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Abstract Small heat-shock protein chaperones are im-
portant players in the protein quality control system of
the cell, because they can immediately respond to par-
tially unfolded proteins, thereby protecting the cell from
harmful aggregates. The small heat-shock proteins can
form large polydisperse oligomers that are exceptionally
dynamic, which is implicated in their function of pro-
tecting substrate proteins from aggregation. Yet the
mechanism of substrate recognition remains poorly un-
derstood, and little is known about what parts of the
small heat-shock proteins interact with substrates and
what parts of a partially unfolded substrate protein in-
teract with the small heat-shock proteins. The transient
nature of the interactions that prevent substrate aggrega-
tion rationalize probing this interaction by crosslinking
mass spectrometry. Here, we used a workflow with
lysine-specific crosslinking and offline nano-liquid chro-
matography matrix-assisted laser desorption/ionization
tandem time-of-flight mass spectrometry to explore the
interaction between the plant small heat-shock protein
Hsp21 and a thermosensitive model substrate protein,
malate dehydrogenase. The identified crosslinks point
at an interaction between the disordered N-terminal re-
gion of Hsp2l and the C-terminal presumably unfolding
part of the substrate protein.
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Introduction

Small heat-shock proteins (sHsps) can interact with unfolding
proteins to prevent their irreversible aggregation, thereby pro-
tecting cells from toxic aggregates (Basha et al. 2011;
Nakamoto and Vigh 2007). Together with other molecular
chaperones, they are important players in the protein quality
control system, which takes care of unfolded and misfolded
proteins in order to maintain protein homeostasis (proteostasis)
in cells (Hartl et al. 2011). The sHsps do not require ATP and
can hold substrate proteins in a refolding-competent state until
ATP-dependent chaperones such as the Hsp70 and Hsp100
family members can promote refolding. An alternative desti-
nation of unfolded proteins, which may be at least as important
for proteostasis as refolding, is the degradation machinery
(Tyedmers et al. 2010), although the molecular details of this
route are less well known. Irrespective of the final destination
of unfolded proteins, sHsps can act as a first line of defence
against the threat of unfolded proteins, capable of sensing very
subtle changes in the stability of proteins (McHaourab et al.
2009). Considering the presence of multiple sHsp genes in
almost all organisms (Haslbeck et al. 2005), their implication
in a variety of different diseases (Sun and MacRae 2005), and
their dramatic upregulation into the most abundant proteins
upon stress (Beck et al. 2009), it is obvious that sHsps play an
important role in maintaining proteostasis in the cell.

The elucidation of sHsp structure and function has been
challenging because of their polydispersity and dynamics,
both with respect to oligomeric structure and substrate bind-
ing (Eyles and Gierasch 2010). The common feature of
sHsps is the (-sandwich-forming «-crystallin domain,
which consists of around 90 amino acid residues. Two such
domains form the dimeric building blocks of higher-order
oligomers. Dimer formation is mediated by either (3-strand-
exchange of a strand called 36 (in plant, yeast, and bacteria
sHsps), or by the interaction of two extended [(3-strands
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called p6+7 (in metazoan sHsps) (Basha et al. 2011;
Poulain et al. 2010). The o-crystallin domain is flanked by
the N-terminal region and the C-terminal extension, both of
which are important for oligomer formation. The N-terminal
region is very diverse across the sHsp superfamily and often
not well-defined in crystal structures of sHsps determined so
far (McHaourab et al. 2009). The C-terminal extension has a
highly conserved I/V/L-X-1/V/L motif, which was shown to
bind a hydrophobic groove on neighboring dimers in the
larger oligomers in crystal structures of sHsps (Kim et al.
1998; Laganowsky et al. 2010; Laganowsky and Eisenberg
2010; Van Montfort et al. 2001).

The only two sHsps that have been crystallized in their
native oligomeric state are Methanocaldococcus jannaschii
Hsp16.5 and wheat Hsp16.9 (Kim et al. 1998; Van Montfort
et al. 2001). In both crystal structures, the C-terminal I/V/L-
X-I/V/L motif binds neighbouring dimers, but M. jannaschii
Hsp16.5 forms a 24-mer and wheat Hsp16.9 forms a 12-
mer, which is illustrating how the same interaction can give
rise to different oligomeric states. Whereas M. jannaschii
Hsp16.5 and wheat Hsp16.9 form homogeneous oligomers,
other sHsps form heterogeneous oligomers. Human «B-
crystallin was shown to form an ensemble of differently
sized oligomers ranging from 12- to 48-mers by native mass
spectrometry (Baldwin et al. 2011c¢), explaining failing crys-
tallization attempts of the full-length protein. The same C-
terminal I/V/L-X-I/V/L motif interaction in all individual
aB-crystallin monomers is responsible for oligomeriza-
tion and governs the equilibrium dynamics of the het-
erogeneous ensemble (Baldwin et al. 2011a).

