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a b s t r a c t

Cellobiose dehydrogenase (CDH) from wood degrading fungi represents a subclass of oxidoreduc-
tases with unique properties. Consisting of two domains exhibiting interdomain electron transfer,
this is the only known flavocytochrome involved in wood degradation. High resolution structures
of the separated domains were solved, but the overall architecture of the intact protein and the
exact interface of the two domains is unknown. Recently, it was shown that divalent cations modu-
late the activity of CDH and its pH optimum and a possible mechanism involving bridging of nega-
tive charges by calcium ions was proposed. Here we provide a structural explanation of this
phenomenon confirming the interaction between negatively charged surface patches and calcium
ions at the domain interface.
� 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction

Cellobiose dehydrogenase (EC 1.1.99.18, CDH) is an intriguing
oxidoreductase produced and secreted by several wood degrading
and phytopathogenic fungi. CDH is composed of two domains
which are covalently linked by a flexible linker. At the C-terminus
a flavin adenin dinucleotide (FAD) bearing dehydrogenase domain
(DH) performs the oxidation of carbohydrates, e.g. cellobiose or
cello-oligosaccharides. The electrons obtained during this reaction
are stored on the FAD and can be either transferred to soluble
electron acceptors or by interdomain electron transfer (IET) to
the second domain of the enzyme – a heme b containing cyto-
chrome domain (CYT). CYT can further transport electrons to cyto-
chrome c (cyt c, an artificial substrate) or reduce lytic
polysaccharide monooxygenase (LPMO, the proposed natural sub-
strate) which in turn depolymerizes cellulose [1].

Despite the high interest in CDH, the exact structure and orga-
nization of the whole protein remains elusive. High-resolution
structure of individual domains of CDH from Phanerochaete chry-
sosporium were already solved a decade ago [2,3] and based on
them a possible assembly of the full length protein and the mecha-
nisms underlying IET were drawn [4]. In this model the two
domains face each other in a way which allows contact between
the DH domain and the CYT domain. The crystal structure of the
isolated CYT domain showed that the heme b propionates are fac-
ing outwards and thus are available for a close contact with FAD in
the DH domain. In such orientation, the interacting surfaces are
complementary and the buried surface area between the domains
is rather large [4]. However, it is also known, that the IET in CDHs is
pH dependent and that the electron transfer is blocked at a pH
above 6 for most CDHs. Based on these facts the generally accepted
view of the domain interaction is such, that at higher pH, the
surfaces of both domains are negatively charged due to the
deprotonation of amino acid side chains, which in turn causes
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electrostatic repulsion and results in the separation of the DH and
CYT domain. As pH decreases, amino acid side chains become pro-
tonated and this renders the surfaces neutral. In this situation the
domains can get into a close contact and IET may occur. Recently, it
was found that divalent cations influence this pH dependent
behavior by enhancing the enzymatic activity of CDH [5].
Interestingly, the effect of calcium differed between individual cel-
lobiose dehydrogenases from various sources which pointed on a
relation to the individual protein sequence/structure rather than
to the binding of calcium by a specific site in CDH structure. A
recent study explored this phenomenon in detail and screened
CDHs from twelve different fungi [6]. It was shown, that any diva-
lent alkali metal cation (regardless its atomic radius or elec-
tronegativity) at concentrations above 3 mM increases the IET of
most cellobiose dehydrogenases. The divalent cation-dependent
IET enhancing effect can be seen at pH 5.5 and 7.5, but is more pro-
nounced at pH 7.5, with the most striking increase in activity
observed for cellobiose dehydrogenase from Myriococcum ther-
mophilum (MtCDH). In addition to these observations, monovalent
cations and anions were shown to have no impact, which rules out
the effect of ionic strength alone. The lack of divalent cation selec-
tivity together with the requirement for their rather high concen-
tration (mM) and with the differences between the levels of high
pH IET activation among individual CDHs pointed again on the pos-
sible elimination of negative charges by calcium cations via the
cation bridging effect. This hypothesis was further explored by
molecular modeling and domain docking and suggested an expla-
nation by highlighting much higher number of possible divalent
cation interacting residues in MtCDH in contrast to other CDHs
from Phanerochaete sordida or Corynascus thermophilus [6].

