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Abstract: Candida boidinii NAD+-dependent formate dehydrogenase (CbFDH) has gained
significant attention for its potential applications in the production of biofuels and various
industrial chemicals from inorganic carbon dioxide. In this study, we present an atomic X-ray
crystal structure of the apo CbFDH to 1.4 Å resolution determined at cryogenic temperature at
the Turkish Light Source, “Turkish DeLight”. This structure offers a comprehensive view of the
apo enzyme's dynamics, filling the gaps in our understanding from previous studies. Also,
comparison of our high-resolution apo and previously available holo enzyme structures reveals
major conformational changes of this dynamic enzyme in the absence and presence of the
coenzyme and substrate/inhibitor complexes. Collectively all these information may provide
invaluable insights into future protein engineering efforts that could enhance enzymatic activity
and stability, potentially increasing its efficiency and effectiveness of CbFDH in industrial
processes.
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1. Introduction

NAD+-dependent formate dehydrogenase (FDH) is 364 amino acid containing homodimeric 82

KDa enzyme complex that catalyzes the reversible conversion between formate and carbon

dioxide [1]. It uses NAD+/NADH coenzymes for electron transfer to catalyze the oxidation of

formate to carbon dioxide and vice versa [2]. Many prokaryotic and eukaryotic organisms

express NAD+-dependent FDH enzymes with similar structural and kinetic properties [3].
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However, many studies have focused on the Candida boidinii NAD+-dependent FDH (CbFDH)

due to its remarkable stability and activity [4].

Formate dehydrogenase was first discovered in the 1950s and recently gained great attention as a

research topic due to its potential for formate molecule production from inorganic carbon

dioxide. Formate is a valuable single-carbon containing precursor molecule used in the synthesis

of various invaluable industrial chemicals, such as formaldehyde which is used in the production

of resins, plastics, and disinfectants [5-7]. Other chemicals that can be generated from formate

include formic acid and oxalic acid, both of which have a range of important industrial

applications [8]. Moreover, the formate molecule has the potential as an alternative biofuel since

it can be converted into hydrogen gas by electrolysis [9]. Overall, formate’s versatility in

industrial applications has made the FDH enzyme a central research topic.

High-resolution structural studies are crucial for understanding the function, underpinnings of the

catalytic mechanism, and other potential applications of dehydrogenase enzymes like CbFDH.

Previous studies have contributed to our knowledge of the CbFDH enzyme’s structural and

functional features. However, there are still existing gaps in our understanding of FDH function

and potential modifications for further enhanced activity and thermal stability of this enzyme.

Here, we present a high-resolution crystal structure of the apo CbFDH determined at cryogenic

temperature. Our findings, together with the currently available structural and enzymatic

knowledge, will pave the way for future research on the potential use of CbFDH in industrial

applications.

2. Materials and Methods

2.1. Transformation, expression, purification, and crystallization

Full-length wild-type CbFDH gene was cloned into pET-23a (+) bacterial expression vector with

a C-terminal hexahistidine-tag as previously described by Bulut et al. [4]. The plasmid was

transformed into the competent E. coli BL21 Rosetta-2 strain. Transformed bacterial cells were

grown in 6 L LB medium containing 100 µg/ml ampicillin and 35 µl/ml chloramphenicol at 37

℃. Once OD600 reached to 0.7-0.8 range, the protein expression was induced by addition of

β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 0.4 mM for 3-4 hours at 37 ℃.
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Cells were then harvested using Beckman Allegra 15R desktop centrifuge at 4 ℃ at 3500 rpm

for 30 minutes. Cell pellets were stored at -80 ℃ until purification.

The frozen cell pellets were dissolved in ice cold lysis buffer that contains 500 mM NaCl, 50

mM Tris-HCl pH 7.5, 5% (v/v) Glycerol, 0.1% (v/v) Triton X-100, and sonicated on ice with