The dynamic nature of sHsp oligomers was long since
established by monitoring the subunit exchange of sHsp
heterooligomers by FRET (Bova et al. 1997; 2000) and
more recently by native MS (Painter et al. 2008), and the
dynamics and polydispersity of sHsps are clearly linked to
their function of binding substrate proteins and protecting
them from aggregation. Combining NMR, ion-mobility na-
tive mass spectrometry, and EM, structural models of the
most abundant oligomeric states (24-, 26-, and 28-mers) and
a model for the conversion between them have been pro-
posed, providing a deeper understanding of the polydisper-
sity and dynamics of sHsp structures (Baldwin et al. 2011b).
Further increasing possible complexity, it has been found
that various human sHsps may form mixed heterooligomers
(Mymrikov et al. 2012). The stable protein complexes
formed between sHsp and substrate proteins also appear to
be polydisperse (Stengel et al. 2010), with complexes of pea
Hsp18.1 and substrate protein luciferase comprised of var-
iable numbers of both sHsp and substrate protein, covering
over 300 different stoichiometries.

Despite the recent advancements in understanding the
structure and dynamics of sHsps, the mechanism of sub-
strate recognition, which is essential to their function,
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remains poorly understood. The sHsps prevent aggregation
by stabilizing partially folded intermediates via weak and
transient interactions, which eventually leads to the forma-
tion of stable protein complexes (Lindner et al. 2001). The
folding pathway is a fast and reversible process, in which
the natively folded form of a protein is in equilibrium with
partially folded intermediates and unfolded forms. Under
conditions in which the partially folded intermediates per-
sist, such as cellular stress or when heat-sensitive model
substrate proteins are exposed to elevated temperatures,
the protein leaves the folding pathway and enters the protein
oft-folding pathway, which is relatively slow, in the order of
seconds (Ecroyd and Carver 2008). Under these conditions,
a kinetic competition exists between substrate protein ag-
gregation and substrate protein interaction with sHsps
(Lindner et al. 2001; McHaourab et al. 2009).

In this study, we aim to gain insight into such interactions
that compete with and prevent aggregation. We have used
crosslinking mass spectrometry, i.e., the mass spectrometric
detection of crosslinked peptides, to investigate crosslinks
between proteins. This approach (also called CXMS) is cur-
rently maturing into a useful approach to characterize protein—
protein interactions, even though some technical obstacles still
prevent its exploitation to its full potential (Leitner et al. 2010;
Singh et al. 2010; Sinz 2006). Our previously developed
workflow, using lysine-specific crosslinking, offline nano-
liquid chromatography matrix-assisted laser desorption/ioni-
zation tandem time-of-flight (LC MALDI-TOF/TOF) mass
spectrometry and an in-house developed program FINDX,
was shown to allow the identification of true crosslinks that
are all within crosslinking distance (<20 A), mapping well
into the structure of a protein oligomer (Lambert et al. 2011b;
Soderberg et al. 2012). In CXMS, unmodified peptides are the
most abundant, closely followed by peptides with a dead-end
crosslink modification (type 0) and after this, intra-peptide
crosslinks (type 1). Thereafter, inter-peptide crosslinks (type
2) within the same subunit (intra-monomeric) are still abun-
dant enough to be fairly easily detected, whereas the more
informative inter-peptide crosslinks (type 2) between two
subunits (inter-monomeric) within a protein complex are very
low in abundance and difficult to detect (Soderberg et al.
2012). To detect inter-peptide crosslinks (type 2) between
two transiently interacting proteins is therefore challenging.
Nevertheless, having this workflow at hand, we decided to see
to what extent it is possible to explore the interaction between
sHsps and a model substrate protein.

The chloroplast-localized sHsp, Hsp21, increases plant
resistance to heat stress upon overexpression (Harndahl et
al. 1999), and we have previously characterized its structure
and function (Ahrman et al. 2007a, b; Lambert et al. 2011a).
We found that Hsp21 has an even better chaperone activity
compared with human «B-crystallin, the most well-
characterized sHsp. Furthermore, Hsp21 has, compared with
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human «B-crystallin and cytosolic plant homologues, a
longer N-terminal arm containing a conserved methionine-
rich motif, which is believed to be important for substrate-
binding. Here, we present data on the chaperone activity of
Hsp21 towards the model substrate protein malate dehydro-
genase (MDH), and the crosslinks identified for the Hsp21—
substrate interaction under conditions where the initial inter-
actions in the process of sHsp substrate recognition suppos-
edly are captured. The identified crosslinks point at an
interaction between the disordered N-terminal region of
Hsp21 and the C-terminal presumably unfolding part of
the substrate protein.

Materials and methods
Proteins and reagents

Recombinantly expressed Hsp21 from Arabidopsis thaliana
(UniProtKB ID P31170) was obtained as previously described
(Ahrman et al. 2007b). MDH (UniProtKB ID P00346) from
Sus scrofa (pig) was purchased from Roche (Basel, Switzer-
land). For the crosslinking experiments, proteins were
desalted and buffer exchanged into crosslinking buffer, con-
sisting of 50 mM HEPES (4-(2-hydroxyethyl)-1-piperazine
ethanesulfonic acid) at pH 8.0, 150 mM NaCl, and 5 mM
MgCl,, using disposable PD-10 protein desalting columns
(GE Healthcare, Little Chalfont, UK). Protein concentrations
are those of monomeric Hsp21 (21 kDa) and MDH (33 kDa)
and were determined with the Bradford assay (Stoscheck
1990), using bovine serum albumin (UniProtKB ID P02769)
as a standard. The isotope-labelled crosslinking reagent BS®
(bis[sulfosuccinimidylsuberate]), consisting of a 1:1 molar
ratio mixture of BS®>-H12 and BS*-D12, was purchased from
Creative Molecules Inc. (Victoria, Canada).

