Small rod-shaped crystals from Qa-

1b/001 (4mg/mL) were obtained at 10% PEG4000, 0.1M sodium acetate (pH 6.0) and 10mM 

NiCl2 after 3 days. Crystals were allowed to grow for an additional week before harvesting. The 

only condition that enabled crystallization of Qa-1b/Qdm (4mg/mL) was 8% PEG4000, 0.1M 

sodium acetate (pH 5.7) and 10mM NiCl2. 20% ethylene glycol was added to the hanging drop 

as a cryoprotectant. During harvesting, crystals were flash frozen in liquid nitrogen and stored 

in a UniPuck.  
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Data collection 

Diffraction data was gathered through the BioMax MaxIV facility (Lund, Sweden) and 

accessed in PSF MX at Karolinska Institutet. Phases information was obtained by molecular 

replacement in PHASER [15], using the published structure of Qa-1b with Qdm peptide (PDB 

accession number: 3VJV) as reference. The electron density map was refined using the atomic 

positions of the Qdm reference peptide in PHENIX Refine [17] until reaching an RWork of 19.3% 

and Rfree of 24.9%. From the refined electron density map, atomic positions of the 001 peptide 

were derived and modelled in COOT [18]. Validation of the obtained structure was performed 

in MolProbity [19], showing 96% Ramachandran favoured residues and no outliers (0.79%). 

Data collection and refinement statistics are included in Table 3 of Appendix II.  

 

Results  

Cloning of Qa-1b construct  

Site directed mutagenesis of the Qa-1b H chain sequence was performed in order to remove a 

BirA substrate peptide (bsp) tag commonly fused to the H chain for site-specific biotinylation, 

which for this application would interfere with the crystallization of the protein. Primers 

containing a stop codon were designed to be complementary to opposite strands of the 

construct. To prevent unspecific annealing and primer dimerization, the primer length was kept 

below 46 bases. Cycling between temperatures 98°C, 65°C and 72°C for 12 amplification 

rounds, ensured denaturation, annealing and extension. Denaturation at 98°C is characterized 

by separation of the double stranded plasmid DNA. As the temperature is lowered to 65°C, 

primers will hybridize to complementary sequences in DNA. Phusion high-fidelity DNA 

polymerase will extend the forward and reverse primers by incorporating complementary 

nucleotides until the end of the template strand is reached. Each round of amplification will 

double the amount of amplicon. Since it is the mutated amplicon that is of interest, the template 

DNA can be degraded with DpnI on the basis of DNA methylation, which takes place in 

bacterial cells. The amplicon, as opposed to the template DNA, has been copied in PCR and 

not by replication in bacteria, and will therefore not be cleaved by DpnI.  

To verify PCR success, a sample was tested in agarose gel electrophoresis. Longer DNA 

fragments in the un-digested sample were expected. However, very faint bands were visible on 

the gel, which might imply that the product concentration was too low.  

Although the PCR product was not visible on the gel, the plasmid was transformed into E.coli 

cells and plated to allow the antibiotic resistance gene to infer selection. Growth of colonies 

was observed but is in itself not a valid method to determine if mutagenesis was successful. The 

template DNA will also encode an antibiotic resistance gene, and even if truncation was 

achieved the mutation might have been introduced in the wrong part of the sequence. Hence, 

purified PCR product extracted from single colonies was sequenced to determine the outcome. 

Alignment of the correct reading frame of H chain Qa-1b to the obtained sequences (Figure 8, 

Appendix I), shows that the bsp tag had been successfully removed in plasmids of all colonies 

except for one.  
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Purification of refolded Qa-1b/peptide complex  

The Qa-1b H chain, m2m and peptide were refolded by dilution and the solution was purified 

with SEC to isolate the complex under one single peak. Size-based separation will allow the 

molecules to elute in the order of high to low molecular weight, as the smaller molecules are 

retained longer in the resin. The outcome of purification was evaluated with an SDS-PAGE 

analysis. Since Qa-1b H chain and m2m are non-covalently bound, the two protein entities 

will dissociate from each other during denaturation i.e. treatment with SDS load dye and heat. 