Branson W250 sonifier (Brookfield, CT, USA) until the solution was completely cleared. The

cell lysate was centrifuged at 4 ℃ at 35000 rpm for 1 hour by Beckman Optima™ L-80XP

ultracentrifuge equipped with a Ti-45 rotor (Beckman, USA). The cell pellet was discarded, and

the supernatant containing the soluble protein was filtered through 0.2 μm membrane and loaded

onto a Ni-NTA column that was previously equilibrated with 3 column volume of loading buffer

containing 200 mM NaCl, 20 mM Tris-HCl pH 7.5, 20 mM Imidazole. Unbound and

non-specifically bound proteins were washed by running 5 column volumes of loading buffer

through the column. The hexahistidine-tagged CbFDH proteins were eluted with the elution

buffer containing 200 mM NaCl, 20 mM Tris-HCl pH 7.5, and 250 mM Imidazole. The eluted

protein was dialyzed in a dialysis membrane (3 kDa MWCO) against a buffer containing 200

mM NaCl and 20 mM Tris-HCl pH 7.5 overnight at 4 ℃ to remove excess imidazole. The

concentrated ultra-pure protein was run on an 15% SDS-PAGE for verification.

The protein crystallization screening experiments were performed using the sitting-drop

microbatch under oil method. The purified CbFDH protein was mixed with ~3500 commercially

available sparse matrix crystallization screening conditions in a 1:1 volumetric ratio in

72-Terasaki plates (Greiner Bio-One, Kremsmünster, Austria). The mixtures were covered with

16.6 µl 100% paraffin oil (Tekkim Kimya, Istanbul, Türkiye). The crystallization plates were

incubated at 4 ℃ and frequently checked under a light microscope. The best CbFDH crystals

were grown within six weeks in Wizard III condition #47 (Hampton Research, USA). This

condition consists of 30% (w/v) PEG 5000 MME, 100 mM MES/Sodium hydroxide pH 6.5, and

200 mM Ammonium sulfate.

2.2. Crystal harvesting and delivery

The CbFDH crystals were harvested by using MiTeGen MicroLoops mounted to a magnetic

wand [10] while simultaneously monitoring under a light microscope, as described by Atalay et
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al. [11]. The harvested crystals were flash-frozen by plunging them in liquid nitrogen and placed

in a cryo-cooled robotic sample puck (Cat#M-CP-111-021, MiTeGen, USA). The puck was

mounted to a puck transfer and mounting tool and placed into the sample dewar which is auto

refilled with liquid nitrogen at 100 °K, of the Turkish DeLight XRD device.

2.3. Data collection and processing

Diffraction data from the CbFDH crystals were collected using Rigaku’s XtaLAB Synergy Flow

XRD at University of Health Sciences (Istanbul, Türkiye) controlled with the CrysAlis Pro

software version 1.171.42.35a [12]. The crystals were constantly cooled by the Oxford

Cryosystem’s Cryostream 800 Plus set to 100 °K. The PhotonJet-R X-ray generator was operated

at 40 kV, 30 mA, 1200.0 W with a beam intensity of 10%. The data was collected with 1.54 Å

wavelength and the detector distance was 47.00 mm. The scan width was set to 0.25 degrees

while exposure time was 10.0 minutes. Data collection was performed for 15 hours 43 minutes

19 seconds. Data reduction was performed using the CrysAlis Pro version 1.171.42.35a. The data

reduction result was obtained as an *.mtz file.

2.4. Structure determination and refinement

The cryogenic CbFDH structure was determined at 1.4 Å with the space group P1 using the

automated molecular replacement program PHASER version 2.8.3 [13] within the PHENIX suite

version 1.20.1 [14]. The previously released FDH structure with PDB ID: 5DNA was used as an

initial search model for molecular replacement [15]. Initially rigid-body and simulated-annealing

refinements were performed by PHENIX. Then, individual coordinates and

translation/libration/screw (TLS) parameters were refined along with simulated annealing map

refinement. The final model of the CbFDH structure was checked by using COOT version

0.9.8.1 [16] after each refinement cycle. Water molecules were added into appropriate electron

density clouds while those located outside the density were manually removed. The structure

figures were generated by using PyMOL [17] version 2.5.2 and COOT version 0.9.8.1. Morph

analysis was performed and the movies were generated using PyMOL.
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Table 1. Data collection and refinement statistics.
Dataset CbFDH
PDB ID 8HTY
Data collection
Beamline Turkish DeLight
Space group P 1
Cell dimensions

a, b, c (Å) 54.132, 68.959, 109.79
α, β, γ (°) 78.139, 89.482, 81.115

Resolution (Å) 24.75-1.39 (1.51-1.39)
CC (½) 0.999 (0.340)
CC* 1.000 (0.708)
I / σI 11.74 (0.73)
Completeness (%) 98.82 (86.0)
Redundancy 151.46 (148.36)
Refinement
Resolution (Å) 21.83-1.40 (1.43-1.40)
No. reflections 301717 (29123)
Rwork / Rfree 0.1674/0.1904 (0.3802/0.3728)
No. atoms

