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► Investigation of 3 chicken subtypes,
BF2*2101, BF2*1301 and YF1*7.1 and
free β2m.
► The structure of free chicken β2m was
determined to 2.0 Å resolution.
► DSC indicated that chicken molecules
are stabilized in an allele-dependent
fashion.
► H/D exchange behavior of chicken/
human β2mwas studied by infrared spec-
troscopy.
► Chicken β2m shows an increased con-
formational flexibility
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β2-microglobulin (β2m) is the smallest building block of molecules belonging to the immunoglobulin super-
family. By comparing thermodynamic and structural characteristics of chicken β2m with those of other spe-
cies, we seek to elucidate whether it is possible to pinpoint features that set the avian protein apart from
other β2m. The thermodynamic assays revealed that chicken β2m exhibits a lower melting temperature
than human β2m, and the H/D exchange behavior observed by infrared spectroscopy indicates a more flexible
structure of the former protein. To understand these differences at a molecular level, we determined the
structure of free chicken β2m by X-ray crystallography to a resolution of 2.0 Å. Our comparisons indicate
that certain biophysical characteristics of the chicken protein, particularly its conformational flexibility, di-
verge considerably from those of the other β2m analyzed, although basic structural features have been
retained through evolution.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

β2-microglobulin (β2m) is a protein composed of 99 residues
which folds into a seven-stranded β-sandwich fold [1]. The strands
are termed A to G and the loops are designated according to the
strands which they connect, e.g. AB, BC, CD, and so on. The typical
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immunoglobulin fold of β2m comprises two β-sheets (strands A, B,
D, E on one hand and strands C, F, G on the other) mediated by a
highly conserved intra-molecular S–S bridge with a spacing of ~54
amino acids between the two cysteine residues of the protein. Struc-
turally, β2m constitutes the basic building unit of the immunoglobu-
lin superfamily[2]. In addition, the protein serves as a light chain
that is non-covalently bound to the heavy chain (HC) of major histo-
compatibility complex (MHC) class I or class I-like molecules such as
CD1 [3,4].

The presence of β2m is an important prerequisite for the binding
of small ligands by MHC class I molecules [5]. Although such ligands
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are anchored within a groove that is formed by the HC, β2m is crucial
for maintaining complex stability as well [6,7], and for the intracellu-
lar transport of the complex to the surface of nearly all nucleated cells
[8–11]. Free β2m, on the other hand, is found in most body fluids [12]
including serum, urine, milk and colostrum [13–15]. In humans, the
protein is normally eliminated by the kidney, but it forms deposits
as amyloid fibrils within joints as a consequence of long-term hemo-
dialysis treatment of patients, known as dialysis-related amyloidosis
[16,17]. Forms of amyloidosis have been described in chickens [18],
but there are no reports that β2m deposition is the cause.

Although chicken and human β2m share only ~48% amino acid se-
quence similarity, both molecules may serve as the light chain in MHC
class I molecules. While analyzing the avian lipid-binding MHC class I
molecule YF1*7.1, our previous calorimetric measurements revealed
that chicken β2m in this complex is less thermostable than its
human counterpart [19]. To gain further insight into the thermody-
namic properties of chicken β2m and its conformational flexibility,
we studied this molecule by differential scanning calorimetry (DSC)
and infrared (IR) spectroscopy. In addition, as structural information
was limited to complexes of this molecule with divers HC, i.e. the
peptide-binding BF2*2101, [20], YF1*7.1 [19], and CD1-1 [21], we
additionally determined the crystal structure of free chicken β2m by
X-ray crystallography. The results allow us not only to compare free
β2m from two mammalian, an avian, and a fish species, but also per-
mit us to suggest structure-based explanations for a number of bio-
physical properties of these proteins.

2. Methods

2.1. β2m purification

The coding sequence for the extra-cellular domain of β2m (residues
21–120 of the signal peptide-containing protein) was cloned into the
expression vector pMAL-p4x, expressed as maltose-binding protein fu-
sion construct (MBP-β2m) and purified using the pMAL purification
system (New England Biolabs, Frankfurt, Germany). Escherichia coli
TB1 cells transformed with the MBP-β2m construct were grown at
310 K in LB-medium containing 100 mg/l ampicillin to an OD600 of
0.5. Protein expression was induced by adding 0.4 mM isopropyl β-D-
1-thiogalactopyranoside and cells were incubated for 20 h at 298 K
and then harvested by centrifugation at 4500 g for 10 min at 277 K.
The MBP-β2m fusion protein was extracted from the periplasm accord-
ing to the pMAL purification protocol. The cell pellet obtained by centri-
fugation was resuspended and incubated in 100 ml buffer containing
30 mM Tris–HCl pH 8.0, 20% (w/v) sucrose, 1 mM EDTA and 0.3 mM
phenylmethanesulfonylfluoride (PMSF) on a shaker for 10 min. After
incubation, the sample was centrifuged at 8000 g for 10 min at 277 K
and the pellet was resuspended in 100 ml chilled 5 mM MgSO4