Hence, the proteins will migrate separately on the gel, giving rise to two bands, Qa-1b around 

35 kDa and m2m around 12 kDa. Similarly, the peptide, which is stabilized by hydrogen bonds 

and van der Waal forces within the binding cleft, will not remain bound to Qa-1b, but due to the 

low molecular weight - 0.9852 kDa respectively 1.014 kDa for Qdm and 001 – it cannot be 

visualized on the gel.  

The outcome of the purification for Qa-1b/Qdm is shown in the chromatogram of Figure 2B, 

and fractions from respective peaks were analysed on an SDS-PAGE, listed in Figure 2A. 

Fraction B2, indicated in Figure 2A, was collected under peak 1. The fraction displays two 

intense bands at  31 kDa and  37 kDa, and a fainter band at  35kDa, which most probably 

are associated bands for Qa-1b. The band appearing at  75 kDa might be a dimer of Qa-1b 

whereas the bottom band conforms well with the molecular weight of m2m. The presence of 

non-specific bands suggests that protein aggregates were eluted under peak 1, and not the 

refolded complex.    

Peak 2, observed in Figure 2B, is represented by fractions D1, E1, E2 and E4. All fractions 

display two intense bands, the first one at   13 kDa, in line with m2m, and a second Qa-1b 

band at  31 kDa. Still, Qa-1b shows up as associated bands on the gel. Moreover, there are no 

non-specific bands on the gel, which implies that peak 2 contains the pure Qa-1b/Qdm complex.  

In the lane of fraction E10, collected under peak 3, a single high-intensity band is observed for 

m2m at  12 kDa. Similarly, F9 displays only the m2m band but here it is considerably 

weaker, reflecting the low absorbance of peak 4. Thus, peak 3 and 4 contain the m2m protein, 

as is also supported by the fact that the peaks were eluted last i.e. lowest molecular weight.  
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Figure 2. A) SDS-PAGE of Qdm-indicated fractions under reducing (DTT) conditions. Fraction B2 was collected 
under peak 1, D3-E4 under peak 2, E10 under peak 3 and F9 under peak 4. The Qa-1b H chain has a molecular 

weight of 35.217 kDa, and the m2m has a molecular weight of 11.689 kDa. B) Size exclusion chromatogram for 
Qa-1b/Qdm displays four distinct peaks. Peak 1 corresponds to folding aggregates, peak 2 represents the Qa-

1b/Qdm complex, and peak 3 and 4 are produced by m2m.  

 

The SEC for Qa-1b in complex with the 001 peptide and the associated SDS-PAGE are 

displayed in Figure 3B and 3A. At first glance, the profile looks identical to that of Qa-1b/Qdm. 

SDS-PAGE was performed under both reducing- and non-reducing conditions to evaluate 

protein dimer formation, with indicated fractions being either DTT-positive (reducing) or DTT-

negative (non-reducing).  

Fraction E5 was collected under peak 1, previously established as folding aggregates. In the 

DTT-negative lane, there is a faint band for m2m and its dimer at  21 kDa. Because the dimer 

band is removed in the DTT-positive lane, the impact of breaking the disulphide bonds becomes 

evident.  

E9, E11, F12, F10 were collected under peak 2. The intensity of the Qa-1b and m2m bands for 

E11 and F12 implies that these particular fractions contain high concentrations of the Qa-1b/001 

complex. It also appears that the main difference between the reducing- and non-reducing 

conditions is that DTT removes the protein dimers but gives rise to associated bands.  

Once again, peak 3 and peak 4 with their corresponding fractions F4 and G2 implicate the 

m2m protein.  

Overall, the purity of the complex is acceptable and the refolding yield, in terms of properly 

refolded complex versus protein aggregation, appears to be better for Qa-1b/001 compared to 

Qa-1b/Qdm, based on the absorbance values.  
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Figure 3. A) SDS-PAGE of peptide 001-indicated fractions under reducing (DTT (+)) and non-reducing (DTT (-)) 
conditions. Fraction E5 was collected under peak 1, E9-F10 under peak 2, and E4 and G2 under peak 3 and 4 

respectively. The Qa-1b H chain has a molecular weight of 35.217 kDa and the m2m has a molecular weight of 
11.689 kDa. B) Size exclusion chromatogram for Qa-1b/001 displays four distinct peaks. Peak 1 corresponds to 

folding aggregates, peak 2 represents the Qa-1b/Qdm complex, and peak 3 and 4 are produced by m2m.  