In vitro chaperone activity by light-scattering

MDH aggregation was evaluated by following the light-
scattering changes at 360 nm. Samples in buffer (50 mM
HEPES pH 8.0, 5 mM MgCl,, and 100 mM NaCl, or other-
wise as stated) were mixed at various concentrations of Hsp21
and 10 or 5 uM of MDH, as indicated, to a final volume of
150 pl in a 96-well plate (Mikroplate Corning 3881, 96-well,
low binding, half area, Corning Incorporated Life Sciences,
Acton, MA, USA). The plate was sealed with a plastic film to
avoid evaporation and inserted in the FLUOstar Omega
microplate reader (BMG Labtech, Offenburg, Germany),
which was set to 45 °C and continuous shaking. Absorbance
measurements at 360 nm were recorded every 80 s for up to
24 h. In absence of Hsp21, light-scattering increased after a
lag-phase of approximately 30 min and was completed after
2-3 h, depending on the salt conditions.

Non-denaturing electrophoresis

Samples were pre-incubated at 25 °C or 43 °C. Samples in
buffer (50 mM HEPES pH 8.0, 150 mM NaCl, and 5 mM
MgCl,) contained Hsp21 (25 uM) and model substrate pro-
tein (MDH, 25 uM) pre-incubated separately or mixed ata 1:1
molar ratio calculated on monomer to monomer basis. Non-
denaturing polyacrylamide gel electrophoresis (Native-
PAGE) was performed using NativePAGE™ Novex® Bis—
Tris gels (3—12 % gradient, Bis—Tris buffer pH 7.6, Life
Technologies Europe BV, Stockholm, Sweden). Approxi-
mately 5 nug was loaded of each protein. During the run (for
90 min), the gels were stained by CBB G-250, added accord-
ing to the manufacturer’s instructions to the running buffer, in
order to charge proteins negatively without denaturation. At
pH 7.6 however, the intrinsic charge of MDH (pI=8.6) is
positive and the negative charging from the CBB stain not
enough to make it focus into sharp bands, but it was still
possible to evaluate from the Native-PAGE when MDH was
complexed to Hsp21 or not. A superior resolution is obtained
for Hsp21 and most other proteins, by another commercially
available Native-PAGE system (Native-PAGE Phastgel™, §—
25 % gradient, Tris—alanine buffer, pH 8.8, GE Healthcare,
Uppsala, Sweden) (see Supplementary Fig. S-1, and comment
therein); however, this system is not possible to use with
MDH since, at pH 8.8, it is basically uncharged.

Denaturing electrophoresis

Denaturing gel electrophoresis (sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE)) was per-
formed using precast 4-12 % NuPAGE® Bis-Tris Gels
(Life Technologies Europe BV, Stockholm, Sweden) in
MES buffer according to the manufacturer’s instructions.
Samples were diluted with LDS sample buffer (4x) (Life
Technologies Europe BV, Stockholm, Sweden) and solubi-
lized for 10 min at 95 °C. Gels were stained with Coomassie
Brilliant Blue G-250 according to the Quick-stain colloidal
CBB protocol (Lawrence and Besir 2009).

Chemical crosslinking

The protein concentration was 50 uM for each protein, or
otherwise as indicated. The crosslinker BS® (bis[sulfosucci-
nimidylsuberate]) was dissolved in distilled water to a con-
centration of 30 mM immediately before use. Sample
aliquots of 20 ul were pre-incubated at 45 °C for 30 min
and then incubated with isotopically coded BS® (final con-
centration 3 mM, or less where indicated) at 45 °C. After
20 min, the crosslinking reaction was quenched by adding
1 M Tris-(hydroxymethyl)-aminomethane (Tris) to a final
concentration of 20 mM. To remove excess reagent and Tris
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and to concentrate the proteins, the samples were precipitat-
ed with freeze-cold acetone.

Trypsin digestion

The protein pellets from acetone-precipitation were careful-
ly re-dissolved in 20 pl 25 mM NH4HCOs;, pH 7.8. The
samples were digested with sequencing-grade modified
trypsin (Promega, Madison, WI, USA) at 37 °C at a prote-
ase/protein (w/w) ratio of 1:100 for 1 h, followed by a ratio
of 1:50 overnight. All samples were acidified by adding 2 ul
10 % trifluoroacetic acid (TFA) and stored at —20 °C until
further analysis.

