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The interdomain electron transfer (IET) between the catalytic flavodehydro-
genase domain and the electron-transferring cytochrome domain of cellobi-
ose dehydrogenase (CDH) plays an essential role in biocatalysis, biosensors
and biofuel cells, as well as in its natural function as an auxiliary enzyme of
lytic polysaccharide monooxygenase. We investigated the mobility of the
cytochrome and dehydrogenase domains of CDH, which is hypothesised to
limit IET in solution by small angle X-ray scattering (SAXS). CDH from
Myriococcum thermophilum (syn. Crassicarpon hotsonii, syn. Thermothelo-
myces myriococcoides) was probed by SAXS to study the CDH mobility at
different pH and in the presence of divalent cations. By comparison of the
experimental SAXS data, using pair-distance distribution functions and
Kratky plots, we show an increase in CDH mobility at higher pH, indicating
alterations of domain mobility. To further visualise CDH movement in solu-
tion, we performed SAXS-based multistate modelling. Glycan structures pre-
sent on CDH partially masked the resulting SAXS shapes, we diminished
these effects by deglycosylation and studied the effect of glycoforms by
modelling. The modelling shows that with increasing pH, the cytochrome
domain adopts a more flexible state with significant separation from the
dehydrogenase domain. On the contrary, the presence of calcium ions
decreases the mobility of the cytochrome domain. Experimental SAXS data,
multistate modelling and previously reported kinetic data show how pH and
divalent ions impact the closed state necessary for the IET governed by the
movement of the CDH cytochrome domain.

Introduction

The global energy crisis and the limited accessibility of
substances and materials have increased the interest in
for example,

alternative renewable options,

Abbreviations

biomass. However, separating biopolymers like cellu-
lose and further depolymerisation is costly and prob-

plant lematic due to their complexity and crystallinity [1].

CDH, cellobiose dehydrogenase; CYT, cytochrome domain; dg, deglycosylated; DH, dehydrogenase domain; D,y mMaximal diameter;

FAD, flavin adenine dinucleotide; g, glycosylated; IET, interdomain electron transfer; LPMO, lytic polysaccharide monooxygenase;

MALS, multiangle light scattering; MtCDH, CDH from Myriococcum thermophilium; MW, molecular weight; NcCDH, CDH from Neurospora
crassa; P(n) function, pair-distance distribution function; PTM, Pichia trace metals; Ry, radius of gyration; SAXS, small angle X-ray scattering;
SEC, size exclusion chromatography; w, weight of conformer.
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CDH domain movement investigated by SAXS B. Motycka et al.

Fig. 1. Models of the open and closed states of CDH with different glycosylation. (A) P(n functions calculated from the closed state MtCDH
model based on PDB ID 4Ql6 using a deglycosylated (dg), a glycosylated (g) and a hyperglycosylated (hg) enzyme model. The FAD in the
DH domain is shown in yellow, and the heme b in the CYT domain is in red. (B) P(n functions from the open state NcCDH models based
on PDB ID 4Ql7 using a deglycosylated (dg), glycosylated (g), partially hyperglycosylated (phg) and hyperglycosylated (hg) enzyme model. All
models were visualised using cHIMERA. SDS/PAGE (C) and the chromatogram from SEC-MALS (D) show the difference in molecular mass
between the native gMtCDH and the deglycosylated dgMtCDH.

Table 1. SAXS results for glycosylated and deglycosylated MtCDH. The molecular weight (MW) identified by MALS and SAXS (Q region
specified in Table S1), the radius of gyration (Rg) and the maximal diameter (Dmax) both determined by SAXS are shown at different pH
values.

gMICDH dgMItCDH
SAXS SAXS
MALS MALS
Conditions MW (kDa) MW (kDa) Ry (A) Dinax (A) MW (kDa) MW (kDa) Rq (A) Divax (A)
pH 3.5 97 104 372 +£02 145 86 93 35.7 £ 0.6 128
pH 4.5 92 93 36.6 + 0.3 120
pH 5.5 92 92 372 £ 04 125 81 79 34.4 £ 0.4 110
pH 6.5 93 92 375+ 03 115
pH 7.5 93 93 37.8 £ 0.4 120 77 79 34.6 £ 0.4 110
A B
(A) I gi(CDH ( )7 dgNcCDH
7 dgNCCDH 6 W gNcCDH
. dgDH 5 phgNcCDH
5
~ B ¢oCYT <4 I ¢MtCDH measured at pH 5.5
i’ ¢,
3
2 2
1 1 \
0 0
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
1(A) 1(A)

Fig. 2. Influence of the individual domains on the overall structure. (A) P(n functions were calculated from the models for the full-length
CDH and the single domains for the deglycosylated form. (B) The measured scattering curve of gMtCDH at pH 5.5 compared with the
models.

Although research in enzymatic approaches has been monooxygenase (LPMO) [5,6], which enhances the

ongoing for a long time, the exact molecular mecha- degradation of cellulose but also other polysaccharides
nism of microbial cellulose depolymerisation is still not by an oxidative mechanism cleaving glycosidic bonds
fully understood. In nature, fungi play a central role in and thereby forming new chain end for processive

the terrestrial carbon cycle as they are among the most hydrolases [7]. The improved degradation efficiency
efficient wood-degrading organisms. Especially in the caused by this enzymatic system shows the impor-

utilisation of lignocellulose-based biomass, they are tance of these two carbohydrate-active enzymes in
responsible for the degradation of the plant material fungal cellulose degradation [8]. CDH produced by
into its molecular building blocks [2]. In this process, ascomycete fungi may contain a C-terminal type 1-
the glycosidic bonds of cellulose are broken down by carbohydrate-binding module and belongs to the
cellobiohydrolases into cellobiose, which is the sub- glucose-methanol-choline oxidoreductase superfamily

strate of cellobiose dehydrogenase (CDH) [3.4]. CDH [9]. The structure of the full-length CDH and its indi-
is an auxiliary enzyme to Iytic polysaccharide vidual domains have been elucidated by X-ray

4728 The FEBS Journal 290 (2023) 4726-4743 © 2023 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of
Federation of European Biochemical Societies.

