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Abstract [,-Microglobulin (f,m) is a small, monomor-
phic protein non-covalently bound to the heavy chain (HC)
in polymorphic major histocompatibility complex (MHC)
class I molecules. Given the high evolutionary conserva-
tion of structural features of P,m in various MHC mole-
cules as shown by X-ray crystallography, B,m is often
considered as a mere scaffolding protein. Using nuclear
magnetic resonance (NMR) spectroscopy, we investigate
here whether B,m residues at the interface to the HC
exhibit changes depending on HC polymorphisms and the
peptides bound to the complex in solution. First we show
that human B,m can effectively be produced in deuterated
form using high-cell-density-fermentation and we employ
the NMR resonance assignments obtained for triple-labeled
B>m bound to the HLA-B*27:09 HC to examine the ,m-
HC interface. We then proceed to compare the resonances
of Bom in two minimally distinct subtypes, HLA-B*27:09
and HLA-B*27:05, that are differentially associated with
the spondyloarthropathy Ankylosing Spondylitis. Each of
these subtypes is complexed with four distinct peptides for
which structural information is already available. We find
that only the resonances at the B,m-HC interface show a
variation of their chemical shifts between the different
complexes. This indicates the existence of an unexpected
plasticity that enables B,m to accommodate changes that
depend on HC polymorphism as well as on the bound
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Abbreviations

ODgoonm  Optical density of the culture at 600 nm
MHC Major histocompatibility complex

HLA Human leucocyte antigen

Bom Beta-2-microglobulin

HC Heavy chain of an MHC class I molecule
TROSY  Transverse relaxation optimized spectroscopy
HSQC Heteronuclear single quantum correlation
NMR Nuclear magnetic resonance

HCDF High cell density fermentation

BMRB BioMagResBank

Introduction

The major histocompatibility complex (MHC; in human
HLA complex) encodes antigens that play a major role in the
immune system of vertebrates. Two types of these molecules
(class I and class II, respectively) exert their function by
presenting antigenic peptides to either CD8" or CD4* T
lymphocytes that mediate adaptive immune responses. In
addition, the human MHC is associated with almost all
autoimmune diseases and several autoinflammatory disor-
ders (Horton et al. 2004). While many of these are connected
to HLA class II loci, others are clearly associated with MHC
class I alleles, as in the case of the spondyloarthropathy
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Ankylosing Spondylitis (AS) which is associated with HLA-
B27 (Brown 2011; Reveille 2012). Over the last decades, the
connection of AS to HLA-B27 has been a field of intense
research, but the reason underlying the genetic predisposi-
tion is still unknown. Nevertheless, it has been found that
individuals with the HLA-B*27:05 subtype (in short,
B*27:05) may acquire the disease, while those that are HLA-
B*27:09 (in short, B*27:09)-positive do not, although the
difference between these two HLA-B27 subtypes is
restricted to a single amino acid exchange (Aspll6 in
B*27:05 and His116 in B*27:09) at the floor of the peptide
binding groove (D’Amato et al. 1995). We expect that a
comparison of these subtypes using biophysical, biochemi-
cal, and functional techniques will eventually shed light on
the problem how two minimally distinct histocompatibility
antigens can be differentially associated to a multi-factorial
disease such as AS (Ziegler et al. 2009).

Major histocompatibility complex class I molecules are
cell surface membrane glycoprotein complexes that consist
of three components: a highly polymorphic heavy chain
(HC), a non-covalently associated light chain, B,-micro-
globulin (B,m), and a peptide of usually 8 to 10 amino
acids derived from self- or nonself-proteins (Madden 1995;
Rudolph et al. 2006). This extracellular molecular assem-
bly (M;~45 kDa) is anchored to the cell membrane via a
single trans-membrane a-helix and a short intracellular part
of the HC. The protein complex investigated by X-ray
crystallographic or other biophysical techniques consists
exclusively of the three extracellular domains of the HC,
Bom, and a peptide.

A wealth of structural and biophysical information on
HLA-B27 subtypes has accumulated over the last years, in
particular on the subtype pair B¥27:05 and B*27:09. While
X-ray crystallography has revealed that there are consid-
erable conformational differences between the peptides
displayed by the complexes, the structures of the HC and of
B>m, however, are almost indistinguishable (Ziegler et al.
2009). Other methods, while advancing our understanding
of the biophysical properties of HLA-B27 molecules, have
also not been able to account for the different roles of
HLA-B27 subtypes in the pathogenesis of AS, although
experiments with B¥27:05/human ,m-transgenic rats have
shown that the products of the two transgenes are respon-
sible for AS-like symptoms in the animals (Hammer et al.
1990; Taurog 2009). As an example for the structural
organization of MHC class I molecules investigated here,
the structure of B*27:09 in complex with the peptide
pVIPR is shown in Fig. 1, with the peptide in the canonical
conformation (see Table 1).