followed by incubation for 10 min in an ice bath. The sample was then
centrifuged at 8000 g for 10 min at 277 K; the supernatant was collect-
ed and filtered through a 0.22 μm filter membrane (Millipore, Schwal-
bach, Germany). The filtered sample was applied onto a 10 ml self-
packed amylose resin (New England Biolabs, Frankfurt, Germany)
column, washed with 100 ml column buffer (20 mM Tris–HCl pH 7.5,
200 mM NaCl, 1 mM EDTA) and eluted with 30 ml column buffer
containing 10 mM maltose. Fractions containing the MBP-β2m fusion
proteinwere collected and concentrated using an Amicon Ultra-15 pro-
tein centrifugal filter with 10 kDa molecular weight cutoff (Millipore)
before purification by size exclusion chromatography on a Superdex™
200 16/60 column (GE Healthcare, Freiburg, Germany) connected to
an ÄKTA FPLC instrument (GE Healthcare, Germany). The MBP-tag
was cleaved with protease factor Xa (New England Biolabs, Frankfurt,
Germany) by incubation at 296 K for 2 days. β2m was separated from
MBP using a 10 ml self-packed amylose resin column followed by puri-
fication on a Superdex™75 column (GE Healthcare, Freiburg, Germany)
in a buffer composed of 20 mM Tris–HCl pH 7.5, 150 mM NaCl, and
0.01% (w/v) sodium azide. The purity of the protein was assessed by
SDS-PAGE. The protein concentration was determined by measuring
the absorption at a wavelength of 280 nm, assuming an absorption co-
efficient of 19200 M−1 cm−1. Human β2m was prepared as previously
described [22].

2.2. Preparation of YF1*7.1, BF2*1301:pMDV and BF2*2101:pC1 complexes

The cDNA sequences of the extracellular domains of BF2*1301 and
BF2*2101 (residues 22–294) were cloned into the pMAL-p4x vector.
Both clones were verified by DNA sequencing. Preparation and purifi-
cation of chicken β2m and the YF1*7.1 complex have been reported
previously [23]. For the BF2*1301 and BF2*2101 complexes, a similar
protocol was established with slight modifications. The MBP-fused
BF2*1301 and BF2*2101 HC were expressed as inclusion bodies in
E. coli TB1 cells. The HC were refolded in a reconstitution buffer together
with solubilized β2m and a peptide. For the reconstitution of BF2*1301,
thepMDVpeptide (153VDAYDRDE160) derived fromMeleagrid herpesvirus
glycoprotein B was used, whereas the pC1 peptide (353SELKDFFQKL362)
is derived from Gallus gallus Ras-GTPase-activating protein and was
employed for reconstitution of BF2*2101 [24]. Both peptides were pur-
chased from Alta Bioscience, UK. Refolding was performed according to
the established protocol for HLA class I complexes [22,25]. Reconsti-
tuted protein complexes were subjected to Factor Xa digestion to re-
move the MBP-tags, followed by an affinity chromatography step on
an amylose column and gel filtration chromatography as described [23].

2.3. Differential scanning calorimetry

Excess heat capacity curves were recorded using an ultrasensitive
scanning micro-calorimeter (VP-DSC, MicroCal Inc., Northampton,
MA, USA) with a heating rate of 1 K/min and a sample cell volume of
0.5 ml. For refolding experiments, after the initial heating from 20 °C
to 90 °C, the samples were cooled to 20 °C and subsequently heated
again to 90 °C. All DSC samples were prepared in 10 mM phosphate
buffer (pH 7.5), 150 mM NaCl and the protein concentrations were ad-
justed to the range of 0.18–0.22 mg/ml. DSC measurements were con-
ducted as described previously by us for HLA–B27 complexes [25]. The
experimental data were analyzed by standard procedures using the
“ORIGIN for DSC” software package supplied by the manufacturer.