85UB017 SUOWILOD @A 1D 3|gealjdde sy Aq peussnob afe sajoie YO ‘8sn Jo Sajni 1o} AzeiqiT auljUO A3]IM UO (SUOIIPUOD-PUe-SLLBW0Y 8| IM°ARe1q 1 BU1|UO//SANY) SUONIPUOD Pue Swie | 84 8eS *[£202/0T/0T] Uo Arid1aulluo A3|IM ‘G889T SCRY/TTTT OT/I0P/L0D A |1 Aleiq 1 jpul|uo'sge)//sdny wolj papeojumoq ‘6T ‘€202 ‘8S9YZr.T


https://doi.org/10.2210/pdb4QI6/pdb
https://doi.org/10.2210/pdb4QI7/pdb

B. Motycka et al.

(A)
1
[V
T
S
2 ——gMICDH_6.5
ol —gMCDH TS
0 1 2 3 4 5 6

(E)

gMICDH_35  ° ¢

0.4

(8)

e ——model 35 '
00 01 02 03 04
q(A")
G) 7 I oM(CDH_3.5 H)
6 M g0H 35
5
c4
& 3
2
1
0

0 20 40 60
r(A)
o ;

80 100 120 140

P()

P(r)

CDH domain movement investigated by SAXS

B oM(CDH_3.5

7 gMICDH_4.5
6 I 9M!CDH_5.5
5
4 gMICDH_6.5
3 gMICDH_7.5
2
1
0
0 20 40 60 80 100 120 140
r(A)
[ oM(COH_3.5
gMICDH_4.5
Il gM(COH_5.5
I gMICDH_6.5

1 gM(CDH_7.5

1

log Intensity
S,

gMICDH_7.5

4| model_75 "9 o
90 01 02 03 04
q(A™)
7 I gMICDH_7.5
6 I oDH_75
5
4
3
2
1
0
0 20 40 60 80 100 120 140

r(A)

35 45

The FEBS Journal 290 (2023) 4726-4743 © 2023 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

55

65 75

4729

85UB017 SUOWILOD @A 1D 3|gealjdde sy Aq peussnob afe sajoie YO ‘8sn Jo Sajni 1o} AzeiqiT auljUO A3]IM UO (SUOIIPUOD-PUe-SLLBW0Y 8| IM°ARe1q 1 BU1|UO//SANY) SUONIPUOD Pue Swie | 84 8eS *[£202/0T/0T] Uo Arid1aulluo A3|IM ‘G889T SCRY/TTTT OT/I0P/L0D A |1 Aleiq 1 jpul|uo'sge)//sdny wolj papeojumoq ‘6T ‘€202 ‘8S9YZr.T



CDH domain movement investigated by SAXS

B. Motycka et al.

Fig. 3. Domain conformation of native full-length gMtCDH at different pH values. The measured scattering curves (Fig. S1) were used to
create (A) a normalised Kratky plot as well as to calculate the (B) P(n functions. Multistate modelling of MtCDH, with modelled glycans,
was performed for all conditions based on the SAXS profiles. (C) Graphical representation of the best-fitting models from pH 3.5 (purple)
and 7.5 (grey) with their DH domains superimposed, using BiLsoMD and cHIMERA. The Ry values as well as the weight of each conformer are
given. (D) The result from the 50 best-fitting combinations, consisting of two models, were used to produce the histogram. (E, F) Fit of the
two-state models to the experimental SAXS data for pH 3.5 and 7.5, respectively. The insets are the error-weighted residual differences
plots. (G, H) The contribution of the single DH domain compared with the full-length CDH is shown for pH 3.5 and 7.5, respectively. (I) Mod-
elled surface charges of the full-length MtCDH between pH 3.5 and 7.5. The electrostatic potential charge is shown as a colour gradient

from blue (positive) over white (neutral) to red (negative).

crystallography [10,11] and small angle X-ray scatter-
ing (SAXS) [12-14]. CDH consists of two domains, a
catalytic flavin  adenine dinucleotide (FAD)-
containing dehydrogenase domain (DH) and an N-
terminal mobile heme A-containing cytochrome
domain (CYT), connected via a flexible linker. Both
domains of CDH are typically N-glycosylated [11]
and on the linker O-glycosylation was detected [15],
which increases the solubility of CDH. CDH from
Myriococcum thermophilium (MtCDH, PDB: 4QI6)
crystallised in a compact form (closed state) with the
CYT domain in contact with the DH domain, whereas
CDH from Neurospora crassa (NcCDH, PDB: 4QI7)
crystallised in an open form (open state) with an
extended protein linker. The presence of cofactors with
different redox potentials enables interdomain electron
transfer (IET). This transfer begins in the DH domain
by reducing FAD to FADH,, which involves a two-
step oxidation of cellobiose at the CIl position to
cellobiono-1,5-lactone. Followed by IET from the
FAD to the heme b, subsequently, a single electron
transfer from CYT to an external electron acceptor,
like bioelectrodes or, in vivo, LPMO occurs. The cata-
lytic activity of LPMO results in the regioselective
hydroxylation of the carbohydrate chain and subse-
quent breaks of the glycosidic bond in crystalline cellu-
lose [16,17]. In order for this electron shuttling
function to take place, it is hypothesised that CDH
must alternate between a closed state and an open
state of CYT domain. Both domains must be in the
closed state for IET so that the edge-to-edge distance
between the cofactors is smaller than 14 A [18]. In the
structure obtained from MrCDH, this distance is 9 A.
A spatial separation of the two domains (open state) is
required for the interaction with an electrode or
LPMO [10]. This kind of electron transfer requires a
high degree of mobility of the CYT domain to switch
between open and closed states. An indication of this
mobility is also the fact that the linker region in the
crystal structure of M¢CDH, could not be fully
resolved [10]. Bodenheimer et al. [13,14] investigated
the structural changes of CDH from MrCDH and
Nc¢CDH in the pH range of 5.5-7.5 using SAXS and