Protein 22225
Ligand / Ion / Water 2249

B-factors
Protein 22.94
Ligand / Ion / Water 35.07

Coordinate errors 0.18
R.m.s deviations

Bond lengths (Å) 0.015
Bond angles (°) 1.422

Ramachandran plot
Favored (%) 97.38
Allowed (%) 2.62
Disallowed (%) -

1 The highest resolution shell is shown in parentheses.

3. Results

3.1. Apo CbFDH structure is determined at 1.4 Å resolution at the Turkish Light Source

We determined the crystal structure of wild-type apo CbFDH at 1.4 Å resolution (PDB ID:

8HTY) with overal 98.82% completeness at cryogenic temperature at the Turkish Light Source

“Turkish DeLight” (Istanbul, Türkiye) [18]. The determined structure consists of two

homodimers of CbFDH (Figure 1). The Ramachandran plot indicates that 98.01% of the residues

were in the favored regions while 1.99% were in the allowed regions with no outliers. The data

collection and refinement statistics are given in Table 1.
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Figure 1. 1.4 Å apo wild-type CbFDH structure as two homodimers. Four monomer molecules are shown in
different colors.

The resulting final electron density map was superior-quality and reveals the structural features

such as coordinated water molecules, and side chains of the CbFDH molecule in great details.

The electron density remains intact and visible even at  3 sigma levels (Figure 2).

Figure 2. 2Fo-Fc map is colored in blue and contoured at (a) 2.0 σ, (b) 2.5 σ, and (c) 3.0 σ level. CbFDH is shown
in stick representation.
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3.2. Two homodimers are nearly identical with minor conformational changes

We superposed the two CbFDH homodimers in our crystal structure to compare their similarities.

The two homodimers aligned with an RMSD score of 0.352. Particularly, the dimerization

regions within the CbFDH homodimers seem almost identical (Figure 3c) while some minor

conformational changes are observed in regions farther from the central dimerization core

domain (Figure 3b,d).

Figure 3. Superposition of two homodimers of CbFDH. (a) Two homodimers superposed. The first homodimer is
colored in slate, and the second one is colored in gray. (b),(d) Regions that do not participate in dimerization. (c)
Dimerization region.
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3.2. Two apo structures align with some minor differences

When we compare our apo 1.4 Å CbFDH structure with a previously published apo structure

(PDB ID: 5DNA) at 1.75 Å resolution, the overall structures align very well with an RMSD of

0.266 Å (Figure 4).

Figure 4. Superposition of two apo wild-type CbFDH structures. Our 1.4 Å structure is shown in four distinct colors
indicating each chain; A: pale green, B: wheat, C: pink, D: pale cyan. 5DNA is colored gray. Conformational
differences in side chains are shown in boxes in stick representation.

Differences are mostly observed in the residues that directly exposed to the solvent (Figure 4). In

addition, the previous apo CbFDH structure lacks the residues 15-18 (Ala15, Asp16, Glu17,

Glu18) in chain C, while our structure has a well-defined electron density for them (Figure 5).
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Figure 5. Chain C residues 15-18 comparison between our CbFDH and 5DNA. (a) Superposition of our structure
with 5DNA. The black square indicates the residues 15-18. Our structure is colored in four colors: pale green,
wheat, pink, pale cyan. 5DNA is colored in gray. (b) A closer look at the residues 15-18 in the black square. The
dashed lines represent the missing residues of 5DNA. (c) 2Fo-Fc (colored in slate) and Fo-Fc (colored in green)
maps showing the 5DNA chain C residues 14 and 19 and dashed lines for the missing residues. (d) 2Fo-Fc and
Fo-Fc maps colored same is panel C showing the chain C residues 14-19 belonging to our CbFDH structure.