 

 

 

Thermal stability of Qa-1b/peptide complex 

With nanoDSF, the protein complex is exposed to a temperature gradient, causing it to unfold 

and expose intrinsic tryptophan and tyrosine residues. The changes in fluorescence at 330 nm 

and 350 nm emitted by these residues is monitored during the unfolding process, allowing for 

an assessment of the thermal stability in terms of melting temperature, denoted as Tm. At Tm, 

50% of the protein is unfolded whereas the other half remains folded.  

In Figure 4, the ratio of the fluorescence at 350 nm and 330 nm is plotted against the temperature 

gradient for Qa-1b/Qdm in Figure 4A and Qa-1b/001 in Figure 4B. Measurements were 

performed in triplicates for each peptide, and the indicated Tm values represent an average. For 

Qa-1b in complex with Qdm the Tm is 50.5°C, as opposed to a Tm of 52.0°C for the 001 peptide. 

From this, one can conclude that Qa-1b/001 has a slightly higher thermal stability. 
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Figure 4. The ratio of emitted fluorescence at 350nm and 330nm by intrinsic tyrosine and tryptophan residues is 
plotted against the temperature during the unfolding process. A) Melting curve for the Qa-1b/Qdm complex, with 
the dotted line corresponding to an average melting temperature (Tm) of 50.5 °C. B) Melting curve for the Qa-
1b/001 complex with the dotted line corresponding to an average melting temperature (Tm) of 52.0°C. 
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Crystallization assay  

Crystals of Qa-1b/Qdm and Qa-1b/001 were grown in conditions indicated in Figure 5. In the 

hanging drop vapor diffusion method, a drop of the protein solution is placed above a reservoir, 

containing a pH-stabilizing buffer (sodium acetate) and precipitants (PEG4000 and NiCl2). A 

small amount of reservoir solution is also added to the protein drops in order to reduce the 

solubility of the Qa-1b/peptide complexes in solution and increase their tendency to crystallize. 

Salts in the precipitant will outcompete the protein molecules for water binding, and with more 

prominent protein-protein interactions, aggregation may occur. Polymers, however, cause 

molecular crowding and limit protein diffusion in solution, promoting interactions between 

protein molecules. A lower initial concentration of precipitant in the protein drop as compared 

to the reservoir will cause water molecules to evaporate from the drop and enter the reservoir, 

in an effort to equilibrate. The associated reduction in volume will drive the protein 

concentration past the point of supersaturation and into the nucleation zone, which is the 

optimal zone for arrangement of protein molecules into an ordered crystal.  

 

 

 

 

Figure 5. A) Crystal of Qa-1b/Qdm was obtained with hanging drop vapor diffusion in 8% PEG4000, 0.1M sodium 
acetate (pH 5.7) and 10 mM NiCl2 after 3 days at 20°C- B) Small crystals of Qa-1b/001 were obtained with hanging 
drop vapor diffusion in 10% PEG4000, 0.1M sodium acetate (pH 6.0) and 10 mM NiCl2 after one week at 20°C- 
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Crystal structure  

Due to limited time, diffraction data could only be collected for the Qa-1b/001 complex. The 

crystal structure of Qa-1b/001 was obtained at 2.43 Å resolution with the same space group P 

212121 as the previously published structure for Qa-1b/Qdm. The dimensions of the unit cell 

are a= 59.6, b= 72.8 and c = 96.5 Å, with one heterodimer per asymmetric unit, see Table 3 in 

Appendix II. Phase information was derived by molecular replacement with the structure of 

Qa-1b in complex with Qdm as reference, with an RMSD of 0.361. Refinements were 

performed when building the atomic model into the electron density map, yielding an Rwork 

of 19.3% and Rfactor of 24.9%. The atoms of the peptide side chains conform well with the 

electron density around the binding groove. The N-terminal is located at p1 Alanine and the C-

terminal is at p9 Leucine.  

Similarly to all MHC class I molecules, Qa-1b is composed of a heavy chain (H chain) 

associated to 2- microglobulin (2m), as seen in Figure 6A. The binding groove, composed 

of the 1- and 2 domain of the H chain, accommodates the peptide in an extended 

conformation (Figure 6B). The bound peptide is the only difference between the reference and 

obtained structure, the thus the structural superposition of the complexes in Figure 7A confirms 

a high sequence identity between the H chain and 2m entities.  