SANS studies. They observed that the overall structure
was not conformationally affected by changes in pH,
adding up to 60 mm ions (K* or Ca*") caused substan-
tial conformational rearrangements in the case of
MrCDH. Harada et al. [19] demonstrated through
atomic force microscopy studies that CDH from Pha-
nerochaete chrysosporium in the reduced form is pre-
dominantly in the open state. It has also been shown
that the IET depends on the length of the linker as
well as on steric and electrostatic interface complemen-
tarity but not on the differences in redox potential
between the two cofactors [20]. Furthermore, surface
plasmon resonance and cyclic voltammetry showed the
high mobility of the CYT domain by measuring the
direct electron transfer from CDH to an electrode,
which requires a conformational change [21,22]. Ma
et al. [21] demonstrated that the open state of MtCDH
can deliver electrons to electrodes in even unfavour-
able bound positions utilising the mobility of the CYT
domain caused by the flexible linker. All these studies
show that the transformation of CDH from a closed
to an open state and vice versa is essential for electron
transfer. This raises the question of which conforma-
tion is present under which conditions. A better under-
standing of how environmental influences affect CDH
would allow the optimisation of its electron transfer
properties. Some studies have already shown that elec-
tron transfer is pH-dependent and is also influenced by
the addition of ions that stabilise the closed form, but
so far, the results have been inconclusive [14,21,23].

In this study, we focussed on the characterisation of
full-length MtCDH in solution under different condi-
tions using SAXS. SAXS can determine the conforma-
tional variability of proteins in solution [24,25],
without the need for labelling or immobilisation on
the solid support as done in electron microscopy or
atomic force microscopy. The principle behind this
method is that X-rays pass directly through the sample
and scatter according to the protein conformations.
Using pair-distance distribution functions (P(r) func-
tion) calculated from SAXS curves [26], which repre-
sent the histogram of distances between pairs of points
within a protein, we determined average CDH

4730 The FEBS Journal 290 (2023) 4726-4743 © 2023 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

85UB017 SUOWILOD @A 1D 3|gealjdde sy Aq peussnob afe sajoie YO ‘8sn Jo Sajni 1o} AzeiqiT auljUO A3]IM UO (SUOIIPUOD-PUe-SLLBW0Y 8| IM°ARe1q 1 BU1|UO//SANY) SUONIPUOD Pue Swie | 84 8eS *[£202/0T/0T] Uo Arid1aulluo A3|IM ‘G889T SCRY/TTTT OT/I0P/L0D A |1 Aleiq 1 jpul|uo'sge)//sdny wolj papeojumoq ‘6T ‘€202 ‘8S9YZr.T


https://doi.org/10.2210/pdb4QI6/pdb
https://doi.org/10.2210/pdb4QI7/pdb

B. Motycka et al.

conformation under the respective condition. We spe-
cifically investigated how the pH influences the posi-
tion and mobility of the CYT domain over a wide pH
range (3.5-7.5) to include the region close to and
below the isoelectric point. The addition of divalent
ions (up to 100 mm CaCl,) was also investigated over
this pH range to evaluate their effect on the stabilisa-
tion of the compact form of CDH. Most importantly,
SAXS modelling was used to determine multistate
models that included glycosylation to visualise the
impact of pH and Ca®" on the mobility of the CYT
domain. Additionally, we created models with different
glycan patterns to study glycosylation and to investi-
gate the influence of glycans on the scattering profile.

Results and discussion

Modelling of different CDH conformations
considering glycoforms

First, we calculated the theoretical P(r) for the closed
and open conformation of CDH by using the available
PDB data [10]. Since the glycosylation in the resolved
CDH structures was only rudimentary (Tan et al. [10]
deglycosylated CDHs before crystallisation), we mod-
elled possible variations of glycans to the model. We
compared the resulting P(r) function to the original
PDBs to get a better understanding of the native form
(Fig. 1). The different glycoforms in our calculations
include a glycosylated CDH model where a typical
high-mannose glycan tree was modelled to all ASN
residues in a surface accessible NXS/T motif
(gMtCDH, gNcCDH), a deglycosylated CDH
(dgMtCDH, dgNcCDH), a hyperglycosylated CDH
(hgMCDH, hgNcCDH), where an additional glycan
tree was added to the existing high-mannose tree at all
positions, and one partially hyperglycosylated NcCDH
model (phgNcCDH), where a single high-mannose tree
was modelled at three N-linked positions and the
extended glycan tree at the remaining four N-linked
positions. The calculated P(r) function of the
dgMtCDH is close to a Gaussian distribution, which
was to be expected since the closed state resembles a
globular protein structure [27]. Significant P(r) function

CDH domain movement investigated by SAXS

further experiment investigates both glycosylated and
deglycosylated MtCDH. Gel-shift assays using SDS/
PAGE examined the degree of glycosylation of the
studied MtCDH. It showed the size was decreased by
9.4 kDa upon deglycosylation, which is equivalent to
approximately five high-mannose glycan trees (Fig. 1C).
Additionally, we accurately determined the molecular
weights of MtCDH with SEC-MALS (Fig. 1D) and
SAXS (Table 1), which confirms a difference
(~ 12 kDa) between glycosylated and deglycosylated
proteins.