3.3. Comparison of apo and holo CbFDH structures reveal major conformational changes

We also compared our structure with a previously published holo CbFDH structure (PDB ID:

5DN9) [15]. The holo structure contains the coenzyme NAD+, a chloride ion, and the FDH

inhibitor azide. Two structures superposed with an overall RMSD of 1.80 Å, indicating the

presence of major conformational differences (Figure 6).

The difference was observed not only in the more flexible loop regions, but also in domainc

containing multiple α-helices and β-sheets. Morph analysis was performed in order to reveal how

the CbFDH complex changes its conformation in the presence of both the coenzyme NAD+ and

inhibitor azide [3]. Our structure was used as the starting conformation and the holo structure

was the end conformation. The morph analysis revealed that binding of NAD+ and azide
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induces/stabilizes major conformational changes. Upon binding, the two domains come closer

together to close the catalytic site binding cleft (Supplementary Movie 1 & 2).

Figure 6. Superposition of apo and holo (5DN9) wild-type CbFDH structures. The 1.4-Å apo structure is shown in
two colors: wheat and pale green. The holo structure is shown in gray.

3.4. Thermal ellipsoids show the significant flexibility differences between apo and holo
structures

We compared the flexibility of our structure and the holo structure (PDB ID: 5DN9) by

examining the B-factor distribution of each. In our structure, the thermal ellipsoids are larger and

more elongated, with warmer colors ranging from red to yellow to green (Figure 7a). In contrast,

the ellipsoids in the holo structure (PDB ID: 5DN9) are smaller and more spherical, with mostly

dark blue color (Figure 7b).
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Figure 7. Thermal ellipsoid representation of (a) our apo CbFDH structure and (b) holo structure (PDB ID: 5DN9).

4. Discussion

Our 1.4 Å-resolution apo CbFDH structure provides structural details of the enzyme in its

homodimeric form. The superior-quality electron density map reveals atomic details of the amino

acid residues and water molecules. This high-resolution structure revealed a high degree of

similarity between the two subunits, with only minor differences observed in the more flexible

regions outside of the dimerization core domain region. These minor changes are expected since

they can move more freely as they do not participate in dimer formation.

While the two homodimers in our structure were highly identical, a comparison with a

previously published apo structure, consisting of two homodimers as well, (PDB ID: 5DNA) at a

1.75 Å resolution revealed several minor differences, particularly in the side chains of solvent

exposed charged residues. Furthermore, our structure also showed improved electron density for

flexible loop residues 15-18 (Ala15, Asp16, Glu17, Glu18) in chain C that were not well defined

in the previous structure.
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In addition to the apo structure, we also analyzed the conformational changes that occur in

CbFDH when it is bound by the coenzyme NAD+ and the inhibitor azide. Azide is used as an

inhibitor of CbFDH due to having a linear, triatomic structure similar to carbon dioxide, the

substrate of the reverse reaction [3]. When we superposed our structure with the holo form, we

observe major conformational changes through the entire structure with a high RMSD value of

1.80 Å. We performed morphing between the two conformations to monitor how the structure

changes globally and within the binding pocket. We observed significant conformational changes

resulting in the closing of the binding pocket, which precluded the entry of another coenzyme or

substrate. Also, this movement brings the catalytic domain and binding domain closer to a more

compact state so that the reaction can take place.

Having observed significant conformational changes throughout the enzyme upon coenzyme and

substrate/inhibitor binding, we further compared the apo and holo structures by examining the

thermal ellipsoids. Thermal ellipsoids indicate the direction and magnitude of the thermal

vibrations in crystal structures. Their size, shape, and color give information about the movement

of the atoms within a structure. Our comparison of thermal ellipsoids revealed that the apo form

is more flexible and dynamic compared to the holo form, suggesting that the enzyme becomes

more stable and rigid upon binding of the coenzyme and substrate/inhibitor. In fact, it is already

known that NAD+ and inhibitor binding causes the binding pocket to close via global

conformational changes, making the protein more compact.

The detailed analysis of the wild-type CbFDH structure presented in this study provides

comprehensive insights into this enzyme’s structural dynamics, and highlights its potential for

further time-resolved serial X-ray kineto-crystallography studies. The collective information

gathered from these studies will be invaluable for future enzymology and protein engineering

efforts to improve the enzymatic activity and stability for sustainable and efficient industrial

applications.
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