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Abstract

The structure of formate dehydrogenase from Candida boidinii (CbFDH) is of both academic and 
practical interests. First, this enzyme represents a unique model system in studies of the role of 
protein dynamics in catalysis, but so far these studies were limited by the availability of structural 
information. Second, CbFDH and its mutants are of use in various industrial applications (e.g., 
CO2 fixation or nicotinamide recycling systems), and the lack of structural information has been a 
limiting factor in its commercial development. Here, we report the crystallization and structural 
determination of both holo-CbFDH and apo-CbFDH. The free energy barrier for the catalyzed 
reaction is computed, and indicates that this structure indeed represents a catalytically competent 
form of the enzyme. Complementing kinetic examinations demonstrate that the recombinant 
CbFDH has a well-organized reactive state. Finally, a fortuitous observation has been made: The 
apo-enzyme crystal was obtained under co-crystallization conditions with a saturating 
concentration of both the cofactor (NAD+) and inhibitor (azide), which has a nM dissociation 
constant. It was found that the fraction of the apo-enzyme present in the solution is less than 
1.7x10−7 (i.e. the solution is 99.9999% holo-enzyme). This is an extreme case where the crystal 
structure represents an insignificant fraction of enzyme in solution, and a mechanism rationalizing 
this phenomenon is presented.
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Formate dehydrogenase (FDH, EC 1.2.1.2) is a homodimer with two independent active 
sites1 catalyzing the NAD+-dependent oxidation of formate to CO2 (Scheme 1)2–4 via an 
irreversible hydride transfer from formate to NAD+.5

Formate dehydrogenase from Candida boidinii (CbFDH) is an attractive system for 
correlating kinetics and dynamics since the nature of its chemical step can be probed,2 and 
its transition state analog (TSA), azide, is both a tight inhibitor (Ki=40 nM) and a good IR 
probe – enabling vibrational spectroscopy studies of the dynamics in an excellent mimic of 
the activated complex. Azide is a TSA because it is isoelectronic with the carbon dioxide 
product and negatively charged like the formate anion reactant (Scheme 1).5 In addition, 
azide is a strong vibrational chromophore with a characteristic IR absorption at ~2045 cm−1 

that is separated from the absorptions of other functional groups in an enzyme-solvent 
system.7 Two-dimensional infrared (2D IR) spectroscopy can assess the femtosecond (fs) to 
picosecond (ps) motions of the active site of a reactive-like complex (FDH-NAD+-azide) by 
probing the frequency fluctuations of the antisymmetric stretch of the azide anion.8–11 

Characterizing both the kinetics of the chemical step and the active site dynamics will 
require structure-guided mutagenesis of active-site residues.12–14 In the past, a commercially 
available CbFDH has been used to characterize the nature of the H-transfer and the active 
site dynamics.2,10,11 As in the case of most wild type enzymes, those studies found 
temperature independent intrinsic kinetic isotope effects (KIEs),2 which indicate that the 
donor-acceptor distance (DAD) at the tunneling ready state (TRS) is narrowly distributed 
(well organized) for H-tunneling.15 However, the fact that the commercial enzyme was a 
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mixture of isozymes (see below) and the lack of a crystal structure of its TSA complex 
prohibited further investigation of that system.

Mechanistic studies of most enzymes involve site-directed mutagenesis or other methods 
that require the use of a recombinant enzyme and knowledge of its structure in a reactive 
conformation (e.g., mimicked by complex with the TSA, azide, and NAD+ in the case of 
FDH). So far, the only crystal structure of FDH in ternary complex was for the enzyme from 
Pseudomonas sp.101 (PsFDH, PDB ID 2NAD),4 and computational studies based on this 
structure demonstrated dynamic effects of protein motions in FDH system.16–19 However, 
direct measurements of dynamic effects were revealed in the case of CbFDH,6,10,11 therefore 
using a homology-model from PsFDH ternary complex limited commercial and basic 
applications for both experimental designs and computations.6,10,11,18 The only two crystal 
structures available for CbFDH are for the apo-enzyme and each includes a single-point 
mutant (K47E, PDB 2FSS and K328V, PDB 2J6I) designed via an adapted surface 
engineering approach.20 Even if those mutants do represent the wild type structure, 
structures of apo-CbFDH provide limited guidelines for mutagenesis studies and high level 
computations, which necessitates the X-ray structure of the ternary complex in its reactive 
form.

In addition to the importance of obtaining the structure of CbFDH for mechanistic studies, 
detailed structural exploration would assist CbFDH engineering for industrial applications. 
Industrial technologies for obtaining large quantities of FDH from Candida boidinii have 
long been described,21 and FDHs have been extensively studied as a candidate for 
developing industrial NAD(P)H22–24 regeneration and CO2 consumption systems.25

The current work describes the design, expression, and purification of recombinant CbFDH, 
followed by the determination of structures of co-crystallized CbFDH with NAD+ and azide, 
as well as the apo-enzyme. The apo- and holo-structures were solved to a resolution of 1.75 
and 1.5 Å, and were assigned PDB IDs 5DNA and 5DN9, respectively when deposited into 
Protein Data Bank. The kinetic features of the recombinant CbFDH were also examined and 
compared with the commercial enzyme (a mixture of isozymes). Finally, to probe the 
catalytic competency of the holo-structure, quantum mechanical/molecular mechanical 
(QM/MM) simulations were carried out to obtain the reaction free energy profile for CbFDH 
and this profile was compared to that of PsFDH.