Apart from elucidating the role of HLA-B27 molecules
in AS (Uchanska-Ziegler et al. 2013), we are interested in
exploring differences between minimally distinct MHC
class I subtypes at atomic resolution in order to obtain a
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Fig. 1 X-ray structure of one of the HLA-B27 molecules investigated
here: the complex consists of B*27:09 (HC), fom and the pVIPR
peptide. The heavy chain and B,m are shown as ribbons in green and
light blue, respectively, while the peptide is shown as stick
representation. Three amino acids of the proteins are shown with
their side chains: the two Trp residues that are discussed here (see also
Fig. 6) and the polymorphic amino acid 116 (His in B¥27:09 and Asp
in B¥27:05), the only difference between the two subtypes. That part
of Bom which shows chemical shift differences between the eight
different complexes investigated here is depicted in red (see also
Fig. 3 for more detail). It can be seen in the structure that the side
chains of the aromatic residues of the peptide (pTrp4 and pTrp7) point
away from the bottom of the binding groove. This orientation of
aromatic peptide residues is observed in all structures of the
complexes discussed here (Ziegler et al. 2009)

more complete description of the surface that is presented
to T-cell receptors. As these experiments rely on the
availability of large amounts of labeled, in particular deu-
terated, proteins, we first describe a high yield, cost-
effective production procedure using high-cell density
fermentation (HCDF). We then assign the backbone reso-
nances of B,m in the complex of B*27:09 displaying the
self-peptide pVIPR. As chemical shift is a sensitive indi-
cator of structural changes, these resonance assignments
serve as the basis to investigate a set of seven further HLA-
B27 molecules by analyzing the variability of the amino
proton and nitrogen chemical shifts in identical positions.
While the overall structures of the different complexes are
extremely similar as seen by X-ray crystallography, we
demonstrate the existence of structural variability of B,m
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Table 1 Properties of the peptides employed in this study

Peptide designation Sequence Peptide conformation
B*27:09 (pdb-code) B*27:05 (pdb-code)
pVIPR RRKWRRWHL CC (1of2) (Hiilsmeyer et al. 2004) 50 % CC, 50 % NC (logt) (Hiilsmeyer et al. 2004)
TIS RRLPIFSRL CC (1wOw) (Hiilsmeyer et al. 2005) CC (1wO0v) (Hiilsmeyer et al. 2005)
pGR RRRWHRWRL CC (3czf) (Ziegler et al. 2009) 2 x NC (2a83) (Riickert et al. 2006)
pLMP2 RRRWRRLTV CC (luxw) (Fiorillo et al. 2005) NC (luxs) (Fiorillo et al. 2005)

Four peptides are used in the present investigation, whose sequences are given together with their conformation when bound to the HC of one of
the HLA-B27 subtypes (CC canonical conformation with the middle of the ligand bulging out of the peptide binding groove, NC non-canonical
conformation in which the middle of the peptide is oriented towards the binding groove). The pdb-code of the structure of the complex and the

relevant reference are also provided

around its highly conserved residue Trp60 which is located
in the center of the B,m-HC interface.

Results
Protein production and sample preparation

Since the present investigation concentrated on B,m, this
protein was the only component that had to be labeled for
NMR experiments. All peptides were synthesized inhouse
by solid-phase procedures and B*27:05 and B*27:09 HC
were produced as previously described (Hiilsmeyer et al.
2002). The refolding protocol for the formation of the
complexes was also carried out using established proce-
dures (Garboczi et al. 1992). The comparison of the
chemical shifts for the set of complexes was performed
using only '°N labeling of B,m and the protein was pro-
duced as published (Fabian et al. 2008).

For the residue assignments, however, one of the com-
plexes had to be produced utilizing *H,"*C,'’N-B,m. The
E. coli strain XA90 which has been used for expression of
Bom since several years did not show a sufficient growth
and expression behaviour in D,O-containing medium in
shaking flasks with or without adaptation. We therefore
decided to establish an expression protocol using HCDF,
based on a protocol developed previously (Fiedler et al.
2007). In order to improve the deuteration level water was
eliminated from the air used in the fermentation. We did
not employ an adaptation of the cells to D,O, but inocu-
lated the D,O-based culture with cells collected from a
preculture (H,O-based, not overgrown, 20 °C over night)
with a starting ODggpnm of 1.2-1.5. The ODggpnm dropped
during the first hours, but increased significantly afterwards
up to a final ODgyopm, Of 12. Cell mass was generated from
unlabeled C and N sources up to 1 h before induction, then
a feed using labeled material was started. This protocol was
used for the production of triple-labeled B,m that was

subsequently incorporated in a complex with the B*27:09
HC and the pVIPR peptide (see Table 1).