2.4. Infrared spectroscopy

The protein solutions were always freshly prepared and placed into
demountable calcium fluoride IR-cells with an optical pathlength of
50 μm for measurements in D2O-buffer or 8 μm for samples in H2O-
buffer. IR-spectra were recorded with IFS-28B and IFS-66 Fourier trans-
form infrared (FTIR) spectrometers (Bruker Optics, Ettlingen, Germany)
equipped with DTGS (deuterated triglycine sulphate) detectors and
continuously purged with dry air. For each sample, 128 interferograms
were co-added and Fourier-transformed to yield spectra with a nominal
resolution of 4 cm−1. The sample temperature was controlled by
means of thermostated cell jackets. Buffer spectra were recorded
under identical conditions and subtracted from the spectra of the
proteins in the relevant buffer (10 mM sodium phosphate, pH 7.5,
150 mMNaCl). Spectral contributions from residual water vapor, if pre-
sent, were eliminated using a set of water vapor spectra. The final
unsmoothed protein spectra were used for further analysis. Band intensi-
ties were determined by standard functions of the Bruker OPUS software,
implemented into home-built macros for data analysis. A detailed ac-
count of the entire procedure has been given previously [26].

2.5. Crystallization and crystal cooling

β2m with a concentration of 17 mg/ml was used for crystallization
experiments. Initial crystals were obtained at 291 K in a sitting drop
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setup in 96-well plates although the crystals were insufficient in size
for X-ray data collection. The crystal size could be improved in a
hanging drop setup using a reservoir solution with a volume of
700 μl composed of 22% (w/v) polyethylene glycol 3350 and
200 mM MgCl2 at a final pH of 5.6. The crystallization drop was
mixed from 1.5 μl chicken β2m and 1.5 μl reservoir solution. Needle-
shaped, inter-grown crystals appeared after 3 weeks. Inter-grown
needles were carefully separated with an acupuncture needle yield-
ing single thin specimens. Prior to cooling, the crystals were trans-
ferred to a cryo-solution containing 25% (w/v) polyethylene glycol
3350, 200 mMMgCl2, and 20% (v/v) glycerol. They were subsequently
flash cooled in liquid nitrogen.

2.6. X-ray data collection, structure determination and refinement

Synchrotron diffraction data were collected at the beamline 14.2
of the MX Joint Berlin laboratory at the BESSY in Berlin, Germany.
X-ray data collection was performed at 100 K at a wavelength of
Fig. 1. Stabilities of β2m and MHC class I complexes of the chicken. The thermodynamic stab
heat capacity curves (black dashed lines) and deconvolution curves (blue lines) as well as t
plex, (C) YF1*7.1 complex, and (D) BF2*13:pMDV complex. (E) The table summarizes the d
iments. ΔHm

tot is the total enthalpy change that accompanies a given melting process.
λ=0.9184 Å and diffraction data were processed with the XDS pack-
age [27]. For calculation of the free R-factor, a randomly generated set
of 5% of the reflections from the diffraction data set was used and ex-
cluded from the refinement. Initial phases were determined by mo-
lecular replacement with the program PHASER [28] employing the
coordinates of β2m from the structure of BF2*2101 (PDB entry:
3BEW) [20]. The structure was refined by maximum-likelihood re-
strained refinement implemented in REFMAC5 [29] followed by iter-
ative model building cycles with COOT [30]. Water molecules were
picked with COOT [30] and manually inspected. At final stages of re-
finement, TLS refinement [31] was applied with one TLS-group for
each polypeptide chain. Model quality was evaluated with PROCHECK
[32] and MolProbity [33]. Secondary structure elements were assigned
with DSSP [34]. Superposition of structures was performed with
SUPERPOSE Secondary-Structure Matching (SSM) [35], as implemen-
ted in the CCP4 package. Structures were analyzed for internal cavities
with the program CASTp [36] and visually examined in PyMOL [37].
Shape complementarity analysis was performed with the program SC
ilities were determined by differential scanning calorimetry (DSC). Experimental excess
he calculated fit (red lines) obtained from DSC of (A) free β2m, (B) BF2*2101:pC1 com-
econvoluted melting temperatures (Tm) and enthalpy changes (ΔHm) from DSC exper-
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[38] implemented in the CCP4 package. Figures were prepared using
PyMOL [37] and 3D figures were produced as described previously
[39]. The 3D figure can be activated by clicking on the image. Each
model (structure) can be selected or removed by checking the boxes
in the model tree, which is available upon clicking on the icon to the
right of the “Views” drop-down menu. Preset views are shown below
the model tree and can be displayed in the form of a “tour” by clicking
the green arrows in the middle of the opened model tree menu. A 3D
session can be terminated by right-clicking anywhere onto the model
and choosing “Disable 3D”. The atomic coordinates and structure factor
amplitudes have been deposited in the Protein Data Bank under the ac-
cession code 3O81.
3. Results and discussion