Besides the influence of glycosylation, we were also
interested in the contribution of the individual
domains, DH and CYT, to the P(r) function. There-
fore, P(r) functions were modelled based on the indi-
vidual domains from the respective PDBs, excluding
the linker region (Fig. 2). The shape of the P(r) func-
tion of both single domains indicates a compact struc-
ture. Nevertheless, the CYT domain is significantly
smaller as the peak is shifted to the left (21 A), while
the peak of the DH domain coincides precisely with
the main peak at 28 A of the NcCDH (Fig. 2A). The
remaining part of the function is the contribution of
the linker and the CYT domain. Additionally, we
obtain further insights into the glycosylation pattern in
the native form by comparison of the experimental P
(r) function. We compared the P(r) functions
dgNcCDH, gNcCDH and phgNcCDH with an experi-
mental curve (Fig. 2B). As the experimental P(r) best
matches the phgNcCDH model, we conclude that a
recombinant CDH expressed in Pichia pastoris har-
bours a variety of differently sized glycans which is in
good agreement with the rather broad size distribution
observed by SDS/PAGE and SEC-MALS.

Table 2. Prediction of the P(n) function from CDH models. The
best-fitting multistate models of glycosylated and deglycosylated
MtCDH in regard to measured SAXS profiles. The Ry values and
the weight of each conformer (w) are given.

Single- Two- p1odel 1 Model 2
state state

Ry w Ry w

broadening for the glycosylated close CDH state was Conditions ~ %* x A (%) A (%)
observed (Fig. 1A). At the same time, NC.'CDH (0pen gMICDH  pH 35 1.48 117 326 67 413 33
state) shows a shoulder at r ~ 70 A, which indicates pH 4.5 1.47 1922 349 87 479 13
domain separations of CYT and DH domain (Fig. 1B). pH 5.5 1.25 121 365 89 572 11
By adding different types of glycans to the model, the pH 6.5 1.49 1.44 367 9 487 b
P(r) shoulder becomes less pronounced (dgNcCDH > pH 7.5 137 133 370 9 588 10
gNCCDH > pthCCDH > thCCDH), Showing hOW dgMICDH pH 3.5 1.95 1.53 305 81 399 19
lycosylation of CDH may impact the determinations PH 5.5 130 120 380 54 373 46
gycosy y mp ‘ pH75 116 108 342 54 369 46
distance between CYT and DH domain. Thus, our
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Fig. 4. Conformational change of the full-length dgMtCDH in relation to the pH value. (A) Normalised Kratky plot as well as (B) the P(r) func-
tions were calculated from the measured data (Fig. S2). Based on the SAXS profile, multistate modelling of dgMtCDH was performed for all
conditions. (C) The best models from pH 3.5 (pink) and 7.5 (black) are shown with their DH domains superimposed, using 8iLBoMD and CHI-
MERA. The Ry values as well as the occurrence of each conformer are given. (D) Histogram based on the 50 best-fitting combinations of
models. (E, F) Proof of how well the two-state models for pH 3.5 and pH 7.5 reconstruct the experimental SAXS curves, as insets the error-

weighted residual difference plots are shown.

Effect of pH on the domain conformation

It is known from previous reports that pH has an
influence on the CDH conformation and is hence
important for the understanding of electron transfer
[28,29]. In this study, we were interested how the

conformation of the full-length gMCDH changes in a
wide range of pH (3.5-7.5). Since the stability of gly-
cosylated CDH is higher compared with the deglycosy-
lated form, dgMtCDH was only used for
measurements at three different pH values. SAXS
measurements were performed in line with size
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Fig. 5. Effect of CaCl, addition at a pH of 6.5 on the native full-length gMtCDH. (A) The normalised Kratky plot as well as the corresponding
(B) P(n functions were calculated based on the measurements (Fig. S3). Based on the SAXS shapes multistate modelling of MtCDH, with
modelled glycans, for all conditions was done. (C) The best two-state fitting combination for the measurements without CaCl, (green) and
with an addition of 50 mm CaCl, (brown) are shown with their DH domains superimposed, using siLsoMp and cHiMERA. The Ry values as well
as the weight of each conformer are given. (D) The histogram was produced by using the 50 best-fitting two-state models. (E, F) The calcu-
lated scattering curves resulting from the models are compared with the scattering curves to prove the accuracy. The error-weighted resid-
ual differences plots are given as insets. A comparison between the full-length MtCDH and the single DH domain is shown for the case

without ions (G) as well as for the one with 50 mm CaCl, (H).

exclusion chromatography (SEC-SAXS) to ensure the
scattering data were free of higher oligomers and
aggregation. The SAXS data obtained at lower pH
values (3.5 and 4.5) plotted as a normalised Kratky
plot show a bell shape, indicating that the protein is in
its closed state. In general, this method is used to qual-
itatively assess the mobility of a model structure, in
our case the movement of the CYT domain. The nor-
malised Kratky plot at the higher pH values features a
shoulder, indicating a separation between CYT and
DH domains, suggesting an increase in the CYT
domain mobility (Fig. 3A, original data Fig. S1). Fur-
thermore, the P(r) calculated from the experimental
SAXS further validates the increase of mobility at the
higher pH (Fig. 3B). The P(r) of the lowest pH is simi-
lar to that of a globular protein, while at higher pH, a
P(r) shoulder indicates separations between CYT and
DH domains. It is noticeable that the P(r) and, thus
also, the present conformations are similar above pH
5.5 (Table 1). Bodenheimer et al. [14] used in their
study pH values of 5.5 and 7.5 and observed no struc-
tural changes associated with pH. Although the shape
of the P(r) function approaches a closed form at pH
3.5, the presence of a prolonged tail with a D, of
~ 145 A suggests the presence of a small population of
extended conformations.