A superposition of the Qdm peptide (in grey) and peptide 001 (in yellow) in the binding groove 

is displayed in Figure 7B. Alanine in p1 and p3, proline in p5, threonine in p6 and leucine in p9 

are conserved between Qdm and peptide 001, as opposed to residues found in p2, p4, p7 and 

p8 being non-conserved. In p2, peptide 001 has a glutamine with a polar side chain whereas 

Qdm displays a methionine with a hydrophobic side chain. In p4 there is a difference in charge 

of the accommodates residues as the side of glutamic acid for peptide 001 has a negative charge 

compared to the neutral side chain of proline. It is also evident that the glutamic acid side chain 

of peptide 001 is more protruding. Although Qdm and peptide 001 display different residues in 

p7 – leucine in Qdm, proline in 001 – both of these residues have hydrophobic side chains, and 

thus might have a milder impact on the binding to Qa-1b. In p8, side chains of both peptides are 

protruding, however peptide 001 introduces a negative charge.    

From this one can conclude that the overall the geometry is conserved, but the introduced 

negative charge from glutamic acid and the degree of protrusion in p4 and p8 compared to the 

corresponding residues in Qdm, might explain the inability of EXX1 Ab to bind. Indeed, in 

Figure 6A the protrusion of p4, p5 and p8 is visibly seen, which might imply that these residues 

are solvent exposed and readily accessible for creating contact with the Ab.   
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Figure 6. A) Structure of Qa-1b bound to the 001 peptide. The heavy chain (H chain) is displayed in blue, and 
consists of three domains: α1, α2 and α3. The indicated peptide, depicted in yellow, is accommodated in the binding 

groove, constituted by the α1 and α2 domain. The H chain is associated with a 2m domain. B) Top view of peptide 
001 (yellow) and the position of its residues in the binding groove.  

 

 

Figure 7. A) Structural superposition of the Qa-1b/001 (blue/green) and Qa-1b/Qdm complex (grey). Qdm peptide 
is depicted in yellow and peptide 001 in grey. B) Superposition of Qdm (yellow) and peptide 001 (grey) with indicated 
residue positions. Protruding residues at position 4 and 8 have been circled due to possible engagement with the 
Ab EXX1.   
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Discussion  

The non-classical MHC-Ib molecule Qa-1b will under normal circumstances present leader 

sequences from other MHC class I molecules, and thereby reveal the classical MHC-I 

expression and antigen-processing integrity of the cell. Qdm is the dominant peptide bound to 

Qa-1b, and the structural features of this interaction have been accounted for by crystallographic 

characterization, suggesting that specific binding is mediated by five anchor residues. It remains 

unknown whether Qa-1b/Qdm complex expression is a reserved property of healthy cells, as 

the mechanism of the “missing self” principle indeed supports this while other studies indicate 

that IFN- upregulates complex expression in the frame of diseases. Nonetheless, Qa-1b 

mediates interplay between the innate- and adaptive response by giving inhibitory signals to 

NK cells via the NKG2A/CD94 receptor when Qdm is expressed, and in processing deficient 

cells it will display an alternative repertoire of immunogenic peptides that are recognized by 

Qa-1b-restricted CD8+ T cells. [11] [12][10] 

 

Therapeutic anti-NKG2A Abs display clinical benefit in cancer patients when combined with 

other ICIs in clinical trial. A novel TCR-like Ab EXX1, specific for the receptor ligand in 

mouse, Qa-1b/Qdm, displays similar activation of NK cytolytic activity as anti-NKG2A Ab in 

tumor cells in vitro. From a therapy point of view, blocking the ligand instead of the receptor 

is associated with a number of limitations. For instance, it relies on Qa-1b/Qdm not being 

abundantly expressed in healthy tissue, the Ab not affecting with NKG2C-axis (activating 

receptor), and the cytokines secreted in the TME. Considering the high specificity of the Ab 

EXX1, it can be used to map the Qa-1b/Qdm expression in different tissues, and consequently 

deduce expression profiles in healthy vs tumor cells, which today is not fully understood. The 

interactions that allow specific binding of EXX1 to its epitope have been determined on the 

basis of amino acid substitutions. Alleged residues that mediate critical contact between Qdm 

and EXX1 are p3, p6, p7 and p8. [10] 