3.1. Thermodynamic properties of chicken β2m and MHC class I complexes

The presence of β2m has been described as a prerequisite for the
stabilization of mammalian MHC class I complexes [6,7]. While the
same was suspected for avian MHC class I molecules, systematic stud-
ies of these proteins had not been carried out so far. Our reconstitu-
tion experiments with three different classical chicken subtypes,
BF2*2101, BF2*1301 and YF1*7.1 together with β2m clearly revealed

image of Fig.�3


Fig. 4. Structural details of chicken β2m. (A) Cartoon representation of chicken β2m.
The rainbow chain is colored from N-terminus (dark blue) to C-terminus (red) with
the β-strands labeled from A to G. The first β-sheet is formed by β-strands A, B, D1,
D2, and E, while the second β-sheet comprises β-strands C, F and G. The two β-sheets
are connected by a disulfide bond which is shown in black as ball-and-stick represen-
tation. (B and C) The final 2Fo-Fc electron density maps in blue are contoured at a level
of 1.5 σ. Selected residues of free β2m with multiple conformations or poorly defined
electron density are displayed as yellow stick representation (B), double conformations
are indicated with (i) and (ii) following residue numbering. (C) Selected flexible resi-
dues of chicken β2m are stabilized (orange stick representation) upon binding to
YF1*7.1 HC drawn in grey as cartoon representation) (PDB entry: 3P77).
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the absolute requirement of the light chain for complex reconstitu-
tion [19,23]. DSC was employed to assess, in addition to MHC class I
complexes, also the thermodynamic stability of free β2m. This protein
exhibited a single two-state transition upon temperature increase,
with a melting temperature (Tm) of ~59.1 °C (Fig. 1A, E), about 5 °C
lower than that of human β2m [25]. The unfolding enthalpies of the
two proteins, however, were practically indistinguishable. Further-
more, the folding reversibility of chicken β2m was found to be akin
to that of human β2m with regard to the reversibility of folding:
~70% of the unfolded protein refolded when cooled to 20 °C [25].

These results are supported by thermal unfolding experiments of
chicken β2m performed by IR spectroscopy (Fig. 2A, B), which con-
firm a decreased Tm value of ~4 °C for chicken β2m when compared
to human β2m (Fig. 2C). In addition, we studied the hydrogen/deute-
rium (H/D) exchange behavior of the two proteins by monitoring the
disappearance of the amide II band near 1550 cm−1 in the IR-spectra
(Fig. 3A). This approach can provide valuable information on the
structure and flexibility of proteins [40]. Lyophilized samples were
dissolved in D2O buffer and the time course and extent of exchange
of the amide protons with deuterons in the samples, kept at 25 °C
and 37 °C, respectively, were measured over a period of 24 h. The
IR-data revealed that already shortly after dissolution (first data
point measured 3 min after starting the experiment), 70–75% (at
25 °C) and 75–80% (at 37 °C), respectively, of the N–H groups were
exchanged by deuterons in chicken as well as human β2m (Fig. 3A,
B). The degree of exchange was initially only slightly lower for
human β2m than for chicken β2m, but these differences in H/D ex-
change became more pronounced over time. At room temperature,
it took ~10 h to fully exchange all N–H groups of chicken β2m,
while ~10% remained unexchanged in human β2m even after 1 day
at 25 °C (Fig. 3B). As expected, an increase in temperature made the
proteins more prone to H/D exchange, resulting in a faster loss of re-
sidual N-H groups in chicken than in human β2m at 37 °C (Fig. 3C).
Generally, protons exposed to the solvent and involved in unstable
regions of a protein will exchange rapidly, whereas those protons
that are part of the hydrophobic core of a protein are typically much
more resistant to exchange.