 MATERIALS AND METHODS

 Materials

The pET-23a plasmid harboring the gene encoding for CbFDH was a generous gift from Dr. 
Nikolaos Labrou of the Agricultural University of Athens. E. coli BL21 (DE3) pLysS cells 
were from Novagen. Blue sepharose 6 fast flow and Superdex 200 resin were from GE 
Healthcare Life Sciences. Bradford dye reagent, immobilized pH gradient (IPG) strips for 
isoelectric focusing (IEF), SDS gels and the protein standards were from Bio-Rad. 
[Ad-14C]-NAD+ was from PerkinElmer. [3H]-formic acid was from Moravek Biochemicals. 
All other materials were purchased from Sigma-Aldrich unless otherwise specified.

Guo et al. Page 3

Biochemistry. Author manuscript; available in PMC 2017 May 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



 Expression and purification of CbFDH

CbFDH plasmids were transformed into BL21 (DE3) pLysS cells and grown in 6 L Luria-
Bertani medium with 100 mg/L ampicillin at 37°C and 250 rpm. Expression of CbFDH was 
induced by the addition of 1 mM of isopropyl β-D-1-thiogalactopyranoside (IPTG) when the 
OD600 reached ~0.6. The cells were incubated overnight and harvested by centrifugation at 
5,000 g for 30 min at 4 °C. The cell paste (~25 g) was then suspended in lysis buffer (50 
mM potassium phosphate, 5 mM EDTA, 10% glycerol, pH 7.5) for 1 hr and lysed by French 
pressing, and then centrifuged at 10,000 g for 1 hr. The supernatant was dialyzed overnight 
at 4°C against 100-vol. of 10 mM MES/NaOH buffer, pH 6.0 followed by another 
centrifugation at 10,000 g for 1 hr. Then the supernatant was clarified by filtration through a 
Millipore cellulose membrane filter (0.22 μm pore size). The filtered solution was purified 
by affinity chromatography using Blue Sepharose 6 fast flow resin following the procedure 
described previously.26,27 The enzyme was purified to a high level as judged by SDS-PAGE, 
and then dialyzed against 100 mM potassium phosphate pH 7.5 and stored at −80 °C.

 Steady-state kinetics

The KM/NAD
+ and kcat were determined through initial velocity studies varying the NAD+ 

concentration from 0.02 to 12 mM at a formate concentration of 200 mM. The production of 
NADH was monitored by following UV absorption at 340 nm in 100 mM phosphate buffer 
at pH 7.5 and 25°C. The reaction was initiated by adding 0.2 μM CbFDH (final 
concentration). Similarly, KM/formate was measured under the same buffer and enzyme 
concentration by varying the formate concentration from 1 to 215 mM at a NAD+ 

concentration of 10 mM. Data were fit to the Michaelis–Menten equation to obtain the 
kinetic parameters kcat and KM for both substrates.

 Crystallization of CbFDH

Prior to preparation of ternary complexes for crystallization, the protein was freshly purified 
by affinity chromatography (Blue Sepharose 6), and a Superdex-200 gel filtration column 
that was pre-equilibrated with 20 mM bis-tris-propane buffer containing 150 mM NaCl, pH 
7.8.20 The protein was then concentrated and the concentration was determined using the 
Bradford assay. NAD+ and sodium azide at 50-fold molar excess relative to the 
concentration of CbFDH were then added and the mixture was incubated on ice for at least 1 
h. The monodispersity of the concentrated CbFDH in complex with NAD+ and azide was 
tested using dynamic light scattering (DLS) on a NanoStar instrument (Wyatt Technology). 
Both apo- and holo-structures were crystallized via the hanging-drop vapor diffusion method 
at 18°C with the drop containing 0.4 μl of both CbFDH-NAD+-azide ternary complex and 
crystallization solutions using TTP LabTech Mosquito.

 Data collection and structure determination

Crystals were flash-cooled in liquid nitrogen. Data of the apo-CbFDH were collected at 100 
K via the in-house Rigaku diffractometer at the Protein Crystallography Facility, University 
of Iowa. Data for holo-CbFDH were collected at the 4.2.2 synchrotron beamline at the 
Advanced Light Source (Berkeley, CA, USA). The data were processed using XDS.28 The 
structure of CbFDH K328V mutant (PDB 2J6I)20 was used as a template for molecular 
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replacement (MR). For the closed conformation holo-CbFDH, the 2J6I structure was broken 
down to domain A (residues 117–313) and domain B (residues 1–115 and 315–361), and 
used as MR templates. MR was performed using the program PHASER,29 which is part of 
the CCP4 software suite.30 Model building was performed in Coot.31 Further refinement was 
carried out using REFMAC532 and Phenix.33