Reversed-phase liquid chromatography prior
to MALDI-TOF/TOF mass spectrometry

The samples were separated by reversed-phase liquid chro-
matography using an 1100 Series Nanoflow LC system
(Agilent Technologies, Waldbronn, Germany). The mobile
phases used for separation were composed of A—1 % (v/v)
acetonitrile and 0.1 % (v/v) TFA and B—90 % (v/v) aceto-
nitrile and 0.1 % (v/v) TFA. For each sample, 2, 8, or 20 pl
was injected, which was estimated to contain approximately
50, 200, or 500 pmol peptides. Samples were loaded onto a
Zorbax 300SB-C18 0.3 mm pre-column (Agilent Technol-
ogies) in buffer A at a flow rate of 0.040 ml/min, delivered
by the isocratic pump. By switching the micro 6-port/2-
position module, the nano-pump delivering a linear gradient
from 0 % to 100 % buffer B (flow rate, 1.4 ul/min) was then
connected to the pre-column to move the sample onward to
the separation column, a PepSwift Monolithic Capillary
Column (200 pm i.d.x5 cm) (Dionex, Amsterdam, The
Netherlands). Before starting to collect fractions for a sam-
ple, 2 ul was injected to saturate the column and eluted into
waste. Peptides eluted between about 5 % and 45 % buffer B
and were collected in 64 or 192 fractions on the matrix-
assisted laser desorption/ionization target plate.

MALDI-TOF/TOF mass spectrometry

Matrix solution consisting of 5 mg/ml o-cyano-4-hy-
droxy cinnamic acid, 50 % acetonitrile, 0.1 % TFA,
25 mM citric acid, and standard peptides (angiotensin
II, m/z 1046.541; neurotensin, m/z 1672.91 and ACTH
18-39, m/z 2465.199) for internal calibration was man-
ually applied to the dried peptide fractions and allowed
to dry. Mass spectrometric data were acquired using a
4700 Proteomics Analyzer (Applied Biosystems/MDS
SCIEX, USA) in the positive reflector mode. The spec-
tra were internally calibrated using the standard pepti-
des. After MS-data analysis by FINDX, inclusion lists
with peaks suggested to be crosslinked peptides were
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used for selection of crosslink precursors for tandem
mass spectrometry (MS/MS) fragmentation. MS/MS
spectra were recorded in the MS/MS 1 kV positive
mode with 3,000 laser shots per spectrum, or manually
with various settings to optimize the output.

Data analysis

Mass spectrometric data were analyzed with FINDX
version BS3g beta3 20ppm, using the following set-
tings in MS mode: crosslinking reagent, BS®; isotope-
labelled, yes (1:1 mixture of BS’-H12 and BS>-D12);
enzyme used, trypsin; number of missed cleavages
allowed, 4; included in theoretical digest: dead-end
(both hydrolyzed and Tris), intra-peptide, and inter-
peptide crosslinks, all with possibly one extra dead-end
crosslinker modification, methionine oxidation allowed;
precursor tolerance, 20 ppm; peaklist merging of differ-
ent LC-separated fractions of the same sample at
5 ppm; mass accuracy of the mass difference between
the isotope doublet peaks, 20 ppm; intensity ratio devi-
ation from 1 between the isotope doublet peaks, 0.67
(allowed difference of 50 %); no reference sample.
Crosslink candidates were discarded if their mass
matched (within 60 ppm) one or several other peptides
modified with the crosslinking reagent (ambiguity). Be-
cause the FINDX analysis did not consider a reference
sample (non-crosslinked sample), all crosslink candi-
dates presented here were compared with a theoretical
digest of both Hsp21 and MDH, generated by GPMAW
(Peri et al. 2001) and confirmed not to match any
unmodified peptides. The following settings were used
in FINDX in MS/MS mode: crosslinking reagent, BS?;
isotope-labelled, yes (1:1 mixture of BS*-HI12 and BS*-
D12); enzyme used, trypsin; number of missed cleav-
ages allowed, 4; included in theoretical digest: dead-end
(both hydrolyzed and Tris), intra-peptide, and inter-
peptide crosslinks, all with possibly one extra dead-end
crosslinker modification, methionine oxidation not
allowed; precursor tolerance, 50 ppm; MS/MS fragment
tolerance, 400 ppm.

Results

Chaperone activity of Hsp21 toward the model substrate
protein malate dehydrogenase (MDH)

Suppression of thermal-induced aggregation of heat-
sensitive model substrate proteins is commonly used to
assess in vitro chaperone activity (Ehrnsperger et al.
1997), even though this may not necessarily reflect the full
activity in vivo (Giese et al. 2005). We measured the light-



Probing transient sHsp-substrate protein interaction by crosslinking MS

79

scattering increase at 45 °C, which is indicative of aggrega-
tion and precipitation of the heat-sensitive model substrate
protein MDH. In absence of Hsp21, MDH started to form
precipitates after about 30 min, with different salt conditions
giving somewhat different lag phase periods but similar
endpoints. At molar ratios of Hsp21/MDH of 1/1 or higher
(Fig. 1a), the light-scattering increase was fully suppressed.
As the Hsp21/MDH molar ratio was decreased to below 1/
1, suppression was no longer complete (Fig. 1b). Thus,
Hsp21 can protect MDH at a molar ratio >1. Since the
monomeric masses of Hsp21 and MDH are rather sim-
ilar (21 and 33 kDa), we can conclude that Hsp21 can
protect an amount of substrate protein MDH of up to
about its own mass, which is consistent to what has
previously been reported for other sHsps and substrate
proteins (Basha et al. 2011).