Assignment of resonances in f,m using NMR-
spectroscopy

As the first step of the investigation of B,m in different
MHC molecules, an assignment of the backbone reso-
nances in the "H,'>N correlation of complexed p,m had to
be obtained. The experiments to yield spectra for assign-
ment were performed using the B*27:09 subtype and
pVIPR, thus consisting of an HC, B,m and a peptide in the
canonical conformation (Table 1), with 276, 100 and 9
amino acids, respectively. Since the molecular weight of
the complex (45 kDa) is fairly large for NMR spectros-
copy, all experiments were performed as TROSY (Pervu-
shin et al. 1997) versions using a sample in which B>m was
labelled with *H, "’C and "N, while the HC and the
peptide remained unlabelled. A set of six conventional
triple resonance experiments (Cavanagh et al. 1996; Tu-
garinov et al. 2004) were executed: HNCACB/HN(CO)-
CACB and HNCO/HNCACO to obtain two pairs of spectra
that could be used for a standard sequential assignment. In
addition, an HNCA and an HN(CO)CA were performed
using constant-time in the carbon dimension. While these
spectra contain less information than those that also contain
the shifts of the Cg, their superior resolution was used to
resolve overlaps in the other spectra and to check the
assignments for consistency. ,m consists of 100 amino
acids; subtracting the 5 proline residues and the amino acid
in position 1, it should be possible to assign a total of 94
residues. However, only 91 could be assigned, while sig-
nals for three amino acids (His31, Lys58 and Ser88) were
undetectable, most likely because they are broadened by
conformational exchange. In the case of His31, this
assumption is supported by inspection of the X-ray-struc-
ture (obtained at 100 K), which shows two conformations
for this residue in all eight structures of the complexes
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Fig. 2 Assignment of signals for B,m in complex with the B*27:09
HC and the pVIPR peptide. The 'H,'*N-TROSY spectrum of B,m in
complex with B*27:09 and pVIPR shows signals exclusively from
B,m since only this protein was labelled with '>N. All 'H,"°N-

investigated here. Interestingly, an X-ray-structure deter-
mined at room temperature shows only one conformation
for this residue (B. Loll, personal communication). The full
"H,"°N correlation with assignments is shown in Fig. 2.

Transfer of resonance assignments between individual
MHC molecules

Since chemical shift is a sensitive indicator of changes in
structure, we decided to compare the 1H,ISN correlations of
B-m in a set of eight different complexes, using the two HC
mentioned above and the three self-peptides pVIPR, TIS,
and pGR as well as the viral peptide pLMP2 (Table 1).
High-resolution structures obtained by X-ray crystallogra-
phy are available for all eight complexes (see Table 1 for
pdb-codes and references) and indicate that the structure of
Bom is invariable. We expected to be able to transfer the
assignment of pVIPR-B*27:09 to all other complexes and
this turned out to be possible. A comparison of a region of
the 'H,'”°N correlation of pVIPR-B*27:09 and pVIPR-
B*27:05 is shown in Fig. 3. Given that spectra were
recorded using almost identical sample conditions, it is not
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correlations except those of His31, Lys58 and Ser88 are visible and
could be assigned. The resonances in the red circle are those of the
HN/N® pair in the two tryptophan side chains which are more closely
inspected in Fig. 6

surprising that most of the peaks were found in identical
positions, since the structures of the two HC subtypes and
Bom appear to be nearly indistinguishable. The different
conformations (canonical or non-canonical) of the peptides
as determined by X-ray crystallography (Table 1) did not
have a systematic influence on the chemical shifts observed
for Bom residues. Some of the peaks, however, were shifted
slightly, indicating subtle structural differences between
the individual complexes. All assignments were deposited
in the BMRB, the accession codes are given in Table 2.

Comparative analyses of HLA-B27 subtypes
complexed to four peptides

Similar variations as seen in Fig. 3 could be found when
we compared all eight complexes with each other. To
analyse the variability of the chemical shifts in a systematic
manner, an average peak position was calculated from the
shifts of all four spectra of each subtype. To compare the
two subtypes, we calculated the difference between the two
average spectra (Fig. 4a). In addition, the average differ-
ence between the average peak and the peaks in the
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Table 2 BMRB accession codes for the assignment of B,m (a) I:'ll: S33® S
Peptide Sequence BMRB code for B,m assignment o

114 - @

B*27:09 B*27:05

115 - g
pVIPR ~ RRKWRRWHL 19113 19120 116 .357
TIS RRLPIFSRL 19116 19121 17 SS2e 361€

)

pGR RRRWHRWRL 19119 19123 150, 118 D53
pLMP2 RRRWRRLTV 19118 19122 N . o=

120 - L

2{® @ ad @ ’
o L64 e B 65 T48F62
individual spectra was calculated for each of the two sub- 122 - & s @
types (Fig. 4b, c¢). Three regions of f,m show non-negli- 1231 R3 e © ‘ - Q2
gible variations in the chemical shifts in a comparison of ® e