 Isothermal titration calorimetry (ITC)

ITC experiments were performed using MicroCal iTC200 (GE Healthcare). To determine 
whether buffer conditions affect ligand binding, we performed the same ITC measurements 
in either 100 mM phosphate, pH 7.5 or 10 mM bis-tris-propane, 0.05 M HEPES buffer 
containing 75 mM NaCl and 0.05 M sodium acetate trihydrate, 12% PEG 4000, pH 7.5. The 
latter is the crystallization condition under which apo-enzyme crystals were obtained. Before 
ITC experiments, FDH was dialyzed against the buffer overnight and then concentrated. The 
same dialysis buffer was used to make NAD+ or sodium azide solutions. When measuring 
the binding constant of NAD+ to FDH, a sample cell containing 50 μM FDH (active site) 
was titrated with 2 mM NAD+. To measure the binding constant of azide to FDH-NAD+ 

complex, a sample cell containing 20 μM FDH mixed with 1mM NAD+, and was titrated 
with 1 mM azide. The temperature of the calorimeter cells (sample and reference) was 
maintained at 25 °C. The data obtained were fit using one-set models Origin 7 (provided 
with the instrument).

 Kinetic isotope effect measurements

Both H/T and D/T competitive KIEs were measured to determine the intrinsic KIEs for 
CbFDH at 5, 15, 25, 35 and 45 °C following the procedure described in ref 6. Briefly, in 1 
ml final volume of 100 mM phosphate buffer (pH 7.5), trace amounts of [Ad-14C]-
NAD+ (660,000 dpm) and [3H]-formic acid (3,300,000 dpm) were mixed with 50 mM 
NAD+ and 40 mM formic acid (for H/T) or 99.8% deuterated formic acid (for D/T). During 
the reaction, the hydride or deuteride is transferred from formic acid to [Ad-14C]-NAD+ to 
form [Ad-14C]-NADH/D. Similarly, [3H]-NADH is also produced from [3H]-formic acid. 
Therefore, [Ad-14C]-NADH/D represents the protium or deuterium transferred, and [3H]-
NADH represents the tritium transferred. The reaction was initiated by adding CbFDH, and 
100 μl aliquots are removed at various fraction conversions and quenched by adding 20 μl of 
50 mM azide. All samples were immediately frozen on dry ice and then kept at −80 °C until 
analyzed on the HPLC. The HPLC separation was followed by liquid scintillation counter 
(LSC) analysis to determine the depletion of 3H relative to 14C in the product at different 
fractional conversions. The observed KIEs were calculated using eq. (1)

(1)

where ƒ is the fractional conversion based on 14C-NAD+ and Rt and R∞ are the isotope 
ratios between 3H and 14C at time t and infinity, respectively:
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(2)

(3)

Intrinsic KIEs were calculated from their observed values using a numerical solution of the 
modified Northrop equation:34,35

(4)

where kH/kT is the intrinsic H/T KIE and T(V/K)H,obs and T(V/K)D,obs are the observed H/T 
and D/T KIE values for the second-order rate constant kcat/KM, respectively.

 Pre-steady-state kinetics

The single turnover rate of both recombinant and commercial CbFDH were measured in 100 
mM potassium phosphate, pH 7.5 by following the production of NADH at 340 nm using an 
Applied Photophysics stopped-flow spectrophotometer maintained at 25 °C. 84 μM CbFDH 
(concentration of active sites) was pre-incubated with 62 μM NAD+ and the reaction was 
initiated by mixing with an equal volume of sodium formate (40 mM) in the same buffer. 
The kinetic traces were fit to a single exponential function to obtain the single turnover rates.

 QM/MM calculation

The crystal structures of holo-PsFDH (PDB 2NAD)4 and of holo-CbFDH (PDB 5DN9) were 
used to construct the initial configuration for the present study. The setup and the MD 
simulations of all systems were carried out based on procedures similar to those employed 
for the wild type PsFDH.18 Briefly, the protonation states of all polar amino acid residue 
side chains were adjusted to pH 7, and the protonation states of the His residues were 
determined so as to match the hydrogen bonding patterns in the nearest environment. The 
HBUILD facility in the program CHARMM was applied to add hydrogen atoms. Sodium 
ions were added to the wild type systems (14 for PsFDH and 2 for CbFDH) to neutralize the 
overall negative charge.

The potential energy surface in the current study is described by a hybrid QM/MM 
Hamiltonian,36 where the QM region is treated by a modified AM137 semiempirical 
Hamiltonian, denoted AM1-SRP (specific reaction parameters). 18,38

The QM region includes the fragments NADH and CO2, which are proximal to the reaction 
center, whereas the MM region contains the remaining ligand atoms, the entire protein, 

Guo et al. Page 6

Biochemistry. Author manuscript; available in PMC 2017 May 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



water molecules and sodium ions. The water molecules were represented by the three-point 
charge TIP3P model.39 Hydrogen link atoms were placed across the bonds intersected by the 
QM/MM boundary, and the QM/MM interactions were treated using electrostatic 
embedding. A detailed QM/MM partitioning scheme and a thorough description of the 
development of the AM1-SRP Hamiltonian for FDH is provided elsewhere.18 In modeling 
the MM region, we used the all-atom CHARMM22 force field.40