Hsp21
/MDH
- 60/10 1*
- 3010
-—10/10
—0/10
60/10 2*
30/10
10110
- 0/10
60/10 3*
- 30/10
=100
010

Light-scattering at 360 nm

Hsp21
/MDH

= 24/5
—12/5
~6/5
=315
- 1.5/5
—0/5

Light-scattering at 360 nm

0 50 100
Time (min)

Fig. 1 Hsp2l chaperone activity towards heat-treated MDH. The
model substrate MDH was heat-treated by incubation at 45 °C in
absence or presence of varying amounts of Hsp21. Thermal-induced
precipitation of MDH was followed as light-scattering increase over
time, and the suppression of light-scattering increase in presence of
Hsp21 used to assess the chaperone activity. Samples assayed in
duplicate or triplicate are marked with same color. The numbers of
the ratios in the legend refer to concentrations (Hsp21/MDH)
expressed in micromolars. a Hsp21/MSH molar ratios 1/1 and above,
under different salt conditions (*): 1, low salt; 2, 0.1 M NaCl; 3,0.2 M
Na,SO4. b Hsp21/MDH molar ratios 1/1 and below, in 0.1 M NaCl

Crosslinking Hsp21 and MDH to capture the interactions
protective in thermal-induced unfolding

We crosslinked Hsp21 and the model substrate protein
MDH with the lysine-specific crosslinking reagent BS®
(bis[sulfosuccinimidylsuberate]), to characterize possible
sites of interaction between the small heat-shock protein
and the unfolding substrate protein. After prolonged incu-
bation at high temperature, sHsps and substrates form irre-
versible stable protein complexes, a process that can only be
reversed with the help of other chaperone proteins (Basha et
al. 2011). However, the sHsp—substrate interaction is initial-
ly transient and reversible as shown, e.g., for aB-crystallin
(Lindner et al. 2001). We have repeatedly observed that a
heat-treatment of model substrates in presence of Hsp21 is
sufficient to rescue the substrate protein from aggregation,
although no stable Hsp2l-substrate protein complexes
form, as shown for Hsp21 and MDH (Fig. 2). To catch a
glimpse of the transient and reversible interactions that
protect against aggregation, we crosslinked samples where
Hsp21 and MDH were pre-incubated for 30 min at 45 °C
before adding the crosslinker.

As revealed by SDS-PAGE, crosslinked species with a
molecular weight of more than either monomeric Hsp21 or
monomeric MDH were the result of this crosslinking reac-
tion (Fig. 3). Without pre-incubation for 30 min at 45 °C
(Fig. 3, lane 2), bands are visible at around 45 and 66 kDa,
which presumably represent crosslinked Hsp21 dimer and
MDH dimer, respectively. With pre-incubation for 30 min at
45 °C (Fig. 3, lanes 3-6), several additional bands are
visible which may represent species of crosslinked Hsp21
and MDH. The most prominent of these, at around 55 kDa,
matches the mass of one Hsp21 monomer and one MDH
monomer. The bands with molecular weights of around
97 kDa and higher may be mixed Hsp21 and MDH cross-
linked species of different stoichiometries. Samples pre-
incubated at 45 °C contained high-molecular-weight species
which had not entered the gel, material which we know is
enriched in crosslinks (Soderberg et al. 2012). All crosslinks
presented in this study were identified by analyzing the total
crosslinked Hsp21-MDH sample (the unfractionated sample
that was loaded to SDS-PAGE), because in our experience
the crosslink yields are generally higher with in-solution
digests as opposed to in-gel digests.

Mass spectrometric analysis of crosslinked Hsp21
and MDH samples

By protease digestion of the crosslinked protein samples and
subsequent mass spectrometric analysis of the resulting
peptides, it is possible to identify peptide pairs that have
been crosslinked after pre-incubation for 30 min at 45 °C,
reflecting spatial proximity during the crosslinking reaction.
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Fig. 2 MDH heat-treated in absence and presence of Hsp21 analyzed
by Native-PAGE. Samples were pre-incubated at 25 °C or 45 °C as
indicated and directly loaded on Blue-Native PAGE (3—12 % gradient,
Bis—Tris buffer pH 7.6). MW, molecular weight marker; lanes 1 and 2,
MDH and Hsp21, respectively, pre-incubated at 25 °C; lanes 3 and 4,
MDH and Hsp21, respectively, pre-incubated at 45 °C (note that
aggregated MDH does not enter the gel); /ane 5, Hsp21 and MDH
mixed at a 1/1 molar ratio and pre-incubated for 30 min at 25 °C; lane
6, Hsp21 and MDH mixed at a 1/1 molar ratio and pre-incubated for
30 min at 45 °C; lane 7, Hsp21 and MDH mixed at a 1/1 molar ratio
and incubated for 180 min at 45 °C. The large stable complexes formed
between Hsp21 and MDH pre-incubated for 180 min at 45 °C cannot
enter the gel and remain in the loading well (lane 7). Comparison of
lane 5 and 6 (marked by asterisks) shows that no stable complexes are
formed by pre-incubation for 30 min at 45 °C, since Hsp21 dodeca-
mers and MDH dimers run separately (/ane 6), just as in the non-heated
sample (lane 5). The sub-optimal resolution of the Hsp21 dodecamer in
this Native-PAGE, compared with the better performance shown in
Supplementary Figure S-1 and the appearance of the MDH dimer as a
smear at an apparent mass approximately 700 kDa instead of a band at
66 kDa are due to technical limitations imposed by the high pl-value of
MDH as further explained in the “Supplement”