. . . 124 - & e

the two subtypes, the most prominent being the region ‘ @
containing Asp53, Lys58 and Trp60. These residues belong 125 e o
to a loop region that has already been identified as being in 98 96 9.4 92 90 88 86 84 ppm
slow conformational exchange in free f,m (Okon et al. 'H
1992; Esposito et al. 2008; Eichner et al. 2011; Hee et al. (b)

2013). In addition, two other regions, namely the N-ter-
minus and another loop that is contacting the HC (the
region around His31), show enhanced variations in the
chemical shift. Within a given subtype, the variability of
the chemical shifts was less pronounced, but again was
largest in two of the three areas that differ most between
the subtypes, with only the N-terminal residues appearing
unaffected. A graphical representation of the variability
found between subtypes is shown in Fig. 3b.

Analysis of the chemical shift of signals
from tryptophan residues in ,m

In order to further investigate the region’s variability where
it is most prominent, we compared the chemical shifts of
the HNEI protons of tryptophan (red circle in Fig. 2). Bom
contains two Trp residues (see Fig. 1): Trp95 is located in
the core of the structure, while Trp60 resides on the outside
of free fom and within an MHC class I molecule in highly
conserved contacts with residues of the HC. It forms
hydrogen bonds with GIn96 (Trp60°-GIn96™*%) and
Asp122 (Trp60™*'—Asp122°P'2) as well as a universally
retained van der Waals contact with Alal17 of an HC (Hee
et al. 2013) as shown in Fig. 5. All three HC residues are
highly conserved and constitute part of the floor of the
peptide binding groove, in the immediate vicinity of resi-
due 116 which exhibits the highest degree of polymor-
phism of any HC residue in HLA-B antigens (Reche and
Reinherz 2003). If the loop in which Trp60 is positioned
did in fact exhibit structural variability in an HLA-B27
subtype- and peptide-dependent fashion, one would expect
that the position of the Trp60™"*'-bound proton were also

Fig. 3 Transfer of assignment between HLA-B27 subtypes. a A
superposition of two identical regions from the 'H,'>N-HSQC spectra
of pVIPR-B*#27:09 and pVIPR-B*27:05 is shown, both with only B,m
labelled with '>N. While the majority of the resonances are in
identical positions in the spectra, several signals exhibit a slight shift.
Some signals (e.g. S33 and D53) also exhibit broad lines due to
conformational exchange. Differences in chemical shifts can also be
seen between complexes of a given HLA-B27 subtype bound to
different peptides. A full analysis of the shifts is shown in Fig. 4.
b Graphical representation of the chemical shift variability. The
amino acids whose 1H,ISN correlation peaks show a difference of
more than 0.025 ppm between the averaged subtype spectra (Fig. 4a)
are shown with side chains (orange). The backbone of the HC is
depicted in green, that of B,m in light blue. Clearly, only residues at
the interface to the HC show significant variations of the chemical
shift. His31 and Lys58 are missing from the figure since they do not
produce a signal in the spectrum and thus cannot have a value for shift
variability
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Fig. 4 Variability of chemical shifts of B,m residues in a set of eight
MHC class I molecules. Two HLA-B27 subtypes in complex with
four different peptides (see Table 1) are compared. The deviation of
the chemical shifts is always calculated using the formula
shift = sqrt[(AS("H))*> + (AS(**N)/10)®] (AS is the difference in
chemical shift in the respective dimensions). a The differences
between the chemical shifts of the average spectra of both subtypes
(obtained by creating an averaged peak position from all four 'H,""N
correlations for each amino acid) is shown. Three regions reveal the

characterized by a variation in chemical shift, most likely
due to a variation in the length of the hydrogen bond to
Aspl122. This is indeed what we observed (Fig. 6). While

@ Springer

highest degree of variability (see also Fig. 3b): the N-terminus, the
region around His31 and the region around Asp53 and Trp60.
b Chemical shift variation within B*27:09, where the average
deviation between an individual spectrum and the average spectrum is
shown for each amino acid. Only small variation around His31 and
the region around Asp53 and Trp60 is visible. ¢ Chemical shift
variation within B*27:05, with the average deviation between an
individual spectrum and the average spectrum shown for each amino
acid. The variability is comparable to that in B*27:09

the resonance of Trp95 does not show any variation in
chemical shift, thus serving as an ideal internal control,
there are distinct resonance signals for the Trp60 residue in