A crystallographic characterization of the Qa-1b/001 complex is necessary to fully visualize the 

peptide 001 conformation in the binding groove, from which Qa-1b contact residues and 

solvent-exposed residues, potentially involved in NKG2A binding, can be derived. The aim of 

this master project was to make a comparison of the Qa-1b/001 structure with the previously 

determined crystal structure of the Qa-1b/Qdm complex, in order to provide a structural basis 

underlying differences between the complexes to better define the exact molecular parameters 

directing the specificity of the Ab EXX1. Crystals of Qa-1b in complex with each respective 

peptide were grown in an optimized condition initially reported by Zeng et al for Qa-1b/Qdm 

[11] and sent for diffraction at the BioMax beamline in Lund. Data could only be collected for 

the complex with peptide 001.  

The obtained structure of Qa-1b/001 is composed of the same unit cell and asymmetric unit as 

the structure with Qdm, as is expected. Previously reported anchor residues for Qa-1b/Qdm 

binding include pM2, pA3, pT6, pL7 and pL9 [11]. The conservation of p2 in MHC-I-derived 

peptides across mammalians has often been used as an argument to motivate the diversity of 

peptides bound by Qa-1b [11]. Because p2 in Qdm accommodates a hydrophobic side chain, 

one may assume that maintaining hydrophobicity within this binding pocket is crucial. 

However, the presence of a polar side chain in 001 goes against this argument. Still, the 
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geometry is relatively conserved which might compensate the change of residue. As for pA3 

and pT6, they are conserved between the two peptides with almost identical conformation, 

implying that hydrophobic respectively polar side chains can be stabilized in these pockets. The 

side chains at p7 appear to be deeply embedded in the groove (see Figure 7), indeed suggesting 

they are anchoring. Both peptides display residues with hydrophobic side chains in this position, 

however the side chain of peptide 001 is bulkier. The C-terminal p9 is conserved between Qdm 

and 001, in terms of both residue and geometry.  

As can be seen in the superposed structure of the Qa-1b complexes as well as in the Qdm/001 

superposition, the side chains of resides p4, p5 and p8 stand out as being protruding and maybe 

not critical for contact with Qdm. Indeed, Zeng et al [11] have classified the residues of p4, p5 

and p8 as non-anchoring. Instead they propose that these residues interact with receptors on 

effector cells, mainly due to being solvent exposed. This is supported by previous findings, 

showing that substitutions at p5 and p8 with lysine had very little effect on Qdm binding affinity 

to Qa-1b [14]. Additionally, the negative charge introduced by the side chain of glutamic acid 

in p4 and p8 by peptide 001, gives reason to believe it is specifically this change that disables 

binding to EXX1 Ab compared to Qdm. However, the involvement of p4 in Ab binding is not 

convincing according to the alanine scan, showing only a moderate reduction in binding when 

substituting a proline with a leucine. Moreover, a leucine to alanine substitution in p8 of Qdm 

completely inhibited binding to EXX1, whereas a leucine to lysine substitution restored it. 

Hence, EXX1 binding seems to favor a larger positively charged side chain in p8 as compared 

to a smaller uncharged one. The alanine scan by Ghaffari et al also renders p3, p6 and p7 as 

critical for EXX1 binding, with binding being highly affected by p7 changing from alanine to 

leucine in Qdm. Due to both alanine and leucine having hydrophobic side chains, it appears 

that the longer side chain of leucine is preferred. The p7 of peptide 001 is a proline, 

characterized by a short bulky side chain. The proline side chain is commonly known to 

introduce a bend in the polypeptide chain, causing it to change direction, which may very well 

be the case here. It seems unlikely that the residue of p7, being deeply embedded in groove, 

would interact directly with the Ab, however considering it could change the overall 

conformation of the polypeptide in the groove, might explain why it appears as a contact-critical 

residue in the alanine scan. Despite p3 and p6 being conserved between Qdm and 001, no 

binding of Qa-1b/001 to EXX1 could occur.   