To further understand the structural details of CYT
mobility, we performed SAXS-based atomistic model-
ling of the full-length CDH. The two-state model with
a flexible CYT domain matches the SAXS data signifi-
cantly better than a single conformer for all measured
pH conditions (Table 2). This suggests that CDH does
not remain entirely closed or open, and CYT confor-
mational space can be visualised by showing the two-
state model and the conformer weights. For example,
at a low pH two-state model show a higher percent-
age (67.2%) of very compact form but also adopts a
more open state with a weight of 32.8% (Fig. 3C). To
even simplify the analysis of the conformational space
that CDH can adopt at various pH values, we ana-
lysed the R, values of the top 50 selected two-state
models. The histogram of R, values clearly shows a
higher frequency of compact models at pH 3.5 and

4.5, whereas at pH 5.5, 6.5 and 7.5, the selected
models have higher R, values with similar distribution
(Fig. 3D). To prove the accuracy of the models, the
resulting scattering curve was compared with the cor-
responding experimental SAXS curve, and they fit well
(Fig. 3E,F).

After demonstrating that pH influences the domain
conformation of the full-length MtCDH, we investi-
gated how the isolated DH domain behaves under dif-
ferent conditions (Fig. 3G,H). Both SAXS profiles of
the DH domain show a shape that is very close to the
calculated P(r) function (Fig. 1), indicating that the
structure of the DH domain does not change signifi-
cantly at different pH values. This confirms the earlier
assumption that the differences in the P(r) functions
occur due to the mobility of the CYT domain and the
pH dependency of the interaction between the two
domains. Calculations of the electrostatic surface
potential charge support the influence of pH (Fig. 31).
At pH values below 4.0 the surface of the full-length
MrCDH is positively charged, almost neutral at pH
4.5, which is the theoretical isoelectric point of
MtCDH, and becomes negatively charged with further
increasing pH values. We assume that due to the nega-
tive surface charge, the electrostatic repulsion of the
domains takes place at higher pH values, while at pH
values close to the isoelectric point, domain contact is
not impaired by surface charges. The interface between
both domains is relatively small (11 x 12 A) [10] and
not part of this study to investigate its effect on the
stabilisation of the closed state. This is in good agree-
ment with the experimental data, as the SAXS curves
show a pronounced shoulder at a higher pH (pH 5.5-
7.5).

In summary, we show that with increasing pH the
CYT domain moves further away from the DH
domain, which is consistent with the experimental data
showing a reduced IET at higher pH values [28]. As
shown by theoretical P(r) functions, validation of
CYT mobility can be more difficult in the presence of
glycans. Thus, we investigated the impact of pH on
the CYT mobility of dgMtCDH (Fig. 4, original data
Fig. S2). The normalised Kratky plot (Fig. 4A),
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Fig. 6. CaCl, addition at pH 6.5 has an effect on dgMtCDH. The results of the SAXS measurements (Fig. S4) are shown as (A) normalised
Kratky plot and (B) as P(n functions. (C) The best combination of two-state models for the measurements without (green) and with (purple)
cations are shown with their DH domains superimposed, using BiLBomD and cHIMERA. The Ry values as well as the occurrence of each con-
former are given. (D) Histogram based on the 50 best-fitting combinations, consisting of two models. (E, F) The calculated two-state model
curves reconstruct the scattering curve for both cases perfectly, proving the accuracy of the models. The insets are the error-weighted
residual differences plots.

the calculated P(r) functions (Fig. 4B) and the fre- Effect of CaCl, on the domain conformation
quency of top-selected two-state models (Fig. 4C,D)
show the same trend as for the gMtCDH, albeit more
clearly.

After demonstrating that CDH tends to be in the open
conformation at higher pH values (pH 5.5-7.5), we
investigated the effect of divalent cations in terms of
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Table 3. SAXS measurements elucidating the effect of Ca?" ions. Obtained molecular weight (MW), the radius of gyration (Ry) and the
maximal diameters (Dpax) for gMtCDH and dgMtCDH at different CaCl, concentrations determined by MALS and SAXS are shown.

gMICDH dgM{CDH
SAXS SAXS
MALS MALS
Conditions MW (kDa) MW (kDa) Ry (A) Drax (A) MW (kDa) MW (kDa) Rq (A) Drmax (A)
pH 6.5 100 102 38.2 + 0.4 1215 78 81 352 + 0.2 110
+50 mm CaCl, 102 105 37.9 + 0.4 131 92 90 34.6 + 0.3 112
+100 mm CaCl, 103 106 38.9 + 0.4 132

Table 4. Modelling parameters Ry and w of gMtCDH and dgMtCDH at different CaCl, concentrations. Results from the best-fitting multi-

state models are shown.