J Biomol NMR (2013) 57:167-178

173

Fig. 5 Crucial f,m-HC interface residues in the structure of an MHC
molecule. The HC-B,m interface of the TIS-B*27:05 complex is
shown (similar contacts can be found in the other seven complexes).
The backbone of the HC is shown in light grey, that of B,m in grey.
Highly conserved amino acids are shown with their side chains:
GIn96, Alal17 and Asp122 of the HC, Trp60 and His31 in 3,m. Note
the double conformation of His31 which is observed at 100 K. The
polymorphic residue 116 (Asp in B*27:05, His in B*27:09) is
indicated in red script. The three amino acids of the HC that contact
Bom residues are part of the B-strands around the polymorphic amino
acid 116 and form a highly conserved interface (Hee et al. 2013) with
amino acids in B,m. Differences in structure and dynamics of the HC
that are due either to HC polymorphisms or to different peptides are
relayed via this interface. Apparently, the ,m-side of the interface
needs to be flexible to accommodate these differences. The figure was
created using PyMol (DeLano 2002)

each of the eight peptide-HLA-B27 complexes investigated
here. Therefore, these signals are not only distinguishable
for a given HLA-B27 subtype, but are also in characteristic
positions within the spectra for each of the four peptides
employed here, indicating structural variability of the
Trp60 side chain.

Discussion

For a full understanding of the interaction between MHC
class I molecules and their protein ligands such as a TCR,
structural information at atomic resolution is absolutely
essential. An extensive set of high-resolution structures has
become available over the last 25 years, both of the

o B*27:09
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Fig. 6 Subtype- and peptide-dependent variation of the chemical
shift of fom-Trp60. To assess the variation of the peak position for the
HN¢/N? pair of Trp60 in p,m complexed with B*27:09 or B*27:05
and different peptides, only the region of the HY9/N® pairs in the
spectra is shown (red circle in Fig. 2). The resonances of the same
pair of Trp95 remain in an identical position in each spectrum,
independent of the HC or the peptide. In contrast, the HY*/N°® pair of
Trp60 shows two groups of resonances depending on the HLA-B27
subtype and a further variation within each of these two groups that
depends on the bound peptide

individual components (Bjorkman et al. 1987; Madden
et al. 1992; Madden 1995; Ziegler et al. 2009) as well as of
MHC-TCR complexes (Rudolph et al. 2006; Baker et al.
2012). This information has almost exclusively been
obtained through X-ray crystallography and has allowed
addressing many questions, not only regarding the details
of the interaction, but also as far as important immuno-
logical concepts are concerned such as cross-reactivity and
recognition of self-antigens by TCR (Yin and Mariuzza
2009; Gras et al. 2011). It has, however, also become clear
that it will not be sufficient to take only rigid structures into
account, and that information on subtle structural changes
and on the mobility within the individual complexes will
also be required (Baker et al. 2012). Attempts have been
made to obtain such data by comparing X-ray structures
(Garcia et al. 1998; Reiser et al. 2003; Kjer-Nielsen et al.
2003; Borbulevych et al. 2009; Kumar et al. 2009) or by
employing molecular dynamics (MD) simulations (Rognan
et al. 1994; Michielin and Karplus 2002; Wan et al. 2004;
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Zacharias and Springer 2004; Fabian et al. 2008; Narzi
et al. 2012), as well as IR spectroscopic (Fabian et al. 2008,
2010, 2011) and mass spectroscopic procedures (Hodkin-
son et al. 2009; Hawse et al. 2012).

A very important additional method, however, that can
in principle provide a very detailed picture of the mobility
of proteins and protein complexes at atomic resolution is
NMR spectroscopy, which also permits the detection of
motions on a variety of time scales (Mittermaier and Kay
2009; Mittermaier and Kay 2006). For MHC molecules or
TCR, this technique has only rarely been applied (Hare
et al. 1999; Varani et al. 2007; Insaidoo et al. 2009;
Giinther et al. 2010), but with recent advances regarding
the size of the molecules that can be assigned and analyzed
(Tugarinov et al. 2004), MHC class I molecules are now
well within the reach of this method. However, when
addressing the influence of HC polymorphism and different
peptides on the spectroscopic properties of MHC mole-
cules, samples of at least two HLA-subtypes, each equip-
ped with different peptides, need to be produced
(Pohlmann et al. 2004; Winkler et al. 2007; Fabian et al.
2008, 2010, 2011).

To obtain information about structure and dynamics from
NMR spectroscopy, the proteins have to be labeled with
NMR-active isotopes and—given the size of the com-
plexes—also deuterated to improve the relaxation properties
and to make full use of the TROSY-type NMR experiments.
Procedures to express deuterated proteins are still under
discussion since D,0 has serious effects on biological mol-
ecules and consequently on living cells (Kushner et al. 1999;
Giovanni 1961). There are two different approaches to grow
E. coli cells in deuterated medium. One favours the stepwise
adaptation of the cells to higher D,O concentrations (Cohen
et al. 2010; Paliy et al. 2003), the other prefers the direct
inoculation into medium containing 100 % D,O (Leiting
etal. 1998; Zhu et al. 2012). According to information from
the deuteration lab in Grenoble (http://jra7.neutron-eu.net/
FILES/D2.1_report_ EMBL.pdf) the best strategy depends
on the type of E. coli strain. B-type strains (BL21 and its
derivatives) have been characterized as deuterium-tolerant
in contrast to most of the K12 strains which have to be
adapted via increasing D,O content. In line with that we
obtained best expression for 100 % deuterated proteins with
BL21-derivatives without adaption to D,O.