We then analyzed whether these properties of free chicken β2m
could also be observed in the HC-complexed form by using DSC. As
expected, the experimental excess heat capacity curves of chicken
BF2*2101:pC1 and BF2*1301:pMDV were more complex than that
of free β2m. They could each be deconvoluted into two two-state
transitions (Fig. 1B, D, E), while the YF1*7.1 complex was clearly
less stable (Fig. 1C, E). Unfolding of this complex started at 40 °C, a
value that is lower than the body temperature (41.8 °C) of a chicken
[41] and the experimental excess heat capacity curve could be decon-
voluted into three 2-state transitions with the Tm peaks at 48 °C, 58 °C
and 64 °C (Fig. 1C). We have already argued that these characteristics
are connected to the lack of an appropriate ligand within the binding
groove of YF1*7.1 [19]. In addition to being distinct from the latter,
the unfolding behaviors of the BF2 complexes were not identical ei-
ther. Two-state transitions corresponding to two Tm peaks at ~58 °C
and ~63 °C (Fig. 1B, E) characterize the BF2*2101:pC1 complex,
whereas the BF2*1301:pMDV complex was more stable with a first
Tm of ~66 °C and a second Tm at ~69 °C (Fig. 1D, E). This could be
due to the unusual anchor amino acid requirement of the BF2*1301
protein, which binds only peptides with three appropriately spaced
acidic residues [42]. All three chicken complexes did not refold
when cooled down to 20 °C after the first heating step to 90 °C (Fig.
S1), as reported previously by us for HLA–B27 complexes employing
identical experimental conditions [25].

An interpretation of these distinct melting behaviors found by DSC
experiments is not straightforward, although it may be aided by con-
sidering the Tm values in conjunction with the corresponding unfold-
ing enthalpies for a given complex and a comparison with the values
obtained with free β2m. For example, the first transition (Tm1′) of the
YF1*7.1 complex is very likely not due to unfolding of β2m, because
the temperature is much too low and the enthalpy does not corre-
spond to that of free β2m (Fig. 1C, E). This transition should therefore
reflect the partial melting of the HC. Whether one of the next two
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transitions (Tm1 and Tm2) is due to unfolding of β2m, as suggested by
the enthalpies observed, to further unfolding of the YF1*7.1 HC or a
combination of both, is impossible to deduce from these DSC experi-
ments. Similarly, from a comparison with the values obtained for free
β2m, it seems plausible to assume that Tm1 reflects the melting of
β2m from the BF2*2101:pC1 complex. In the case of BF2*1301:
pMDV, the HC must contribute to both melting temperatures ob-
served for the complex, but it remains unknown whether β2m melts
as part of the first or the second transition. The DSC experiments do
show, however, that chicken MHC class I molecules are stabilized in
an allele-dependent fashion when bound to appropriate ligands.
Melting temperatures higher than that of free β2m can thus be
obtained, e.g. in the case of BF2*1301 complexes. This has also been
observed in the case of selected human HLA class I complexes [25,43].

3.2. Overall structure

To obtain information on the structural basis for the observed con-
formational flexibility of chicken β2m, we decided to crystallize the
protein and to determine its structure. Free chicken β2m (residues
21–120 of the signal peptide-containing protein) was purified [23]
and successfully crystallized. Using synchrotron radiation, an X-ray
diffraction data set was collected at 2.0 Å resolution (Table 1). The
structure (Fig. 4A) was solved by molecular replacement, employing
the structure of chicken β2m in complex with BF2*2101 (protein
data bank PDB entry: 3BEW) [20] as a model. Refinement of the struc-
ture converged with an R/Rfree-factor of 19.5/24.3%. The geometry of
the structure is excellent with no Ramachandran outliers. Detailed re-
finement statistics are given in Table 1. The electron density was of
excellent quality, allowing the unambiguous tracing of the polypep-
tide chain, even in the case of the few residues that were found to dis-
play multiple conformations (Fig. 4B). These residues are stabilized
upon binding of the molecule to an MHC class I HC (Fig. 4C). The
model is complete except for the two carboxy-terminal amino acid
residues.

Chicken β2m adopts the classical fold of the immunoglobulin do-
main with a seven-stranded β-sandwich fold (Fig. 4A) that is com-
posed of two β-sheets arranged face-to-face. These are connected
Table 1
Data collection and refinement statistics.