Model 1 Model 2
Single-state Two-state

Conditions y2 »2 Rqy (A) w (%) Rg (A) w (%)
gMtCDH pH 6.5 1.16 1.1 37.5 57 42.5 43

+50 mm CaCl, 1.30 0.99 34.7 63 38.9 37

+100 mm CaCl, 1.35 1.09 33.3 b4 39.0 46
dgMtCDH pH 6.5 1.39 1.04 33.6 61 39.4 39

+50 mm CaCl, 1.96 1.10 30.2 b5 36.3 45

structural changes as they have been proposed to
increase IET rates by increasing the interdomain inter-
action [21]. For that purpose, SEC-SAXS measurements
were performed on the gMCDH and dgMCDH at pH
6.5 in the presence of CaCl, concentrations up to
100 mm. The SAXS curves, plotted as normalised
Kratky plots, suggest higher mobility of the CYT
domain in the absence of Ca** (Figs 5A and 6A, original
data Figs S3 and S4). This assumption is supported by
the P(r) functions indicating a closed state in the pres-
ence of divalent cations (Figs 5B and 6B, Table 3). Fur-
thermore, no significant differences could be found
between 50 and 100 mm CaCl, concentration. This
effect is reflected in the best-fitting two-state models
(Figs 5C and 6C, Table 4) and the histograms of R,
values of the top-selected two-state models (Figs 5D
and 6D). The R, values of selected models decrease with
the addition of CaCl,. Although a small percentage of
open models were selected in the presence of CaCl,, the
shift of the R,-histogram towards a more compact
model indicates compact CDH in the presence of diva-
lent ions. To demonstrate this point, we compared a P
(r) function of the separated DH domain with a full-
length MtCDH (Fig. 5E,F). Together we show that the
mobility of the CYT domain decreases with the addition
of divalent cations. Our results, therefore, verify the
hypothesis that MCDH adopts a more compact struc-
ture in the presence of Ca®" ions at pH 6.5.
Additionally, we studied if the addition of CaCl,
further compacts the closed state obtained at pH 3.5.

4736

The resulting SAXS curves of the gMtCDH plotted as
normalised Kratky plot (Fig. 7A, original data
Fig. S5) reveal that the addition of Ca®" ions has no
additive effect. The calculated P(r) functions (Fig. 7B,
Table 5) indicate that the addition of Ca®" led to a
slightly less compacted state, as do the best-fitting
two-state models (Fig. 7C) and the histogram of R,
values (Fig. 7D). We assume that at a pH at or below
the isoelectric point, many of the interacting aspartates
and glutamates interacting with Ca®" are protonated
and therefore the addition of a divalent cation is much
less efficient and also unnecessary to shield these side
chains at the interface. The minor deviations in the
SAXS curves might come from an effect of divalent
cations on the glycan trees [30]. In case of the
dgMtCDH (Fig. 8, original data Fig. S6) no differ-
ences were observed between the sample without and
with the addition of 50 mm CaCl, (Table 6). These
findings support the hypothesis that the minor changes
in gMtCDH are due to interactions with glycan trees.
All in all, we conclude that CaCl, has no positive
effect to stabilise the more compact form at pH 3.5,
but performs admirably at higher pH levels.

Conclusions

In this study, we showed by a modelling approach that
varying glycan trees at the N-glycosylation sites
strongly influence the shape of SAXS curves and can
even cover and mask the two-domain architecture of
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Fig. 7. Effect of CaCl, addition at a pH of 3.5 on the gMtCDH. (A) The normalised Kratky plot as well as the corresponding (B) P(n functions
were calculated based on the measurements (Fig. S5). Based on the SAXS shapes multistate modelling of MtCDH, with modelled glycans,
for all conditions was done. (C) The best two-state fitting combination for the measurements without CaCl, (purple) and with an addition of
50 mm CaCl, (blue) are shown with their DH domains superimposed, using siLeomp and cHIMERA. The Ry values as well as the weight of each
conformer are given. (D) The histogram was produced by using the 50 best-fitting two-state models. (E, F) Fit of the two-state models to
the experimental SAXS data for pH 3.5 and 7.5, respectively. The insets are the error-weighted residual differences plots.

CDH. The natural diversity in the glycosylation pat-
tern of recombinantly expressed CDH therefore has a
significant influence on the P(r) function so that indi-
vidual features derived from the shape of this function
cannot be so clearly identified. We were also able to
show that MtCDH undergoes significant conforma-
tional changes depending on the ambient pH. By

combining SAXS data and modelling, we show that
CYT domain mobility is restricted at pH < 5.5 and
that the CYT domain is more dynamic at higher pH
values. It should be emphasised that the CYT domain
mobility does not seem to change above the isoelectric
point (pH 4.5). Therefore, this study is in accordance
with previous work, which found that the pH has no
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Table 5. SAXS measurements elucidating the effect of Ca?" ions at pH 3.5. Obtained molecular weight (MW), the radius of gyration (Rg)
and the maximal diameters (D, for gMtCDH and dgMtCDH at different CaCl, concentrations determined by MALS and SAXS are shown.

gMICDH dgM{CDH
SAXS SAXS
MALS MALS
Conditions MW (kDa) MW (kDa) Ry (A) Drax (A) MW (kDa) MW (kDa) Rq (A) Drmax (A)
pH 3.5 93 94 34.6 + 0.4 111 84 85 33.1+£03 103
+50 mm CaCl, 92 93 346 + 0.2 110 81 83 33.7 + 0.4 105
+100 mm CaCl, 94 9 34.7 £ 0.2 115

effect on conformation at higher pH values [14]. How-
ever, since low pH values were not investigated in the
earlier studies, no pH-dependent change in the domain
conformation has been described so far. The already
published effect of even small divalent ion concentra-
tions, especially Ca®" on the domain conformation
could be confirmed [14,21]. Adding CaCl, promotes
domain interactions leading to a more compact con-
formation at pH 6.5, which also increases the electron
transfer [31]. Whereas when a compact structure is
present (pH 3.5) the addition of CaCl, has no further
effect. Overall, we demonstrated that the CYT domain
is very mobile, and its interaction with the DH domain
depends on pH and divalent ion concentration, which
are therefore decisive factors for the application of this
enzyme in biosensors.