We identified ten crosslinks between Hsp21 and MDH, rep-
resenting ten pairs of amino acid residues crosslinked by BS®
(Table 1). Because BS? is amine-reactive, potentially reactive
amino acid residues include all lysine residues and the protein
N termini of both Hsp21 (methionine) and MDH (alanine).
We also analyzed Hsp21-Hsp21 crosslinks and MDH-MDH
crosslinks (Supplementary Tables S1 and S2) and the presence
of other types of crosslinks than type 2 (Supplementary Tables
S3 and S4), for reasons discussed below.

The interaction sites in Hsp21 and MDH

The identified Hsp21-MDH crosslinks only involved three
different amino acid residues of Hsp21 (Table 1), the protein
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Fig. 3 Crosslinked samples of Hsp21 and MDH analyzed by SDS-
PAGE. Samples were pre-incubated at 20 °C or 45 °C M, as indicated,
crosslinked, and then loaded to SDS-PAGE. MW, molecular weight
marker; lane 1, Hsp21+MDH, non-crosslinked reference sample; lane
2, Hsp21+MDH, sample crosslinked after pre-incubation 30 min at
20 °C; lanes 3, 4, and 5 Hsp21+MDH, triplicate samples crosslinked
after pre-incubation 30 min at 45 °C; lane 6, Hsp21+MDH, sample
crosslinked after pre-incubation 180 min at 45 °C. Extra bands are
visible at 10 and 18 kDa which are degradation products of Hsp21 and
at 42 kDa a dimer of Hsp21. The non-covalent bonds within the Hsp21
dimer are strong enough for a band to be visible in SDS-PAGE, more
or less depending on the exact number of minutes and degrees in
solubilization buffer. The Hsp21 dimer becomes stabilized by cross-
linking and visible as an even stronger band (lanes 2—6)

N-terminal residues M1, K27, and K173 (Fig. 4a),
whereas a range of different Hsp21 residues were in-
volved in Hsp21-Hsp21 crosslinks (Supplementary Ta-
ble S1), so it is noteworthy that the identified Hsp21—
MDH exclusively involved these three Hsp21 residues.
The identified Hsp21-MDH crosslinks (Table 1) in-
volved eight amino acid residues of MDH: Al, K81,
K133, K215, K273, K277, K304, and K305. The iden-
tified Hsp21-MDH crosslinks supposedly represent the
interaction between Hsp21 and partially unfolded MDH.
Partially unfolded MDH may rather be a collection of
differently unfolded species than one defined structure.
The structure is not known for such an intermediate
MDH, so these eight crosslinked lysine residues were
instead mapped into the crystal structure of folded MDH
(Fig. 4b), to provide a hint as to which regions of MDH
start to unfold first upon heat stress, as further com-
mented in the “Discussion.”
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Table 1 Crosslinks identified between Hsp21 and MDH

Theoretical Matched Hsp21 sequence Matched MDH sequence  Hsp21 MDH Observations  Ox. Met Fig.
(MH)" (Da) res. res. observation® S-2°
1503.7412 M,;QDQR; Kg 1 PGMTRgg 1 81 3 2 A-C
1870.9234 M,;QDQR; K33:HGVYNPNK, 4, 1 133 5 1 D, E
2087.0807 M,;QDQRs5 LosQEAGTEVVKAK,; 1 215 7 1 F, G
1388.7208 M,;QDQR; K573GIEK 77 1 273 2 1 H, 1
1842.9747 M,;QDQRs5 G,74lEKNLGIGK 553 1 271 11 J
1360.7258 M,;QDQRs5 A301SIKK 505 1 304 2 1 K,L
1650.8161 M,;QDQRs5 K;50sGEEFVKj;y, 1 305 2 M
1926.0157 G19NQGSSVEKRPQQR3,  AK, 27 1 3 N
2544.3170 G19NQGSSVEKRPQQR3,  K30sGEEFVKjy, 27 305 3 O
1605.8852 T,7,KVER 76 K30sGEEFVKj;, 173 305 4 P

2 The observation(s) of the same peptide pair but with one or two methionine residues oxidized strengthens the identification, and in this case, the
MS spectrum of the oxidized version of the crosslink is also shown in Fig. S-2 (Supplementary information). This type of observation was only

counted once, even if it was observed in different data sets

°The capital letter refers to where the MS spectrum is shown in Fig. S-2 (Supplementary information). MS/MS spectra of precursor masses
2087.0807, 1842.9747, and 1360.7258 Da can be found in Fig. S-3 (Supplementary information)

Discussion
Crosslinks detected between Hsp21 and MDH

The main objective of this study was to explore by crosslinking
mass spectrometry the transient interactions between an sHsp,
Hsp21, and the model substrate protein MDH incubated
30 min at 45 °C, in order to investigate the interactions without
which MDH aggregation would occur. Using this approach,
we have identified ten Hsp21-MDH crosslinks (Table 1),
which predominantly represent interactions between the N-
terminal region of Hsp21 and the C-terminal part of MDH.