Hydrogen/deuterium exchange coupled to mass spectrometry
(HDX-MS) is nowadays a well-established technique for fast and
straightforward monitoring of protein dynamics and protein inter-
actions [7]. It has virtually no limitation in terms of size or flexibil-
ity of the studied proteins and thus even quite complex and
dynamic systems can be investigated [8–10]. Based on the mea-
sured time-resolved kinetics of backbone amide hydrogen
exchange for two or more states of the protein we can identify
the regions of a protein that are influenced by e.g. ligand binding.
Here we used HDX-MS to provide structurally localized answer
to the question: how calcium ions bind to the MtCDH?

2. Materials and Methods

2.1. Materials

All chemicals were from Sigma–Aldrich unless otherwise stated.
Endoglycosidase Endo Hf (1.000.000 U/mL) was purchased from
New England Biolabs. The immobilization of porcine pepsin A
followed the procedure described previously [11].
Fig. 1. Deglycosylation of MtCDH by Endo Hf prior to the HDX-MS. 1 – Endo Hf; 2 –
native MtCDH; 3 – 5 MtCDH – deglycosylation of MtCDH by Endo Hf after 1 h, 4 h
and overnight treatment. Position of Endo Hf is indicated by an arrowhead.
2.2. Protein preparation

Recombinant full length cellobiose dehydrogenase from M. ther-
mophilum (Uniprot accession number A9XK88) was expressed in
Pichia pastoris and purified as described previously [12]. Prior to
the analyses, MtCDH was deglycosylated overnight by Endo Hf
under non-denaturing conditions (15 U Endo Hf/1 lg MtCDH, at
37 �C in 50 mM sodium acetate buffer pH 5.5).
2.3. Hydrogen/deuterium exchange

Deglycosylated MtCDH was pre-incubated for 30 min in an
H2O-based 50 mM 4-morpholinepropanesulfonic acid (MOPS) buf-
fer pH 7.4, alone or in the presence of the studied ions. The buffers
contained either 30 mM CaCl2, 90 mM KCl or 9 mM EDTA-Na2 (dis-
odium ethylenediaminetetraacetate) to reach identical ionic
strength under all the added ion conditions tested. The deuterium
labeling was initiated by a 10-fold dilution of the protein into a
deuterated buffer (50 mM MOPS, pD 7.4) alone or including the
ions. The final MtCDH concentration during the labeling was
5 lM. The exchange was left to proceed at 21 �C and aliquots
(50 lL) were removed after 0.33, 1, 3, 10, 30, 60, 180 and
300 min. In these aliquots the exchange was quenched by the
addition of 50 lL of a buffer containing 6 M guanidine, 0.9 M
tris-(2-carboxyethyl)phosphine (TCEP) and 1 M glycine pH 2.4.
The quenched mixture was incubated for 10 min on ice before
being rapidly frozen in liquid nitrogen.

2.4. Digestion and liquid chromatography

Each sample was quickly thawed and injected onto an immobi-
lized pepsin column (bed volume 66 lL). Digestion was driven by a
flow of 0.4% formic acid in water at a flow rate of 100 lL/min (LC-
20AD pump, Shimadzu). The resulting peptides were trapped and
desalted online on a peptide microtrap (Michrom Bioresources).
After a desalting step (4 min), the peptides were eluted onto a
Jupiter C18 analytical column (0.5 � 5 mm, 5 lm, 300 Å,
Phenomenex) and separated by a linear gradient of 10–35% B in
12 min, followed by a quick jump to 99% B, where A was 0.2% for-
mic acid/2% acetonitrile in water and B was 95% acetonitrile/0.2%
formic acid in water. The solvent was delivered at a constant flow
rate of 15 lL/min (Agilent Technologies 1200). For peptide
mapping of non-deuterated samples the same conditions were
used. All the valves, capillaries as well as protease, desalting and
analytical columns were kept at 0 �C to minimize the deuterium
back-exchange.