Materials and methods

Enzyme production

The MtCDH wild-type gene (MtCDH 1IA: gene cdh, Uni-
Prot A9XK88, the CYT domain belongs to CAZy family
AA8 and the DH domain to CAZy family AA3_1 [32]) was
integrated into a pPICZA plasmid (Invitrogen, Carlsbad,
CA, USA) and propagated using Escherichia coli NEB-5-
alpha (New England Biolabs, Ipswich, MA, USA).
Recombinant production was performed in P. pastoris X-
33 (Invitrogen). A fed-batch fermentation was performed
following a protocol by Sygmund et al. [33]. The enzyme
was produced in a 5-L fermenter (BioFlo 120; Eppendorf,
Hamburg, Germany) with an initial volume of 3 L basal
salt medium containing 4.5 mL-L~! Pichia trace metals
(PTM) and 300 pL-L~" antifoam 204 (Sigma-Aldrich, St
Luis, MO, USA) following the Pichia Fermentation Pro-
cess Guidelines (Invitrogen). Throughout the fermenta-
tion process, the temperature was set to 30 °C, the pH
was controlled to 5.0 by the addition of ammonium
hydroxide (25%), the stirrer was set to 900 r.p.m. and the
air flow rate was set to 1 vvm (gas volume flow per unit
of liquid volume per minute). The preculture was
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prepared by inoculating 60 mL yeast extract-peptone-
glycerol medium (YPG; 10 g-L™! yeast extract, 20 g-L™!
peptone from casein, 4 g-L™" glycerol) supplemented with
100 mg- L' zeocin (Invitrogen) with a single colony
grown on a fresh yeast extract-peptone-glucose medium
agar plate containing 100 mg-L ™' zeocin and incubated at
25 °C and 150 r.p.m. After 48 h 100 pL of the cultures
were transferred to 2 x 160 mL YPG incubated at 29 °C
and 100 r.p.m. for another 15 h. The precultures were
used for inoculating the fermenter. After the consump-
tion of glycerol during the initial batch phase, a constant
feed with 50% glycerol containing 12 mL-L™' PTM was
initiated to increase biomass concentration. After an
approximately 12-h fed-batch phase, the enzyme expres-
sion was initiated by the addition of 0.5% (v/v) methanol.
The glycerol feed was stopped 1 h after this methanol
addition and the expression phase was started with a feed
of pure methanol containing 12 mL-L™' PTM. A pulsed
feed (12 mL methanol every hour) was started at the time
the cells were fully adapted to methanol. Samples were
taken regularly and analysed for wet biomass, protein con-
centration and enzyme activity, determined by the 2,6-
dichloroindophenol (DCIP) and cytochrome ¢ assays [34].
After harvesting cells were removed by centrifugation at
6000 x g for 45 min, the supernatant was clarified by filtra-
tion using a cellulose filter (type 14A, Rotilabo; Carl Roth,
Karslruhe, Germany) and stored at 4 °C until further
purification.

Enzyme purification

MtCDH was purified by a two-step chromatographic pro-
cess, a hydrophobic interaction chromatography followed
by an anion exchange chromatography according to the
procedure described by Tan et al. [10]. In brief, after
ammonium sulfate addition to a final concentration of
30% (sat.) the supernatant was applied to a PHE-
Sepharose column (Cytiva, Chicago, 1L, USA) equilibrated
with 50 mm sodium acetate pH 5.5 containing 30% ammo-
nium sulfate and eluted within a linear gradient from 30 to
0% ammoniums sulfate in the same buffer. Fractions were
pooled according to their specific activities and a buffer
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Fig. 8. CaCl, addition at pH 3.5 has an effect on dgMtCDH. The results of the SAXS measurements (Fig. S6) are shown as (A) normalised
Kratky plot and (B) as P(r) functions. (C) The best combination of two-state models for the measurements without (pink) and with (brown)
cations are shown with their DH domains superimposed, using siLsomD and cHIMERA. The Ry values as well as the occurrence of each con-
former are given. (D) Histogram based on the 50 best-fitting combinations, consisting of two models. (E, F) The calculated two-state model
curves reconstruct the scattering curve for both cases perfectly, proving the accuracy of the models. The error-weighted residual differences

plots are given as insets.

exchange to 10 mm HEPES pH 7.0 was performed (Vivas-
pin, 50 kDa cut-off; Sartorius, Goettingen, Germany). The
concentrated pool was then applied to a Source 30Q col-
umn (Cytiva) that was previously equilibrated with 10 mm
HEPES pH 7.0 eluted within a salt gradient from 0 to
0.5 M NaCl and the fractions were again analysed and
pooled according to activity and purity. After a buffer

exchange to 50 mm sodium acetate pH 5.5, the concen-
trated samples were stored at —80 °C for further use.

Deglycosylation of MtCDH

The purified CDH was treated with 3200 U-mL™" a-1,2,3-
mannosidase and 50 000 U-mL~" endoglycosidase H; (New
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Table 6. Modelling parameters Ry and w of gMtCDH and dgMtCDH at different CaCl, concentrations. Results from the best-fitting multi-

state models are shown.