There are several advantages connected with the use of
HCDF: the first is the efficient use of isotopes, with the
expression of triple labeled kinesin in HCDF compared to a
shaking culture performed in our laboratory (J. Zapke,
personal communication) serving as an example: we found
a tenfold yield per 1, using a fivefold amount of '*C and '°N
source resulting in half the costs for these two isotopes.
More importantly, the amount of D,O can be reduced to
one tenth. Another advantage of HCDF is the possibility to
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eliminate H,O from air to obtain particularly high deuter-
ation levels [see for example (Roben et al. 2010)]. On the
other side a drawback of HCDF is the requirement for a
magnetic stirrer, which can lead to disintegration of cells.
In case of target proteins coded on plasmids with Ampi-
cillin resistance P-lactamase is thereby set free into the
medium and reduces the selection pressure, resulting in a
decrease in specific product formation. In those cases we
have successfully used the concentration method (Marley
et al. 2001): here the culture is grown on H,O containing
LB medium, cells are collected in the middle of the log
phase and resuspended in half of the volume of D,O based
M9-medium (K. Rehbein, personal communication).
Another approach that is not as efficient as HCDF but also
makes more effective use of the isotopes is the expression
in Ultra Yield Flasks (Thomson). Moreover, as in HCDF
the oxygen supply is improved in those flasks as compared
to standard flasks.

It can be expected that the dynamic features of the
complexes that will be most important for an understanding
of TCR binding are those of the peptide and the HC, in
particular its ol- and o2-domains. Nevertheless, it should
be kept in mind that an MHC molecule is an entity in
which B2 m, even if it does not contact a TCR, is still part
of the overall complex and is thus likely to participate in
the dynamics of the entire molecule (Hawse et al. 2012). In
addition, this component of the complex will also be in
contact with the CD8 molecule, an integral part of the
recognition assembly. As a first step with regard to a
comparative analysis of all components of MHC class I
molecules, we employed B,m, which exhibits a 'H,5N
correlation with hardly any overlap (Fig. 2). As the struc-
tures of Bom in all complexes investigated here are virtu-
ally indistinguishable (see the references provided in
Table 1) and since all spectra were recorded with freshly
prepared samples at the same temperature, field strength,
and concentration, any variation of chemical shifts indi-
cates a subtle change in structure and thus points toward
plasticity within the protein. Changes in chemical shift can
also be caused by effects of anisotropy, in particular when
aromatic side chains are present or in cases of a variation of
the number of aromatic residues between bound peptides as
in MHC class I molecules. As can be seen from Fig. 1,
however, aromatic peptide side chains of the complexes
investigated here point outward and thus away from the
interface. The other variation is that of residue 116, the
micro-polymorphism distinguishing B*27:05 and B*27:09.
This residue is also pointing away from the interface but is
still close to the side chain of Trp60 (see below).

We observe that the differences between the two HLA-
B27 subtypes complexed with four peptides are on one
hand sufficiently small to transfer the assignment obtained
for the pVIPR-B*27:09 complex to the others, but on the
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other hand sufficiently large to find significant differences
(Fig. 3). We have previously analyzed the distinction
between B,m free in solution and when bound within the
pVIPR-B*27:09 complex (Hee et al. 2013), revealing that
four regions of B,m (the N-terminus, residues 30-33, res-
idues 51-63, as well as residues 88—89) show increased
dynamics in free form. Upon binding to the HC, the protein
rigidifies, but still exhibits enhanced mobility in the case of
three regions of the protein, with three residues that could
not be assigned due to conformational exchange (His31,
Lys58, Ser88). Here we demonstrate that the remaining
plasticity in these regions leads to subtle structural differ-
ences between very closely related MHC class I molecules
(Figs. 3, 4).