Data collection

PDB entry 3O81
Space group P21
Unit cell a; b; c [Å] 36.9; 30.5; 87.4
α; β; γ [º] 90.0; 87.4: 90.0
Resolution [Å] a 30.0–2.0 (2.1–2.0)
Completeness [%]a 96.0 (92.2)
b I/σ(I)>a 12.5 (6.8)
Rmeas

b 8.8 (19.3)
Redundancya 3.6 (3.5)
Refinement
Non-hydrogen atoms 1765
Rwork

a,c 19.5 (19.3)
Rfree

a,d 24.2 (22.0)
Overlay of monomeric bo2m (chain A),
no. of atoms/average B factor [Å2]

810/18.0

Overlay of monomeric bo2m (chain B),
no. of atoms/average B factor [Å2]

801/19.0

Water, no. of molecules/average B factor [Å2] 160/23.8
Rmsde from ideal geometry, bond length [Å] 0.011
bond angles [°] 1.271

a Values in parentheses refer to the highest resolution shell.
b Rmeas=Σh [n / (n−1)]1/2 Σi ∣ Ih− Ih,i∣/ ΣhΣi Ih,i.where Ih is the mean intensity of

symmetry-equivalent reflections and n is the redundancy.
c Rwork=Σh ∣Fo−Fc∣ /Σ Fo (working set, no σ cut-off applied).
d Rfree is the same as Rcryst, but calculated on 5% of the data excluded from refine-

ment.
e Root-mean-square deviation (Rmsd) from target geometries.
and stabilized by a disulfide bond between Cys25 and Cys80 on β-
strands B and F, respectively. The β-strand assignment is according
to Saper and colleagues [3] and resembles that used for human β2m.
The first β-sheet is composed of β-strands A, comprising the residues
6–11 (A6–11), B21-30, D1

50–51 and D2
55–56, as well as E62–70, and the sec-

ond β-sheet is formed by C36–41, F78–83, and G91–95 (Fig. 4A). Addi-
tionally, a short β-strand is located between the β-strands C and D
which is termed C′. It encompasses residues 44 and 45. The β-
strands D1 and D2 are separated by a three residue long β-bulge
that is twisting the β-strand (Fig. 4A). When complexed with the
HC, such an arrangement allows for efficient interaction. The crystal-
lographic asymmetric unit harbors two chicken β2m polypeptide
chains that are practically indistinguishable with a root mean square
deviation (r.m.s.d.) of 0.3 Å for 97 pairs of Cα-atoms.

3.3. Monomer–monomer interface

The monomer–monomer interface within the asymmetric unit is
exclusively hydrophobic, leading to a head-to-head arrangement of
the loop connecting strands B and C (BC loop) and the D2E loop of
both β2m molecules (Fig. 5A, B). Further analyses revealed additional
crystal contacts between adjacent symmetry-related molecules due
to tight packing. The solvent content of the chicken β2m crystal
(34.5%) is significantly lower than that of human (44.2%), bovine
(55.0%) and carp (51.1%). The hydrophobic interactions between the
two chicken β2m molecules appear so far to be unique, since such
an interface has not been observed in other structures of free β2m.
By formation of this hydrophobic interface in crystallo, a number of
hydrophobic amino acid residues (Fig. 5B) are shielded from the sol-
vent, reminiscent of the situation where β2m is part of an MHC class I
complex. For example, the interactions include Phe56, Trp60 and
Phe62. All of these residues are highly conserved from fish to
human (Fig. S2) and may exhibit, despite their involvement in multi-
ple hydrophobic contacts, considerable flexibility (high B-factor) in
both polypeptide chains within the asymmetric unit, as in the case
of Phe56 and Trp60 (Fig. S3). We also noticed that several residues lo-
cated in this segment (from D1 to E strand) are flexible in free β2m,
exhibiting either poorly defined electron density (Phe56) or double
conformations (Ser55, Asp58 and also Trp60) (Fig. 4B). In the NMR
structure of monomeric human β2m, an increased conformational
flexibility of the same segment was observed [44]. This segment be-
comes stabilized upon binding of β2m to an HC, as observed in the
structure of chicken β2m in complex with the HC of YF1*7.1
(Fig. 4C) [19] where the indole moiety of Trp60 adopts a single con-
formation that intercalates between HC residues which reside on
the floor of the peptide binding groove.

3.4. Structural comparison of monomeric β2m structures

Compared to the vast number of β2m structures solved as part of
MHC class I molecules deposited in the PDB, a structure of free β2m
is only available from four species, namely chicken (PDB entry:
3O81, this study), bovine (1BMG) [1], human (1LDS) [45], and
(2YXF) [46] as well as carp (3GBL) [47]. In addition, there is structural
information available for the human protein obtained by NMR spec-
troscopy [44,45,48].