2.5. Mass spectrometry and data analysis

The outlet of the LC system was interfaced to an electrospray
ionization source of a Fourier transform ion cyclotron resonance
mass spectrometer (9.4 T Apex-Qe, Bruker Daltonics). For peptide
mapping (LC–MS/MS) the instrument was operated in data-depen-
dent mode, where each MS scan was followed by up to six MS/MS
collision-induced fragmentations of the most intense ions. Data
were searched using MASCOT against a single protein database
containing the sequence of MtCDH. Identified peptides were plot-
ted using the DrawMap script (MSTools) [13].

To determine the amount of deuterium incorporated into the
peptides after the HDX, the instrument was operated in an LC–
MS mode and the acquired data were processed using an in-house
developed program DeutEx. The deuterium content of each peptide
was reported as a percentage of maximal achievable deuteration
based on the number of exchangeable amide hydrogens in each
peptide.



Fig. 2. Visualization of MtCDH protein sequence coverage on the models of cytochrome and flavin domains. Three different digestion conditions are compared: (A) native
MtCDH; (B) MtCDH after reduction and deglycosylation; (C) deglycosylated protein subjected to reduction and digestion in 3 M guanidine. Regions covered under individual
conditions are shown in red. Green highlights sites where a flexible linker connects the two domains. The orientation of the domains is purely schematic and does not reflect
their natural position. Sequence coverage for the individual conditions for each domain separately as well as for the whole protein is shown below.
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2.6. Bioinformatics

Structure models of the individual domains of MtCDH were pre-
pared as described previously [6] by homology modeling using the
automated Swiss Modeler [14] based on the X-ray structures of
separated domains of P. chrysosporium CDH as templates. The sur-
face electrostatics calculations were performed on these models
using the Adaptive Poisson–Boltzmann Software (APBS) [15] with
the use of PDB2PQR web server for structure preparation [16,17]
and PROPKA web server for protonation assignment at chosen pH
values [18,19]. All structures were visualized using PyMOL package
1.7.2 (Schrödinger) with APBS Tools 2.1 plugin.

3. Results and discussion

3.1. Optimization of HDX-MS

Cellobiose dehydrogenase from M. thermophilum is a large pro-
tein (86.6 kDa) and similarly to other CDHs it is N-glycosylated.
Additionally, O-glycosylation is supposed to be present in its inter-
domain linker region and the cysteine residues in the sequence are
likely involved in disulfide bonds [12,20,21]. Our experiments
started with the optimization of proteolytic digestion which dic-
tates the spatial resolution and coverage of the protein sequence.
To simplify the analysis we first removed the N-glycans. This step
was reasonable since the deglycosylation does not affect the activ-
ity of MtCDH [22]. In order to remove the glycans without affecting
the charge of the molecule, we used endoglycosidase Endo Hf
which leaves the anchoring N-acetylglucosamine of the glycan
moiety attached to the protein backbone (Fig. 1).