IR spectroscopic experiments as well as MD simulations
have previously been performed on the same complexes.
Both types of analysis showed that larger fluctuations exist
in the peptide binding groove of B*27:05 than in that of
B#27:09 (Fabian et al. 2008, 2010, 2011; Narzi et al. 2012).
According to these studies, HC flexibility must be regarded
as an HC-intrinsic, MHC polymorphism-dependent prop-
erty. We have already suggested a molecular explanation
for the finding that the buried HC residue 116 can exert a
pronounced effect on the dynamics of the two a-helices of
the molecule, although there are no direct contacts between
the floor and the rims of the peptide binding groove,
respectively. Our reasoning involves interactions between
this polymorphic residue, the water cushion below the
peptide, and universally preserved contacts between the
main chain of a peptide and residues belonging to each of
the a-helices (Fabian et al. 2010, 2011). In addition, elec-
trostatic attraction between the HC residues Asp77 and
His116 (B*27:09) or repulsion (Asp77 and Aspll6 in
B27:05) might influence the mobility of the al-helix, as
suggested by MD simulations (Narzi et al. 2012). Simi-
larly, it is likely that the structure of Pf,m has to change
slightly to accommodate distinct HC structures via a con-
served network of contacts between highly conserved HC
residues (GIn96, Alall7, and Aspl22) and equally con-
served PB,m amino acids (His31 and Trp60) (Fig. 5). These
HC residues are either next (Ala 117) to the polymorphic
HC residue 116 or in close vicinity, i.e. on neighboring B-
strands (GIn96, Asp122).

Changes in the spectrum are particularly pronounced for
the side chain of Trp60, an evolutionarily retained (Hee
et al. 2013) key residue in B,m (Figs. 1, 6). Remarkably,
differences are not only evident between the two HLA-B27
subtypes, but are also obvious within a given subtype,
dependent on which of the four peptides is bound. The
variation between the peptides and the difference between
minimally distinct HC and peptides complexed with a
given subtype cannot be explained with effects of anisot-
ropy alone. It is far more likely that a subtle variation in

structure is present, in particular since the chemical shift
observed here is sensitive to the length of hydrogen bonds
between Trp60 and residues of the HC. It seems plausible
that direct contacts to f,m-Trp60 through the HC residues
GIn96 and Aspl22 (via H-bonds) as well as Alall7 (via
van der Waals contacts) contributes to the transfer of
changes in the HC to B,m. The Bf,m region which we find
to exhibit the most pronounced alterations and that is likely
to be influenced particularly by exchanges of residues in
the peptide binding groove, either due to HC polymor-
phisms or variation of the peptide, is that which is con-
tacted also by a CD8 molecule in the target/effector cell
complex (Trp60, Lys58) (Gao et al. 1997, Shi et al. 2011).

Conclusions

Apart from providing an efficient protocol for the production
of large quantities of the protein components of MHC class I
molecules labelled with NMR-relevant isotopes, the most
important result of our study is the realization that MHC
polymorphisms can influence not only the structure of the
HC or the conformation of the binding groove, but also that
of B>m in MHC class I molecules. The successful transfer of
the assignment of B,m in the pVIPR-B*27:09 complex to
Bom in seven further B*27:05 and B*27:09 complexes
reveals that certain parts of the protein exhibit a plasticity
that results in subtle structural adjustments in the various
complexes. This influence is especially notable in the case of
Bom-Trp60, whose structure and contact to the heavy chain
depends not only on the HC of the HLA-B27 subtype with
which B,m is complexed, but even on as yet unknown
properties of a bound peptide. Our work lays the foundations
for a quantification of protein mobility in MHC class I
complexes and a full analysis of the relaxation times. It is
important to note, however, that a complete investigation of
the dynamics of the protein-protein interface in MHC mol-
ecules will require the study of both B,m and the HC and
would therefore go beyond the scope of this paper. Work to
obtain assignments for HC residues and to perform a full
dynamic analysis of both sides of the interface is in progress
in our laboratory. Such studies will eventually contribute to
shed light on the importance of protein dynamics for rec-
ognition processes in immune responses, both physiological
as well as pathological.

Materials and methods
Production of 2H, ! 3C, 5N B,-microglobulin

Triple-labeled B,m was produced by HCDF (DASGIP
Jillich, Germany): a pHNI-based construct (MacFerrin
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et al. 1990) of human ,m was used to transform E. coli
XA 90. 400 pl of an overday preculture grown in 4 ml LB
medium at 37 °C with 300 pg/ml carbenicillin (a fivefold
concentration of antibiotics compared to the standard is
typically employed in every step of the cultivation) were
used to inoculate an overnight culture of 400 ml at 20 °C in
the same medium. Next day the cells were collected by
centrifugation at 5,000g and washed with 150 mM NacCl in
D,O. The pellet was finally resuspended in 100 ml of
150 mM NaCl in D,0. 20 ml were used to inoculate a
250 ml HCDF. The batch medium was 99.8 % D,0O-based
minimal medium (twofold M9 salts, trace elements, 2 mM
MgSO,, 0.3 mM CaCl,, 3 mg/l thiamin and biotin) with
unlabeled glucose (8 g/I) and NH4C1 (2 g/I). The D,O-
based expression feed (15 ml) contained fivefold M9 salts,
trace elements, fivefold thiamin and biotin, 4 g d7—13C—
glucose and 1 g '"N-NH,Cl. The pH was automatically
adjusted to 7.5 by adding 2 M NaOD. The stirrer speed was
fixed to 500 rpm at levels of dissolved oxygen above 30 %
and increased slowly and automatically up to 1,000 rpm
when the level dropped below 30 %. The air consumed in
the fermentation was dried using a 1.3 kg column of
molecular sieve 3A (AppliChem). The temperature
decreased from 37 to 22 °C at the beginning of the labeled
expression feed, triggered by the increase of oxygen dis-
solved in the medium above 60 % due to the total
exhaustion of carbon and nitrogen sources in the batch
fluid. The labeled expression feed ran over 15 h with 1 ml
per h. The induction feed consisting of 5 ml 1M isopropyl-
B-p-thiogalactopyranoside in D,O began 1 h after the
expression feed and was applied at 40 ml/h. At the end of
the fermentation, the culture was cooled to 12 °C and left
for harvesting on the next day. Typically an ODggonm of 12
is reached, corresponding to about 37 g of wet biomass
from 1 1 of culture.