The overall fold of all free β2m structures is very similar. Superpo-
sition of the 97 Cα-atom pairs of chicken and human β2m results in
an r.m.s.d. of 3.5 Å, while chicken and bovine β2m exhibit an r.m.s.d.
of 3.1 Å, and chicken and carp β2m reveal an r.m.s.d. of 2.6 Å. These
relatively small structural differences can be attributed to differences
between the β-sandwiches of these proteins (Fig. 6). The most drastic
conformational difference between β2m of other species and their
human counterpart, however, is seen in the AB loop (residues 12–
20). The AB loop of human β2m points away from the β-sandwich,

pdb:3O81


Fig. 5. Crystal lattice and interface contacts of chicken β2m. (A) The two β2m molecules in the asymmetric unit are colored as orange and blue. The residues involved in the head-to-
head arrangement of the two β2m molecules are exclusively hydrophobic. Further interface contacts are observed with neighboring symmetry-related molecules which are colored
as green and yellow. Hydrogen bonds and salt bridges are indicated with black and red dashed lines, respectively. (B) Interface contact details as shown in (A). β2m residues are
color-shaded according to the β2m molecules in (A). Hydrogen bonds and salt bridges are listed with a distance cut-off of 3.5 Å and hydrophobic contacts with a distance cut-off of
4.0 Å. HB=hydrogen bond, SB=salt bridge and vdW=van der Waals interaction.
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while the chicken, bovine and carp AB loops lean onto the β-sandwich
(Fig. 6A). A further difference concerns the presence of a β-bulge that
is flanked by strands D1

50–51 and D2
55–56 in the chicken, bovine and

carp β2m structures, but not in human β2m (Fig. 6A), where a continu-
ous β-strand D is observed [45]. Trinh and colleagues [45] wondered
whether this β-strand persists only under the conditions of crystalliza-
tion and performed 1H-NMR experiments that revealed the presence of
the β-bulge in solution, in agreement with earlier NMR studies [44,48].
Crystal packing must thus be regarded as the most likely reason for an
induction of the continuous β-strand D in the crystal structure of free
human β2m [49].
The C′45 –46 β-strand and the downstream C'D1 loop region adopt
different conformations in all structures (Fig. 6A). This ismost likely due
to the low level of sequence conservation in the amino acid sequence of
the four β2m molecules (Supplementary Information).

3.5. Structural comparison of free and complexed β2m

Superposition of the Cα backbones of free and complexed chicken
β2m in the structures BF2*2101 (PDB entry: 3BEV, 3BEW [20], CD1-1
(3JVG) [21] and YF1*7.1 (3P77) [19]) reveal that the four β2m struc-
tures are very similar, with r.m.s.d. of maximally 0.6 Å (Fig. 6B). The
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Fig. 6. Comparison of β2m structures. (A) Overlay of monomeric β2m structures from chicken, human, bovine and carp. Segments with drastic conformational changes between the
molecules are highlighted with grey boxes or ellipses. The human β2m crystal structure differs considerably from the other β2m structures in two regions, the AB loop and the ab-
sence of a β-bulge between the D1-D2 strands. Other significant differences between the β2m molecules compared here are the C'D1 and DE loops that may exhibit high flexibility.
(B) Overlay of monomeric chicken β2m (ggβ2m) and ggβ2m bound to classical class I BF2*2101 and YF1*7.1 as well as to the non-classical CD1-1 molecule of the chicken. (C) Over-
lay of monomeric bovine β2m (btβ2m) and btβ2m associated with BoLA-N*01301 and bovine CD1b3. As in the case of the chicken β2m structures, bovine β2m is structurally iden-
tical, whether in the monomeric or the bound form. (D) Overlay of monomeric human β2m (hsβ2m) as observed by X-ray crystallization (green) or NMR spectroscopy (blue),
together with hsβ2m as part of HLA-B*27:05 and human CD1b complexes. Areas bordered with grey lines indicate the drastic difference in the crystal structure of hsβ2m
(green) compared to the other hsβ2m. For the ease of comparison, a three-dimensional figure is embedded here; see Methods for instructions. PDB entries of structures used to
generate the figures are chicken β2m (3O81), BF2*2101 (3BEW), YF1*7.1 (3P77), CD1-1 (3JVG); human β2m (1LDS), human β2m from NMR spectroscopy (1JNJ), HLA-B*27:05
(1OGT), CD1b (2H26); bovine β2m (1BMG), BoLA-N*01301 (2XFX), CD1b3 (3L9R); carp β2m (3GBL).
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largest differences between free and bound β2m are found at both
polypeptide termini due to different contacts between β2m and HC
residues. The structures of free bovine β2m and this protein in com-
plex with the HC of bovine BoLA-N*01301 (2XFX) [50] or CD1b3
(3L9R) [51] are also nearly identical, with r.m.s.d. of 0.5 Å (Fig. 6C).
In contrast, the crystal structure of free human β2m differs signifi-
cantly (r.m.s.d. of 3.1 Å) from that of the HC-complexed human pro-
tein. For example, the HLA–B*27:05-complexed β2m (2A83) [52] is
distinct at two particular segments: the β-bulge region between the
D1–D2 strands and the AB loop as described in the previous section.
Upon binding to the HC, the two segments of human β2m “revert”
back to the typical conformations seen in the free forms of chicken,
bovine and carp β2m (Fig. 6B, C, D and Supplemental Information).
We noticed that residues in the chicken monomeric β2m exhibit flex-
ibility, such as Asp53, Ser55, Phe56 and Trp60, which are stabilized
when associated with the HC of the four complexes referred to previ-
ously [19–21].