Periodic boundary conditions were employed to solvate the Michaelis complex using a pre-
equilibrated cubic water box (PsFDH system: ~92 Å × ~92 Å × ~92 Å; CbFDH system ~97 
Å × ~97 Å × ~97 Å), while treating long-range electrostatic interactions with the Ewald 
summation technique (90 × 90 × 90 FFT grid for PsFDH system and 96 × 96 × 96 for the 
CbFDH system, ϰ; = 0.340 Å−1).41 The PsFDH and CbFDH systems were fully minimized, 
and heated up gradually to 298 K for 25 ps. Both systems were equilibrated at that 
temperature for 1 ns at the MM level of theory. Each system was thereafter re-equilibrated 
using the QM(AM1-SRP)/MM potential over the course of 200 ps. All equilibrations and 
subsequent simulations were conducted with the isothermal-isobaric (NPT) ensemble at 1 
atm and at the target temperature. The pressure and temperature were controlled by the 
extended constant pressure/temperature (CPT) method42 and the Hoover thermostat,43 

respectively. The leapfrog integration scheme44 was used to propagate the equations of 
motion, and the SHAKE algorithm45 was applied to constrain all MM bonds involving 
hydrogen atoms, allowing a time step of 1 fs. During the equilibration, several nuclear 
Overhauser effect (NOE) restraints were imposed on key hydrogen bond interactions 
between the ligands and the surrounding residues, and removed 200 ps before moving on to 
the production phase. All enzyme simulations used a development version of the CHARMM 
program.46,47 Complementary details of the MD simulations are available in our earlier 
work.18

The umbrella sampling (US) technique48 was used to determine the classical-mechanical 
potential of mean force (CM-PMF) for the hydride transfer reaction. The reaction coordinate 
was defined as the antisymmetric reactive stretch coordinate, ζasym, namely the difference 
between the lengths of the breaking C–H and forming H–C4N bonds. A total of 14 
individual US MD simulations (“windows”) were performed along discrete, evenly spaced 
values of from ζasym − 1.75 to 1.5 Å. Each window was subject to an appropriate harmonic 
restraint, which keeps ζasym in the desired region, and an umbrella potential (roughly the 
negative of the PMF) as a function of ζasym. In order to efficiently update the biasing 
potential as necessary, each window was sampled in multiple successive series with a 
predetermined number of MD steps. A typical simulation starts with a short equilibration (2 
ps), followed by collection of the probability densities of configurations (ρ) along the 
reaction coordinate, ζasym. Whenever the biasing potential is updated, the subsequent 
simulation commences with a short equilibration, and the accompanying equilibration data 
is discarded. The cumulative simulation time per window was 375–400 ps. The statistics for 
all coordinates was sorted into bins of width 0.01 Å. The positions and velocities of the last 
recorded configuration in a specific window were used to start its successor, to maintain 
continuity of propagation. CM-PMF curves and surfaces were computed using a 
multidimensional version of the weighted histogram analysis method (WHAM).49 QM 
PMFs were obtained by PI-US simulations as described in our earlier work.18
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 RESULTS AND DISCUSSION

Sequence alignment of the recombinant CbFDH with the surface mutant K328V and 
PsFDH are summarized in Figure 1. Schirwitz et al. concluded that it was difficult to 
crystallize the wild type CbFDH due to the many flexible loop regions, and two single-point 
surface mutations K328V and K47E were introduced to obtain the three dimensional 
structures for CbFDH (apo-form).20 The two mutants (K328V and K47E) possess very 
similar kinetic and structural properties, so the comparison in this paper will only consider 
the K328V. The published K328V mutant was also different than the wild-type enzyme used 
here by three hydrophobic, but nonconserved variants: L128V, I227V and I354G 
(highlighted with * in Figure 1). The isoform of CbFDH used in ref 20 (CbFDH_iso1 in 
Figure 1) and the one used in this work (CbFDH_iso2) were directly cloned from yeast, and 
thus represented natural CbFDH isozymes, which accords with the various isozymes found 
in the commercial CbFDH (Figure S1). In this work, we did not need to introduce the 
artificial mutation K328V to get the enzyme to crystallize, suggesting that the currently used 
isozyme is more suitable for crystallization than the wild-type enzyme attempted in ref 20. In 
addition, the commercial CbFDH did not crystallize, and it turned out to be a mixture of 
isozymes, as was confirmed by isoelectric focusing and matrix-assisted laser desorption/
ionization-time of flight (MALDI-TOF) mass spectrometry analysis (Figure S1).

The steady state kinetic parameters of recombinant CbFDH were measured and compared 
to those of the surface mutant K328V, the commercial CbFDH and PsFDH (Table 1). The 
steady-state kinetic parameters for the recombinant CbFDH and its surface mutant K328V 
are very similar. The commercial CbFDH has higher KM/formate and lower kcat/KM/formate 

value, in accordance with a weighted average for its isozyme mixture that does not bind and 
capture the substrate as well as the recombinant isoform.