B. Motycka et al.

Model 1 Model 2
Single-state Two-state

Conditions ¥ x2 Rq (A) w (%) Rg (A) w (%)
gM{CDH pH 3.5 1.03 0.93 32,5 57 36.5 43

+50 mm CaCl, 1.43 1.04 33.3 44 36.6 56

+100 mm CaCl, 1.79 1.40 33.8 51 36.6 49
dgMICDH pH 3.5 1.29 1.09 30.9 83 36.4 17

+50 mm CaCl, 1.00 0.93 30.1 52 34.3 48

England Biolabs) in 50 mm sodium acetate buffer pH 5.5 con-
taining 5 mm ZnCl, and incubated for 18 h at 30 °C without
shaking. An SDS/PAGE was carried out using Mini-
PROTEAN TGX Stain-Free gel (Bio-Rad Laboratories, Her-
cules, CA, USA) afterwards the proteins were visualised using
the Gel Doc XR + Gel Documentation System (Bio-Rad
Laboratories). To identify the theoretical mass of the bound
glycans a gel-shift assay was performed and data were ana-
lysed by IMAGE LAB 6.1 (Bio-Rad Laboratories) using a point-
to-point semilogarithmic fit and the Precision Plus Protein
Standard (Bio-Rad Laboratories).

Small angle X-ray scattering sample preparation,
data collection and analysis

SEC-SAXS data were collected at the SIBYLS beamline
12.3.1 at Advanced Light Source. [35,36] (LBNL, Berkeley,
CA, USA) at 1.27 A wavelength with a Pilatus 2M detector
2.1 m sample-to-detector distance, corresponding to a ¢ range
from 0.01 to 0.4 A~'. The scattering vector is defined as
¢ = 4 sinB/A, where 260 is the scattering angle, and A is the X-
ray wavelength. For the pH-profile measurements, a 50 mm
phosphate—citrate buffer system was used. The addition of
CaCl, was performed in a 50 mm sodium acetate buffer pH
3.5 and a 50 mm HEPES buffer pH 6.5 with and without
CaCl,. For all measurements, an enzyme concentration of
7 mgmL~" was used. A size exclusion chromatography was
directly coupled with a SAXS flow cell and a multiangle light
scattering (SEC-SAXS-MALS) [37]. For analysing the data
and computing the pair-distance distribution function the pro-
gram SCATTER (https://bl1231.als.1bl.gov/scatter/) was used.
The SAXS frames recorded before the protein elution was
used for the background subtraction. For the determination
of the molecular weight in the case of SEC-MALS the soft-
ware ASTRA (WYATT-Technology, Santa Barbara, CA, USA)
was used and BIOXTAS RAW [38] using Volume of Correlation
(Ve) [39] for the determination from the SAXS curves.

Modelling

The missing linker region of MrCDH (PDB: 4QI6 [10]) was
modelled using the online tool SWISS-Model [40] and the

glycan trees for MtCDH as well as for the open structure
of NcCDH (PDB: 4QI7 [10]) with the online tool
CHARMM-GUI [41] (Lehigh University, Bethlehem, PA,
USA). Based on the crystal structure for MtCDH, four
N-linked and five O-linked glycans were added to the struc-
ture, and in the case of NcCDH, seven N-linked and two
O-linked glycans. For the glycosylated models, the N-
linked glycans were modelled as a high-mannose-type, and
for the hyperglycosylated models, as high-mannose-type
with one additional branch [42]. The conformational sam-
pling of CYT mobility was performed by BiLBoMD [43], fol-
lowed by the selection of a best-fit and two-state model of
CDH that best fits SAXS data [44]. For the starting model,
we kept the domains rigid (CYT domain from amino acid
1-202 and DH domain from amino acid 226-806) and the
linker from position 203 (TKT) to position 225 (TGV) as
well as the mannose trees flexible. The visualisation of all
models by superimposing their DH domains was done by
using UCSF CHIMERA [45]. The histograms of R, values and
dimensionless Kratky Plot were plotted using oRIGIN (Origi-
nLab Corporation, Northampton, MA, USA). To prove
the accuracy of the models in relation to the measured
SAXS curve, the online tool FOXS (Fast SAXS Profile
Computation with Debye Formula) [46,47] was used. For
the visualisation of the protein surface charge pH profile,
the online tool PHMAP was used [48].
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Fig. S1. SAXS scattering profiles and the derived Gui-
nier plots (insets) where the black line shows the
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region used for the calculations for gMrCDH at pH
3.5 (A), 4.5 (B), 5.5 (C), 6.5 (D) and 7.5 (E).

Fig. S2. SAXS scattering profiles and the derived Gui-
nier plots (insets) where the black line shows the
region used for the calculations for dgMtCDH at pH
3.5 (A), 5.5 (B) and 7.5 (C).

Fig. S3. SAXS scattering profiles and the derived Gui-
nier plots (insets) where the black line shows the
region used for the calculations for gMtCDH at pH
6.5 without CaCl, (A) and the addition of 50 mM
CaCl, (B) and 100 mM CacCl, (C).

Fig. S4. SAXS scattering profiles and the derived Gui-
nier plots (insets) where the black line shows the
region used for the calculations for dgMrCDH at pH
6.5 without CaCl, (A) and the addition of 50 mM
CaCl, (B).

Fig. S5. SAXS scattering profiles and the derived Gui-
nier plots (insets) where the black line shows the
region used for the calculations for gMtCDH at pH
3.5 without CaCl, (A) and the addition of 50 mM
CaCl, (B) and 100 mM CacCl, (C).

Fig. S6. SAXS scattering profiles and the derived Gui-
nier plots (insets) where the black line shows the
region used for the calculations for dgM(CDH at pH
6.5 without CaCl, (A) and the addition of 50 mM
CaCl, (B).

Table S1. q ranges in the Guinier plots, which were
used to analyse the molecular weight from the SAXS
profiles.
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