Three Hsp21 residues are involved in the Hsp21-MDH
crosslinks: M1, K27, and K173. These three residues are also
among the most abundant in Hsp21-Hsp21 crosslinks (Fig. 5),
as further discussed below. Eight MDH residues are involved
in the Hsp2 1-MDH crosslinks, five of which are located in the
C-terminal half of MDH. These data support a view where, at
45 °C, the N-terminal domain of Hsp21 interacts with the
model substrate protein MDH, and that these transient inter-
actions with the unfolding C-terminal part of MDH prevent the
unfolding intermediate MDH from aggregating.

Apart from analyzing which Hsp21-MDH crosslinks that
could be detected, we also analyzed the crosslinks detected
within Hsp21 itself and within MDH itself, during the inter-
actions between Hsp21 and MDH (Supplementary Tables S-1
and S-2, Figs. 5 and 6). Regarding the crosslinks within Hsp21,
many of the crosslinks detected in presence of MDH are the
same as detected without MDH (Lambert et al. 2011b;
Soderberg et al. 2012). The difference is merely that the M1
amine, an efficient crosslinking probe as discussed below,
interacts predominantly with MDH or Hsp21 itself, depending
on presence or absence of substrate. This suggests that Hsp21

is not largely different in terms of structure when it is interact-
ing with MDH. Contrastingly, the crosslinks detected within
MDH during its interaction with Hsp21 do not fit the crystal
structure of natively folded MDH, providing experimental
support to the notion that the conformation of MDH that
interacts with Hsp21 is an unfolding intermediate (Lindner et
al. 2001; McHaourab et al. 2009).

Frequency of the different Hsp21 and MDH residues
involved in crosslinks

Many different factors contribute to the final identification
of crosslinks, which include technicalities such as the reac-
tivity of the different lysine residues and the compatibility of
different crosslinked peptides with detection by MALDI-
TOF/TOF mass spectrometry. Comparing all lysine residues
in both Hsp21 and MDH and the extent to which they were
involved in various types of crossslinks (Figs. 5 and 6) gives
an overview of the relative abundance of the different resi-
dues, taking the frequency of observation as a measure of
abundance. There is a characteristic pattern of how often a
certain residue is observed in crosslinks.

In case of Hsp21 (Fig. 5), the protein N-terminal methi-
onine 1 (M1) accounts for most of the crosslinks within
Hsp21. The M1 amine is particularly reactive because it
has a lower pKa-value than lysine amine groups. That the
different amines/lysine residues in proteins show different
reactivity with amine-specific crosslinkers has previously
been recognized, and acetylation of amine groups prior to
crosslinking has been proposed to avoid exclusive identifi-
cation of crosslinks involving the most reactive lysine resi-
dues only (Guo et al. 2008). Furthermore, the M1 amine is
also located at the very end of a flexible N-terminal arm in a
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Fig. 4 Residues involved in Hsp21-MDH crosslinks visualized in the
3D structures of Hsp21 and MDH. a Location of the three crosslinking
Hsp21 residues M1, K27, and K173 in the Hsp21 dimeric subunit of
the Hsp21 dodecamer. The crosslinking residues are only indicated on
one of the two monomers shown. Residues M1 and K27 are within the
predicted disordered N-terminal region (residues 1-84, dashed). b
Location of the eight crosslinking MDH residues in the dimeric struc-
ture of MDH (PDB ID IMLD). The dimer is made up of two mono-
mers; one is colored dark gray, the other light gray. All eight residues
crosslinking to Hsp21 are shown as sticks in both monomers. Residues
81,215, 304, and 305 are only labelled in the dark gray monomer, and
residues 1, 133, 273, and 277 are only labelled in the light gray
monomer. a, b were prepared with PyMOL (www.pymol.org) (DeLano
2002)

disordered region of Hsp21. The flexibility and reactivity of
M1 may cause it to act as a very efficient crosslinking probe.
In presence of MDH, the number of crosslinks M1 makes to
Hsp21 itself is reduced compared with the situation where
no MDH is present (Lambert et al. 2011b; Séderberg et al.
2012), and instead, the Hsp21 M1 amine crosslinks to MDH
(Table 1). The residue most often observed after M1 is
lysine 173 (K173). As well- known among protein mass
spectrometrists, peptides are very differently ionized and
detected in a mass spectrum, and both the tryptic peptides
containing M1 (M;QDQR5) and K173 (T;7,,bKVER7¢) are
relatively short and R-terminated, enhancing the likelihood
of detection by MALDI-TOF/TOF mass spectrometry.
Thus, two of the three lysine residues Hsp21 detected in
crosslinks with MDH are located in the most abundantly

@ Springer

detected Hsp21-peptides. For MDH (Fig. 6), it is seen that
many, though not all, of the lysine residues detected in cross-
links with Hsp21 are actually the most abundantly detected.
The frequency of observation as a measure of abundance
presented in the overviews in Figs. 5 and 6 shows that some
lysine residues are more easily detected than others, in
crosslinks within as well as between proteins. This abun-
dance correlates also very well with the lysine residue
distribution in detected dead-end crosslinks (Supplemental
Tables S-3 and S-4). While the data need to be interpreted
bearing this in mind, the crosslinks listed in Table 1 are
representative of true contacts between Hsp21 and MDH.