Conclusively, the overall conserved geometry and few conserved residues imply that the Qdm 

and 001 peptide bind to Qa-1b in a similar manner. The structure also confirms p4, p5 and p8 

being solved exposed, as previously suggested. In terms of EXX1-binding, it appears be a 

matter of electrostatic potential on the surface. The negatively charged side chain of the 

protruding residue at p8 in peptide 001 may create an electronegative epitope which may repel 

the Ab, assuming it also has an electronegative paratope, as can be inferred from the interaction 

with lysine (positively charged) in the alanine scan. Moreover, the properties of the proline  side 

chain of peptide 001 in the non-conserved p7 and its impact on the polypeptide chain, might 

also be responsible for the lack of EXX1-binding.  

The results obtained from SEC and nanoDSF allow one to argue that peptide 001 has both 

higher affinity for Qa-1b and better thermal stability in complex with Qa-1b than Qdm. In terms 
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of the binding affinity, a higher recovery of properly refolded complex with respect to protein 

aggregates was observed for Qa-1b/001 and could indicate a lower tendency of peptide 001 to 

dissociate from the MHC molecule. However, to confirm differences in affinity between Qdm 

and peptide 001, a peptide-binding assay can be performed, utilizing recombinant biotinylated 

Qa-1b H chains. This assay type is known as an AlphaScreen (Perkin Elmer), and involves 

refolding of the trimeric complex in solution followed by a capture of biotinylated MHC with 

streptavidin-coated donor beads. Acceptor beads with conjugated anti-Qa-1b can recognize and 

bind to peptide/MHC in a conformation-dependent manner, and emitted fluorescence can be 

recorded. As for the complex stability and the binding kinetics, the main limitation when 

designing assays to explore the rate of association and dissociation of peptides, is that MHC 

molecules with an empty binding groove are not readily stable and thus difficult to refold in the 

absence of peptide.  

Future Perspectives 

A short-term future perspective would be to explore the Qa-1b/001 structure in more depth, 

evaluating how well the model fits into the obtained electron density map. Acquiring diffraction 

data for the crystals of Qa-1b/Qdm would allow for comparison with own structure instead of 

the already published one.  

A long-term perspective would be to produce a crystal structure of Qa-1b/001 in complex with 

the EXX1 Ab to reveal the exact residues involved in specific binding between the MHC-Ib 

and the Ab, determining contact-critical and non-critical residues. A comparison with the Qa-

1b/Qdm/EXX1 structure would be optimal for identifying structural differences. A structure of 

MHC with EXX1 will reveal more information than an alanine scan and also rule out the 

possibility that the lack of EXX1 binding (staining) might have been affected by the detection 

limit of the Ab.  

To further explore the potential of this ICI towards Qa-1b/Qdm in immunotherapy, the 

expression of the ligand has to be mapped in various healthy and disease tissue using the highly 

specific EXX1, in addition to assessing IFN- regulation, potentially determining if the Ab can 

single out tumor cells.  
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Appendices 

 

Appendix I – Cloning of gene constructs 

Table 1. Components of the PCR reaction mixture.  

Reagent   Reaction volume: 50uL Final Concentration  

H20 (filtered, 0.2uM)  31uL    -  

5X Phusion HR buffer  10uL 1x 

10mM dNTPs 1.0uL 200uM 

Primer  

Forward + Reverse 

 

2.5uL + 2.5uL 

0.5uM 

Template plasmid DNA 1.0uL 10ng/uL  

DMSO  1.5uL     -  

Phusion DNA Polymerase  0.5uL 0.02U/uL 

 

Table 2.  Cycling protocol.  

 

Cycle Step 

 

Temperature  

 

Time  

 

Cycle  

Initial denaturation 98°C 1min      1x  

Denaturation  

Annealing  

Extension  

98°C 

65°C 

72°C 

10s 

10s 

2min  

     

     12x  

Final extension 72°C 

store on ice 

10min  

indefinite 
      1x 

 

Primer forward:  

CCCCTCACCCTGAGATGGGAGCCTCCTTAACCATCCACTGTC (42 mer) 

Primer reverse:  

GATGCAGGGATCCTGTGGAGACAGTGGATGGTTAAGGAGGCTCCCA (46 mer) 

 

Tm (forward) = 89.9 °C 

Tm (reverse) = 90.0 °C 
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Figure 8. Alignment of obtained Qa-1b sequences, from plasmids of six isolated colonies, with the PDB-reference 
(accession number: 3VJ6) in Clustal Omega. Bsp tag was successfully removed in all but one colony.  
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Appendix II – Data collection 

               Table 3. Data collection and refinement statistic for Qa-1b/001
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