 X-ray structure

To study the role of active site protein dynamics close to the transition state of the FDH 
catalyzed reaction it is critical to choose relevant mutations based on the structure of the 
ternary (TS-like) complex of the enzyme under study. The co-crystallization conditions were 
set to assure formation of CbFDH all pre-bound to both ligands (NAD+ and azide). 
However, along with crystals of that ternary complex, crystals of the apo-CbFDH were also 
obtained. This finding is quite astonishing requiring a more in depth examination (vide 
infra).

The apo-CbFDH crystallizes in the P1 space group under the crystallization conditions: 0.1 
M sodium acetate trihydrate, 0.1 M HEPES, 25% PEG 4000, pH 7.5 within 10 days. The 
holo-FDH (Figure 2) crystallizes in the P1 21 1 space group under the conditions: 0.1 M 
HEPES, 25% PEG 3000, pH 7.5 within 15 days. Detailed X-ray data are summarized in 
Table S2. The protein solutions for both contained NAD+ and sodium azide at 50-fold molar 
excess relative to the concentration of CbFDH. The initial concentration at which the apo-
enzyme crystallized was 4.1 mg/ml (~0.1 mM active sites), while for the holo-enzyme it was 
6 mg/ml (~0.15 mM active sites).
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To assess the fraction of free enzyme under the apo-CbFDH crystallization condition, we 
used ITC to measure the Kd for NAD+ to CbFDH and azide to CbFDH-NAD+ in buffer 
containing 0.1 M sodium acetate trihydrate, 0.1 M HEPES, 25% PEG 4000, pH 7.5, and the 
values are 92 ± 4 μM and 43 ± 5 nM, respectively. Equation (7) gives an effective 
dissociation equilibrium constant for the ternary complex that is derived by multiplying 
equations (5) and (6) for the individual binary equilibria. The crystallization solution that 
yielded apo-CbFDH crystals contained 0.1 mM CbFDH (active sites concentration) and 5 
mM NAD+ and azide. Using these concentrations in Eq. 7, leads to a ratio of free enzyme to 
ternary complex [E]/[E-NAD+-azide] of 1.7x10−7; namely only 0.00001% of free enzyme in 
solution.

(5)

(6)

(7)

Given such a low fraction of free enzyme in solution, it is quite remarkable that the apo-
rather than the holo-enzyme crystalized. The relationship between the structure observed in 
the crystal and the dominant structure in solution has been examined since the beginning of 
protein crystallography. It is also known that crystal packing interactions can impede ligand 
binding,52 and that poor reproducibility of structures crystalized under the same conditions 
can occur.53 However, to the best of our knowledge, there have been no reports of similar 
observations where ligand-free protein crystallized while in solution more than 99.9999% is 
ligand-bound. We attribute most of this finding to the catalytic effect of nucleation centers 
that change the crystallization kinetics. A possible energy landscape that could explain this 
phenomenon is illustrated in Figure 3.

In this model, most of the enzyme in solution is ligand-bound (specie c in Figure 3), and has 

a much lower potential energy than the unbound enzymes in solution (specie d). Figure 3A 
illustrates a condition where nucleation lowers the free energy barrier for holo-enzyme 
crystallization, and Figure 3B illustrates the condition where the crystallization barrier is 
lowered for the apo-enzyme. The formation of these nucleation sites is catalytic for either 
path. The scenario presented in panel A is the expected one (99.9999% holo-enzyme). 
However, the very small population of unbound enzyme can also form a nucleation site that 

would initiate crystallization toward species a (the apo-enzyme), as illustrated in panel B. 
While we do not know whether the thermodynamics in the crystalline form favor ternary 

complex (state b) or apo-enzyme (state a) conformation, we know that under the 
crystallization conditions both are favored relative to the enzyme in solution. Furthermore, 
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the two crystalized forms cannot exchange without going back to solution (high barrier 

between a and b) being crystallized into very different crystals (different space groups, Table 
S2; and different packing, Figure 4). Thus although thermodynamically in solution only 
0.000017% enzyme is free, the kinetic competition can still favor the formation of crystals 
of the apo-enzyme, and the thermodynamic driving force would lead to formation of only 
those crystals (Figure 3B).

Figure 4A shows the apo-CbFDH packing between chain A (blue) and chain D from a 
neighbouring cell unit (yellow). The black circled region highlights the conformation of the 
active site cleft that matches well with the neighbouring unit. In Figure 4B, the same 
asymmetric unit chain A of the holo-CbFDH (green) has a very different interface with 
chain D of the neighbouring cell unit (yellow). For the apo-enzyme it appears that the 
packing pattern prevented enzymes from forming the closed conformation. For the apo-
CbFDH structure, these packing interactions appear to stabilize the open conformation and 
prevent conversion of one crystal structure to the other, in accordance with the high energy 

barrier between states a and b in Figure 3.