Interactions between the N-terminal region of Hsp21
and the C-terminal region of MDH

Hsp21 residues M1 and K27, which are over-represented in
Hsp21-MDH crosslinks, are part of the N-terminal region of
Hsp21. This part of Hsp21 is a disordered, methionine-rich
domain and has previously been suggested to be substrate-
binding (Harndahl et al. 2001). For other sHsps, the N-
terminal region has also previously been shown to be impli-
cated in substrate-binding (Jaya et al. 2009; Sharma et al.
2000). Residues M1 and K27, and K18, are the only amine-
group-containing amino acid residues out of the 8§81 amino
acid residues in the disordered N-terminal region of wild-
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®Hsp21 type 0 and 1 crosslinks
41 Hsp21-Hsp21 crosslinks (type 2)
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Fig. 5 Abundance of Hsp21 residues involved in crosslinks. Obser-
vations of Hsp21 residues involved in the identified crosslinks were
calculated and shown here as bars for each residue that can possibly
get modified by the crosslinking reagent. One or several observations
of the methionine-oxidized version of a crosslink were counted as one
extra observation
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Fig. 6 Abundance of MDH residues involved in crosslinks. Observa-
tions of MDH residues involved in the identified crosslinks were
calculated and shown here as bars for each residue that can possibly

type Hsp21. By making R-to-K substitutions, it may be
possible to further validate the importance of this region
for substrate recognition.

Five of eight of the MDH residues involved in the iden-
tified Hsp21-MDH crosslinks (Table 1) are located in the C-
terminal region of MDH. If we interpret the crosslinking
residues to represent regions that had partially unfolded
when interacting with Hsp21, the C-terminal regions of both
monomers could be regions that start to unfold first upon
heat stress. The absence of Hsp21-MDH crosslinks involv-
ing lysines in the proximity of the dimer interface (residues
21, 54, and 217) indicates that other regions of MDH may
lose their tertiary structure before the monomer—monomer
interaction is lost. The partial unfolding of the C-terminal
regions while the MDH dimer is still intact makes sense
with the N-terminal regions located closer to the dimer
interface (Fig. 4b). Our results also compare well with a
hydrogen/deuterium exchange study of sHsp—substrate
complexes (Cheng et al. 2008). Partially unfolded MDH in
complex with sHsp was characterized by measuring H/D
exchange with mass spectrometry on tryptic peptides. Pep-
tides with high H/D exchange levels imply unstructured
protein regions, and six of the eight MDH residues involved
in our identified Hsp21-MDH crosslinks are located in
peptides with H/D exchange of >80 % after 5 s (MDH
residues Al, K81, K273, K277, K304, and K305). MDH
residues K133 and K215 are located in peptides with H/D
exchange after 5 s of >40 %, and >60 %, resp.

get modified by the crosslinking reagent. One or several observations
of the methionine-oxidized version of a crosslink were counted as one
extra observation

The main problem with crosslinking mass spectrometry
to study protein—protein interactions is the low yield of
crosslinks. For the identification of the crosslinks listed in
Table 1, we had to analyze a large number of datasets. Low
yields of identified crosslinks with mass spectrometry can
mainly be attributed to technical reasons, and the develop-
ment of ways to tackle this problem is an intensive area of
research in the field (Fritzsche et al. 2012; Leitner et al.
2012). Particularly, cation exchange chromatography (SCX)
and affinity tags incorporated in the crosslinking reagent
seem promising strategies to enrich crosslinks and will
hopefully improve the yields and the intensity in the MS
spectra also for crosslinks representing the sHsp—substrate
interaction. Because the levels of Hsp21-MDH crosslinks
appear to be only just above the lower limit of detection by
the crosslinking mass spectrometry approach used here, we
are most probably under-sampling the crosslinks present in
the sample, and it cannot be excluded that there are also
other interactions between Hsp21 and MDH than those
detected.

Conclusion
To summarize, we have shown that Hsp21 can protect
model substrate proteins at approximately 1:1 molar ratios.

We investigated which crosslinks between Hsp21 and the
model substrate protein MDH we could identify under
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conditions of transient Hsp21-MDH interactions after
30 min at 45 °C. Using the lysine-specific crosslinking
reagent BS®, subsequent tryptic digestion, and LC-
MALDI-TOF/TOF mass spectrometry, we could detect ten
different sHsp—substrate crosslinks. Without excluding the
possibility of additional interactions than those detected, we
can conclude that the data points at a partially unfolded C-
terminal region of substrate protein MDH, which is rescued
from aggregation by the reversible interactions with the N-
terminal region of Hsp21.
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