In the next step, we optimized protein digestion under HDX-MS
conditions. First, we injected the native protein in a glycine buffer.
Here we reached sequence coverage of 42% (Fig. 2A) and it became
obvious that the posttranslational modifications are hampering
complete sequence coverage (Fig. S1, peptides shown in red).
Deglycosylation using Endo Hf improved the coverage (Fig. S1,
peptides shown in yellow) but clearly, the reduction of disulfide
bonds was also required. Using the Endo Hf-deglycosylated protein
we optimized the reduction of the disulfide bonds using TCEP by
testing various combinations of reducing agent concentration
(0.1–0.5 M), temperature (0, 4 and 10 �C) and incubation time
(1–10 min). The final protocol, providing the best results under
HDX-MS compatible conditions, required the addition of TCEP to
the final concentration of 0.45 M followed by a 10 min reduction
of the protein on ice prior to the injection on the pepsin column.
The result of this setup can be seen in Fig. 2B and in Fig. S1 (green
dataset). Even though we captured some peptides bearing disul-
fides and N-glycosylation sites, the sequence coverage was still
insufficient. Taking into account the stability of CDHs we also
implemented denaturing agents. Out of the conditions tested
(guanidine hydrochloride or urea at concentrations between 0.5
to 4 M), 3 M guanidine provided the highest sequence coverage
as well as the most reproducible results. Finally, we were able to
almost completely cover the MtCDH sequence with the only miss-
ing part being the linker region. The flexible linker most likely
bears heterogeneous O-glycosylation and with one exception we
failed to find any peptide from this part of the protein. However,
we ended the optimization reaching 93% sequence coverage
(Fig. 2C and S1, blue dataset) which already constitutes a very solid
basis for HDX-MS experiments.

3.2. HDX-MS analyses of the ion effects

Having optimized the digestion conditions, we proceeded to the
monitoring of the structural changes of MtCDH upon its activation
by calcium ions at slightly alkaline pH. It has been recently
reported that MtCDH is activated at this pH by divalent cations
[5,6]. Therefore, we monitored the protein alone (in 50 mM
MOPS pH 7.4) or in the presence of 30 mM calcium ions. Calcium
was chosen to be a representative of divalent alkali earth metal



Fig. 3. Influence of calcium ions on the MtCDH cytochrome domain at pH 7.4. (A) HDX-MS results (below) visualized as colored regions on the structure model of CYT domain.
The heme b cofactor is shown in magenta. Observed changes can be attributed mainly to the ionic strength itself (blue colours; region 94–105), to the presence of divalent
calcium ions (red colours; 52–67) or to the combination of the two factors (44–50, 80–90 or 171–183; coloring according to the more prominent component). (B) Calculated
surface electrostatics at pH 7.4 – colored as a gradient from red to blue (�4 to +4 kT/e, respectively). Patches of negative charge correlate with regions of calcium interaction
identified by the HDX-MS. Bold arrow highlights the patch of unaccounted for negative charge (partly on the opposite side of the domain) as discussed in the text.
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cations as the other ions tested showed essentially the same
behavior [6]. To distinguish between the role of divalent ions and
the increase in ionic strength itself, a control utilizing monovalent
potassium ions was also performed. Another control included the
chelating agent EDTA to completely remove any residual divalent
cations present in the protein preparation and buffers.

Upon the incubation with the ions, we observed several regions
with modified deuteration kinetics for both parts of the MtCDH –
CYT domain (Fig. 3) as well as the DH domain (Fig. 4). For all these
regions the presence of additional ions led to increased deuteration
demonstrating a deprotection of protein amide hydrogens.
Interestingly, we saw no protein backbone protection by the inter-
action of the two domains. We found this surprising as we were
initially expecting closer interdomain contact upon addition of cal-
cium ions and thus also protection from the exchange. However,
higher protection upon interaction is not the only possible scenario
in HDX-MS when two proteins interact [23]. In this case, it points
toward a transient, sidechain-mediated interaction between the
domains. A closed conformation of CDH featuring both domains
in close contact is the prerequisite of interdomain electron transfer.
The high concentration of Ca2+ needed to achieve IET at neutral pH
suggests that the closed conformation is not strongly stabilized. It
points more toward the shielding of electrostatic charges than
strong binding to specific sequence motifs.
Taking a closer look at the deuteration changes, we see that the
effects of ions were basically of two different types. First, we
observed some parts of the protein, where only the calcium ions
had an effect (CYT residues 52–67 and DH residues 257–285 or
422–433) hinting at more specific interactions requiring divalent
cations. Second, we also saw regions, where solely the ionic
strength was the major cause of changes (CYT 94–105 or DH
294–308), suggesting a more generic surface charge shielding
effect by counter ions. Most often, however, we found both factors
acting together meaning that while some changes were introduced
by ionic strength and unspecific charge shielding alone, these were
even more pronounced when the divalent cations were present
(e.g. CYT 44–50 and 80–90 or DH 501–519).