In Figure 5 the apo-enzyme is compared to the holo-enzyme, and the red arrows mark the 
needed motion from one to the other. This motion that follows the ligand binding is further 
emphasized in the movie enclosed in the SI. The apo-form has an open-conformation with a 
wide active site cleft, while the holo-form is in a closed-conformation. In the holo-form the 
complete catalytic domain is tilted inward by about 14°, thus narrowing the active site 
groove and closing the active site cleft.

 Kinetic isotope effects

As for most wild type enzymes with their natural substrates, studies of commercial CbFDH 
found temperature independent intrinsic KIEs.2 The isotope effect on the pre-exponential 
Arrhenius factor AH/AT = 6.1±0.5 and the slope was zero within experimental error (ΔEaT-H 

= −0.02±0.05 kcal/mol). These findings invoked interest in CbFDH for examination of the 
enzyme-dynamics-function relations, but as discussed above, the commercial mixture of 
isoforms was not useful for either crystallization or mutational studies. The current studies 
of recombinant CbFDH also found temperature independent intrinsic KIEs (Figure 6). Both 
the observed and intrinsic KIEs are slightly inflated relative to the commercial mixture of 
isozymes (Table S1), with the pre-exponential factor AH/AT = 6.8±2.0, but it is as 
temperature independent as the mixture (ΔEaT-H = 0.01±0.2 kcal/mol).

The temperature independence of KIEs is interpreted as a well-organized donor-acceptor 
distance (DAD) for the H-transfer, and an optimal “fine-tuning” of the transition state (or the 
tunneling ready state) for the H-transfer step.2,12,54–59 The inflated KIEs in the recombinant 
CbFDH reflect a longer average DAD than the average DAD in the commercial mixture.60 

Importantly, both systems have temperature independent intrinsic KIEs, indicating that the 
DAD is narrowly distributed in both the recombinant enzyme and the isozyme mixture as 
isolated from yeast – validating the use of the recombinant enzyme and its prospective 
mutants in biophysical studies similar to those of other enzymes (e.g., dihydrofolate 
reductase;12,59,61 soybean lipoxygenase;13,62,63 alcohol dehydrogenase;14,64,65 and others).
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 Pre-steady state kinetics

Single turnover reaction conditions were identical for both the recombinant and commercial 
CbFDHs (see experimental section). The data for recombinant CbFDH could be fitted with a 
single-exponential decay giving a single turnover rate (kobs) of 35 ± 2 s−1, with an amplitude 
consistent with consumption of all the pre-bound NAD+ during a single turnover. The 
commercial enzyme, on the other hand, only consumed about ~30 % of the NAD+ during 
the first turnover (~0.1 s), and was fit by a single-exponential followed by a linear steady-
state phase (burst equation), giving presteady state kobs of 25 ± 4 s−1 and steady state rate of 
0.10 ± 0.02 s−1. Both recombinant and commercial CbFDH showed a lag phase for the first 
30 ms (Figure 7), which was not included in the regression.

The burst kinetics observed for the commercial CbFDH are consistent with the higher KM 

observed for NAD+ (Table 1). Only 30 % of the NAD+ was bound to the enzyme under the 
pre-incubation conditions, as is evident from the NADH fraction formed during the 
exponential phase of the reaction. The rest of the NAD+ was consumed under steady-state 
conditions at the linear phase of the burst experiment (Figure 7B). The 30 ms lag phase may 
suggest that after binding formate the ternary complex undergoes a conformational change 
before reaching the reactive conformation for hydride transfer. Attempts to crystallize the 
CbFDH with NAD+ alone (if successful) could test that hypothesis (the CbFDH-NAD+ 

binary complex showing an open conformation would imply that after substrate binding, a 
major conformational change is necessary to reach the reactive conformation). Similar lag 
phases have been observed for other enzymatic systems13,62,63 and while they all suggested 
some sort of delay in enzyme activation following the mixing with the second substrate, the 
lag-mechanism has not be mechanistically resolved.

 QM/MM calculation

To probe whether the holo-enzyme crystal structures of PsFDH and CbFDH both represent 
equally catalytically competent structures, we compared the catalytic reaction coordinate 
using the new structure of CbFDH-NAD+-N3 (PDB 5DN9) and that of the same complex 
with PsFDH (PDB 2NAD). We note that several studies have shown that different crystal 
structures can results in rather different simulated kinetics.66,67 Figure 8 shows the classical 
mechanical potential of mean force (CM-PMF) for the wild-type PsFDH and CbFDH 
hydride transfer reaction obtained from free energy MD simulations, using the AM1-SRP 
QM/MM Hamiltonian. The free energy barrier predicted by the corresponding PMF for 
CbFDH is 14.2 kcal/mol, which is very similar to the value obtained for PsFDH (ΔG‡ = 14.9 
kcal/mol). The free energies of reaction for PsFDH (−10.8 kcal/mol) and CbFDH (−12.3 
kcal/mol) are also fairly similar (Table 2).