The comparison provided in Fig. S2 demonstrates that proteins
sharing ~48% amino acid sequence similarity (chicken and mammali-
an β2m) or even only ~35% similarity (chicken and carp β2m) can
have practically identical structures. It is very likely that a distinct
set of highly conserved residues that engage in intra-molecular con-
tacts is responsible for this finding. As hydrophobic intra-chain
contacts are too numerous to be listed here, Table S1 provides all
such contacts that are due to salt bridges or hydrogen bonds. Four
highly conserved contacts are seen in β2m molecules of all four spe-
cies (R/H12–N21; N21–F/Y/V/T22; N/D42–D/S76/75; N/D42–E/Q/
T76/77; colored yellow Table S1), although different side chain func-
tions can be involved. In addition, there are further contacts that are
conserved in three of the four molecules investigated here (colored
green in Table S1). We also notice that the number of salt bridges
(colored pink in Supplemental Information Table S1) differs between
the four proteins. While the chicken polypeptide exhibits only a sin-
gle salt bridge near its N-terminus, carp β2m possesses two such con-
tacts, in distinct locations of the molecule. Furthermore, there are
three (bovine) or four (human) intra-molecular salt bridges, several
of them clustered, in the mammalian proteins. Since thermodynamic
analyses have only been carried out on human and chicken β2m, we
cannot be sure whether the relative instability of the avian protein
is also a consequence of the distinct endorsement of the two proteins
with salt bridges. A unifying feature, however, is the presence and to-
pographical conservation of the S–S bridge which is a hallmark of im-
munoglobulin domains [53].

In addition, there are more glycine residues in chicken β2m than in
human β2m (5 versus 3) (Fig. S2). These residues could have an effect
on the stability of the former molecule, since glycine residues are able
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to contribute to main chain flexibility. Interestingly, one residue
(Lys48) involved in intra-molecular salt bridges in human β2m is
substituted by glycine in chicken β2m (Fig. S2 and Table S1). We
have also analyzed the interface complementarity between the two
principle sheets of the β2m molecules, i.e. the ABED and CFG sheets
(Fig. 4) as this property might also contribute to the distinct biophys-
ical properties of the chicken and human β2m. The two β-sheets of
chicken β2m are less complementary than those of human β2m,
with an interface shape complementarity score of 0.69 and 0.65 for
the two symmetrical monomers in the crystal lattice in the case of
the former protein (PDB entry: 3O81) and 0.75 for the latter molecule
(PDB entry 1LDS). Interfaces with a shape complementarity score of
“1” will match precisely, while a value of “0” is an indicator for com-
plete lack of complementarity [38].

4. Conclusions

The main interest for embarking on biophysical studies of β2m is
very likely the involvement of the human protein in dialysis-related
amyloidosis. We are not aware of β2m-related amyloidosis in chickens,
although other forms of amyloidosis do exist in this species [18]. Our
results reveal, however, that despite overall structural conservation,
β2-microglobulins fromhuman and chicken exhibit differential stability
and conformational flexibility. Structurally conserved, but thermody-
namically and sequence-divergent β2m molecules might thus be
regarded as products of “restrained” evolution, since this monomorphic
protein is under the pressure to bind to a vast variety of HC ranging from
polymorphic classical MHC class I chains to distantly related MHC class
I-like molecules such as CD1. Since biophysical characteristics are
expected to impact on the aggregation behavior of a protein, future
studies on the aggregation and fibril formation properties of chicken
β2mmight provide interesting informationon several aspects of protein
misfolding.
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