When visualizing these results on the homology models of the
two domains (Figs. 3A and 4A), it is apparent that the influenced
protein regions are located around or close to the proposed domain
interaction interface [4,6]. Indeed, we did not observe any impor-
tant changes on the opposite sides of the two domains (Figs. S2
and S3). The protein regions where the effect of calcium is most
prominent (red colored) are on both domains located to the side
of the interaction interface, precisely matching to where patches
of strong negative surface charge at pH 7.4 were detected by com-
putational electrostatics simulations (Figs. 3B and 4B). These
regions contain clusters of aspartic and glutamic acid residues as



Fig. 4. Influence of calcium ions on the MtCDH dehydrogenase domain at pH 7.4. (A) HDX-MS results (below) visualized as colored regions on the structure model of DH
domain. Part of the cellobiose molecule is visible in the substrate entry channel close to the buried FAD cofactor. Observed changes can be attributed mainly to the ionic
strength itself (blue colours; region 294–308), to the presence of divalent calcium ions (red colours; 257–285 or 422–433) or to the combination of the two factors (e.g. 638–
653; coloring according to the more prominent component). (B) Calculated surface electrostatics at pH 7.4 – colored as a gradient from red to blue (�4 to +4 kT/e,
respectively). Patches of negative charge correlate with regions of calcium interaction identified by the HDX-MS. Bold arrow highlights the patch of unaccounted for negative
charge (completely on the opposite side of the domain) as discussed in the text.

Fig. 5. Structural details of the clustered acidic amino acids. Patches of negative
surface charge on both cytochrome domain (panel A, region 80–90) and
dehydrogenase domain (panel B, region 549–563) of MtCDH contain clustered
acidic amino acids whose sterically acceptable sidechain rotamers form potential
sites for calcium interaction. Coloring of the protein backbone regions remained the
same as in Figs. 3 and 4.
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well as their amides (Fig. 5), thus potentially forming binding pock-
ets for the divalent ions – although probably ill-defined, resulting
in the high concentrations of calcium needed to induce the effect
– as also suggested previously [6].

When comparing our simulations with experimental data, we
observed HDX-MS changes for all significant pockets of negative
charge detected on the domain models, except for two cases.
One, fairly large, unaccounted for area was located on the backside
of DH and the other, smaller one, was on the side of CYT (positions
indicated by bold arrows in Figs. 3B, 4B and Figs. S2, S3). We
explain the first one by a shielding caused by the fungal car-
bohydrate binding domain (CBM1, amino acids 772–807), which
is missing in the homology model, but whose connection to the
rest of the domain can be predicted in the aforementioned area.
The other, on the cytochrome domain, can in our opinion be
explained by a probable interaction with the flexible interdomain
linker, whose spatial position is as yet precisely unknown as it
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has not been elucidated in any structural data, but which is most
likely passing through this area.

Overall, our HDX-MS experimental data provided structural
insight into the phenomenon of calcium-induced gain of function
of MtCDH at high pH values and support the theory of electro-
statics-driven interactions between the two domains of CDH. The
negative charges of the two domains, which are believed to be pre-
venting the interdomain electron transfer in MtCDH at a pH > 6.0
seem to be shielded by both increased ionic strength and in various
places more specifically by divalent cations, which can bridge the
two surfaces of negative charge and enable the close contacting
of domains. It also seems that although some of the acidic residues
forming pockets of negative charge at high pH are not located
directly at the proposed interdomain interface, they are present
in clusters and in high numbers, increasing the strength with
which they contribute their long-distance electrostatic interactions
to the overall electrostatic repulsion similarly as described for
other proteins previously [24].
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