The QM-PMF is obtained from Feynman path-integral calculations, in which the centroid 
positions of the discrete paths of quantized particles are used to specify the reaction 
coordinate.68–70 Using QM(AM1-SRP)/MM, inclusion of NQE in the simulations68 lowers 
the computed free energies of activation for the hydride by 1.9 kcal for PsFDH (13.0 kcal/
mol)18 and 2.0 kcal/mol for CbFDH (12.2 kcal/mol). The calculated free energy of 
activation is lower than that measured experimentally (16.6 kcal/mol),4,71 which reflects the 
fact that the calculation corresponds exclusively to the hydride transfer step rather than 
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reflecting a phenomenological complex multistep rate constant. The intrinsic rate of the 
formate oxidation reaction computed herein is masked by other non-chemical kinetic steps, 
which contribute individually to the overall rate constant, as pointed out by Moliner and co-
workers.16 This fact is also in accordance with a smaller observed H/T KIE on kcat/KM than 
its intrinsic value (Table S1), although this comparison is indirect as the reported barrier4,71 

is on the first order rate (kcat), not the second order rate kcat/KM.

Comparison of ensemble averaged distances (Å) from MD simulations of the ground state in 
PsFDH and CbFDH is shown in Table S3. Analysis of the distances shows similar contacts 
between substrate/coenzyme and active site residues in both systems. The PsFDH system 
exhibits some additional hydrogen bonds between NADH and the enzyme that do not exist 
in the CbFDH system. This is due to the sequence differences between the two species. 
However, both systems show a similar hydrogen-bonding network in the active site with 
small distance variations between the phenotypes. Based on these results we conclude that 
these two FDHs have very similar reaction coordinate with similar transition states (identical 
to within accuracy of our methods), as well as similar active site structural features. 
Moreover, we conclude that both holo-enzyme crystal structures represent catalytically 
competent forms of the enzyme.

 CONCLUSIONS

We report the first ligand-bound, closed conformation, structure of CbFDH. In previous 
attempts to crystallize this enzyme, Schirwitz et al.20 suggested that wild type CbFDH did 
not crystallize to well diffracting crystals because of a “surface-entropy shield”. They 
crystallized the apo-CbFDH and achieved good resolution diffraction data only by 
introducing surface mutations (e.g., K328V and K47E), designed for “entropy reducing site-
directed mutagenesis”.20 In the current study both apo- and holo-CbFDH were obtained 
without introducing any mutations. The recombinant CbFDH used by Schirwitz et al.20 also 
possesses three natural hydrophobic variants at residues close to the homodimer interface, 
which might further destabilize that protein, relative to the isozyme reported here.

The fortuitous finding that the apo-CbFDH was also obtained from solution where it was a 
negligible fraction is intriguing. A kinetic explanation is proposed in Figure 3, where the 
formation of a nucleation center can lead to crystallization of apo-enzyme despite it being a 
negligible form in solution. From the examination of crystal packing, it appears that the apo- 
and holo-enzymes adopted different packing patterns between unit cells, and, once 
crystallized, inter-conversion between those structures is not possible. This finding raises the 
need to practice great caution when assuming that any crystal structure of a protein 
represents a dominant conformation in solution.

The new structure of the holo-CbFDH in complex with its co-factor (NAD+) and TSA 
(azide) is of great interest for both basic studies of the enzyme functional dynamics and 
practical purposes related to its industrial uses. The first relates to CbFDH use as a model 
system to study the relation between protein dynamics at the fs to ps time scales and the 
catalyzed chemistry. Following those fast dynamics using 2D IR of the holo-enzyme to 
monitor the dynamic environment of the azide in the FDH-NAD+-azide ternary complex can 
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now be compared to the catalyzed C-H bond activation (Scheme 1) examined by means of 
intrinsic KIE and its temperature dependence. The new structure now enables the design of 
mutants that will rigorously alter the DAD and its dynamics at the catalyzed transition state. 
Those mutants will be used to seek correlation between the reactive complex dynamics and 
catalysis. QM/MM free energy simulations examined the catalytic competency of the holo-
CbFDH crystal structure, and we conclude that simulations commencing with the new 
structure yield a free energy profile in agreement with experimental estimates and that is 
very similar to the one obtained from holo-PsFDH. From a practical prospective, CbFDH is 
widely used in industry and structure-based mutagenesis has been attempted for different 
purposes,72 and the new structural information may assist in the design of beneficial 
mutants.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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 ABBREVIATIONS

CbFDH Candida boidinii formate dehydrogenase

PsFDH Pseudomonas sp. 101 formate dehydrogenase

NAD nicotinamide adenine dinucleotide

NADH reduced nicotinamide adenine dinucleotide

DAD donor-acceptor distance

TRS tunneling ready state

fs femtosecond

ps picosecond

2D-IR two-dimensional infrared spectroscopy

QM/MM quantum mechanical/molecular mechanical

CPT constant pressure/temperature

NOE nuclear Overhauser effect

US umbrella sampling
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CM-PMF classical-mechanical potential of mean force

WHAM weighted histogram analysis method

TSA transition state analogue
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Figure 1. 

Sequence alignment generated by ESPript 3.050 between the wild type recombinant enzyme 
used here, CbFDH_iso2 (top), CbFDH_iso1 with K328V mutation (middle), and PsFDH 
(bottom). Red boxes with white characters denote strict identity, red characters denote 
similarity in a group and blue frame denotes similarity across groups. The dots above each 
aligned sequences mark every tenth residue (based on recombinant) to keep track of the 
sequence numbering. The non-conserved variants sites, L128, I227 and I354, are highlighted 
with blue *.
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Figure 2. 