Production of the complexes

All further procedures for the production of the heterotri-
meric MHC class I molecules have previously been
described: The production of '°N-labeled B,m, the purifi-
cation of B,m from inclusion bodies, the production of
B*27:05 and B*27:09 HC as well as the reconstitution of
the components to yield heterotrimeric complexes (Gar-
boczi et al. 1992; Hiilsmeyer et al. 2002; Fabian et al.
2008). Four peptides (pVIPR, derived from vasoactive
intestinal peptide type 1 receptor; TIS, derived from epi-
dermal growth factor response factor 1; pGR, derived from
glucagon receptor and pLMP2, derived from latent mem-
brane protein 2 of Epstein—Barr virus) were employed for
the reconstitutions. The origin of the peptides, their
sequences and conformations within the B*27:05 and
B*27:09 binding grooves (canonical or non-canonical), as
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well as the respective reference are given in Table 1. An
overview regarding structural and thermodynamic features
of these complexes is provided by Ziegler and co-workers
(Ziegler et al. 2009).

NMR-spectroscopy

All samples were produced with B,m labelled for NMR
spectroscopy (PH, *C, >N for the assignment, "N for the
comparison of chemical shifts). The buffer used for NMR
spectroscopy contained 150 mM NaCl and 10 mM phos-
phate, pH 7.5. All NMR spectra used in the assignment pro-
cedure were recorded at 310 K on AV600 Bruker
spectrometers (600 MHz 'H frequency). The sample con-
tained triple labelled B,m and had a concentration of 8.5 mg/
ml. The HNCACO was recorded using a TXI cryoprobe
equipped with a self-shielding z-gradient, while all other
spectra were measured using a TCI cryoprobe, also equipped
with a self-shielding z-gradient. The following parameters
were used for the experiments: 2D TROSY: 8 scans, data size
512("H)*256('°N)  complex points, tymax = 51.2 ms,
tnmax = 85.0 ms; HNCACB and HNCOCACB 32 scans,
data size S512('H)*40(°N) *48('3C) complex points,
tHmax = 1.2 mS, tymax = 13.3 ms, tcmax = 4.8 ms; con-
stant time HNCA 16 scans, data size 512('H)*48('°N)
*96(13C) complex points, constant time delay (13C) = 27 ms,
tHmax = 1.2 mS, tymax = 15.9 ms, temax = 19.2 ms; con-
stant time HNCOCA 16 scans, data size 512('"H)*48('°N)
*100( 13C) complex points, constant time delay (13C) =
27 ms, tgmax = 1.2 mS,  tymax = 15.9ms,  temax =
20.0 ms; HNCACO 48 scans, data size 512('H)*40('°N)
#31(13C) complex points, tymax = 51.2 mS, tNmax =
13.3 ms, tomax = 12.4 ms; HNCO 8 scans, data size
512('H)*48("°N)  *48('*C) complex points, timax =
51.2 mS, tymax = 15.9 ms, tcpax = 19.2 ms. All 3Ds were
executed as TROSY versions. Recycle delays of 1.3 s were
used.

The spectra for the comparison of f,m in complex with
different peptides and different HC subtypes were recorded
at 310 K on a AV750 Bruker spectrometer (750 MHz 'H
frequency) using a TCI cryo probe. The following param-
eters were used for the HSQCs: 16 scans, data size
512('"H)*128('°N) complex points, tymax = 41.0 ms,
tNmax = 33.8 ms.

In all cases, processing was performed using topspin 2.1
(Bruker Biospin, Karlsruhe, Germany). The processed data
were first converted to UCSF-format (Goddard and Kneller
2004) and subsequently transferred to CCPN (Vranken
et al. 2005) for assignment.
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