Active site of holo-CbFDH (PDB ID 5DN9) with Fo-Fc map (magenta) for the two ligands 
(azide in blue and NAD+ in green) calculated before the ligand was modeled in is shown 
contoured at 3σ and carved at 2 Å around the ligands.
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Figure 3. 

Hypothetical potential energy surfaces for (A) initial nucleation that favors crystallization of 
holo-enzyme, and (B) initial nucleation that favors the free apo-enzyme. The marked 
minima are for apo-enzyme crystal (a), ternary complex crystal (b) enzymatic complex in 
solution (c) and free apo-enzyme in solution (d). The hypothesis behind this landscape is 

encapsulated in the low kinetic barrier between c and b states in A, and the lower barrier 

between d and a states in B.
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Figure 4. 

Packing of apo- and holo-CbFDH. Panel A shows the apo-enzyme while emphasizing the 
packing between apo-CbFDH (PDB 5DNA) chain A (blue) and chain D (yellow) from a 
neighboring cell unit. Panel B shows the same asymmetric unit for the holo-CbFDH (green, 
PDB 5DN9). The region highlighted within the black circle shows the closed conformation 
of the holo-enzyme has more interaction surface with the neighboring unit than the open 
conformation of the apo-enzyme.
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Figure 5. 

Comparison of chain A between holo- (green, PDB 5DN9) to apo-CbFDH (blue, PDB 
5DNA). To emphasize the needed relative motion between domains A and B when binding 
the ligands, the overlay was forced on domain A (residue 121–311). The angle was 
measured between the same α-helix (residue 318–337) from the two structures. The two 
panels present two different views of the overlaid structures.
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Figure 6. 

Arrhenius plots of the intrinsic H/T KIEs (log scale) on the hydride transfer reaction 
catalyzed by recombinant (red) and commercial CbFDHs (blue). Average KIEs are 
presented as points with their standard deviations. The lines are non-linear fits of all the data 
points to the Arrhenius equation.
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Figure 7. 

Representative progress curves for the hydride transfer reaction catalyzed by recombinant 
(A) and commercial (B) CbFDH under single turnover conditions. The red traces represent 
the experimental data while the black lines are the fits of the data to either single exponential 
(A) or burst equation (B). Insets are the full progress curve from 0 – 1 sec.
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Figure 8. 

Classical free energy profiles for PsFDH (black) and CbFDH (red).

Guo et al. Page 25

Biochemistry. Author manuscript; available in PMC 2017 May 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 1. 

Hydride-transfer reaction catalyzed by FDH, with an illustration of the transition state 
structure (‡) and the transition state analogue (TSA) azide anion (reprinted from ref 6). 
Copyright (2009) American Chemical Society.
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Table 1

Comparison of the steady-state kinetic parameters for recombinant, K328V, commercial CbFDH and PsFDH

Recombinant K328Va Commerciala PsFDHb

kcat (s
−1) 5.6 ± 0.2 6.8 ± 0.3 4.9 ± 0.3 10.0 ± 0.6

KM/NAD+ (µM) 30.3 ± 2.1 25.0 ± 1.3 50.0 ± 2.5 60 ± 5

kcat/KM/NAD+ (M−1s−1) (1.8 ± 0.1) x105 (2.7 ± 0.2) x105 (0.98 ±0.08) x105 (1.7 ± 0.2) x105

KM/formate (mM) 4.0 ± 0.6 5.0 ± 0.3 20.0 ± 1.0 7.0 ± 0.8

kcat/KM/formate (M
−1s−1) (1.4 ± 0.2) x103 (1.4 ± 0.1) x103 (0.25 ± 0.02) x103 (1.4 ± 0.2) x103

a
From ref 20 and

b
From ref 51.
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Table 2

Free energies of reaction, ΔGr, and activation, ΔG‡, (kcal/mol) calculated from classical (CM) and quantum 

mechanical (QM) potentials of mean force for the hydride transfer reaction in PsFDH and CbFDH based on 
the QM(AM1-SRP)/MM Hamiltonian.

∆G‡
CM ∆G‡

QM ∆Gr

PsFDH 14.9 13.0 −10.8

CbFDH 14.2 12.2 −12.3

Biochemistry. Author manuscript; available in PMC 2017 May 17.


	Abstract
	Graphical Abstract
	MATERIALS AND METHODS
	Materials
	Expression and purification of CbFDH
	Steady-state kinetics
	Crystallization of CbFDH
	Data collection and structure determination
	Isothermal titration calorimetry (ITC)
	Kinetic isotope effect measurements
	Pre-steady-state kinetics
	QM/MM calculation

	RESULTS AND DISCUSSION
	X-ray structure
	Kinetic isotope effects
	Pre-steady state kinetics
	QM/MM calculation

	CONCLUSIONS
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Scheme 1
	Table 1
	Table 2

