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s Unexpected NADPH Hydratase Activity in the Nitrile

“& Reductase QueF from Escherichia coli
Jihye Jung,™® Jan Braun,” Tibor Czabany,™® and Bernd Nidetzky*®* "

The nitrile reductase QueF catalyzes NADPH-dependent reduc-
tion of the nitrile group of preQ, (7-cyano-7-deazaguanine)
into the primary amine of preQ, (7-aminomethyl-7-deazagua-
nine), a biologically unique reaction important in bacterial nu-
cleoside biosynthesis. Here we have discovered that the QueF
from Escherichia coli—its D197A and E89L variants in particular
(apparent k.,~10 2 min~')—also catalyze the slow hydration
of the C5=C6 double bond of the dihydronicotinamide moiety
of NADPH. The enzymatically C6-hydrated NADPH is a 3.5:1
mixture of R and S forms and rearranges spontaneously

The enzyme QueF is a nitrile reductase that catalyzes NADPH-
dependent reduction of a nitrile group into a primary
amine."”¥ The enzyme’s natural reaction is conversion of 7-
cyano-7-deazaguanine (preQ,) into 7-aminomethyl-7-deazagua-
nine (preQ,)"* (Scheme 1) in bacterial nucleoside (queuosine)
biosynthesis.*”! Enzymatic four-electron reduction of a nitrile
to an amine has drawn considerable attention, both because
of the mechanistic challenges presented by this—apparently
unique to biology—chemical transformation and because of
the possible opportunities opened up by it for biocatalytic syn-
thesis.

The proposed mechanism of QueF catalysis involves a thioi-
midate covalent enzyme-preQ, adduct that undergoes reduc-
tion by NADPH in two catalytic steps via an imine intermediate
(Scheme 1).2*#7% The QueF active site consists of a cysteine/
aspartate dyad of residues that operate in a functionally inter-
connected manner in covalent enzyme catalysis, as shown in
Scheme 1.5%"3 As part of our investigation of the QueF
mechanism, we substituted the relevant Cys190 (by Ala and
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through anomeric epimerization (3—oa) and cyclization at the
tetrahydronicotinamide C6 and the ribosyl O2. NADH and 1-
methyl- or 1-benzyl-1,4-dihydronicotinamide are not substrates
of the enzymatic hydration. Mutagenesis results support a
QueF hydratase mechanism, in which Cys190—the essential
catalytic nucleophile for nitrile reduction—acts as the general
acid for protonation at the dihydronicotinamide C5 of NADPH.
Thus, the NADPH hydration in the presence of QueF bears
mechanistic resemblance to the C=C double bond hydration in
natural hydratases.
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Scheme 1. Proposed mechanism of reduction of preQ, into preQ,, catalyzed
by the nitrile reductase QueF. The active-site dyad Cys and Asp act together
in covalent catalysis. Reduction of the thioimidate enzyme adduct occurs in
two NADPH-dependent steps via an imine intermediate (not shown).

Ser) and Asp197 (by Ala and His) in the enzyme from Escheri-
chia coli (ecQueF) and studied preQ, reduction in the presence
of the enzyme variants."? For certain enzyme variants (e.g.,
D197A) we noted that a large amount of the NADPH con-
sumed was not accounted for either in the preQ, converted or
in the NADP* released. Enzymatic use of NADPH, uncoupled
not coupled to reduction of the nitrile substrate and through a
non-oxidative pathway leading to a product different from
NADP*, was the starting point of the current study, examining
the mechanistic origin of an apparently unbalanced reaction.
The nicotinamide coenzymes NADH and NADPH are unsta-
ble compounds prone to spontaneous™'® and enzyme-pro-
moted degradation.”'® Coenzyme stability is of considerable
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Scheme 2. Reaction pathways leading to NADPH degradation in spontaneous and enzyme-promoted conversions. The uncoupled pathway (NADPH conver-
sion not leading to NADP™") involves hydration of NADPH to NADPHX followed by epimerization/cyclization, leading to 02’-3-6-cyclo-1,4,5,6-tetrahydronico-
tinamide adenine dinucleotide phosphate [(CTHN)TPN]. The enzymatic reaction identified in this study is marked by the box. The coupled pathway (NADPH
conversion leading to NADP ") entails formation of NADP ™ through known oxidation reactions of NADPH: when O, is present, for example.

practical importance in biocatalytic"®*” and analytical applica-
tions.”" It also has high relevance for in vivo biology.”? Under-
standing the mechanisms leading to NAD(P)H degradation is
fundamentally important and might become useful in inform-
ing strategies for stabilization.

The NAD(P)* formed by oxidation can be hydrolyzed at
basic pH (>7.5),% as shown in Scheme 2. At low pH (<6.8),
NADH and NADPH can become hydrated at the C5=C6 double
bond of the dihydronicotinamide ring (Scheme 2).l'*'%24-261 The
hydrated form, often referred to as NADHX or NADPHX, reacts
further through anomeric epimerization and cyclization at the
nicotinamide C6 and the ribosyl 02 (Scheme 2).'®?¥ Taken to-
gether, the hydrated and cyclized forms are also known as the
“acid-modified” products of NADH"®?* and NADPH.I'>* Glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) catalyzes the
conversion of NADH to NADHX,"®%?8 but no analogous enzy-
matic transformation of NADPH has yet been reported. Discov-
ery of an enzymatic equivalent of the acid-catalyzed degrada-
tion of NADPH might have biological significance.”*" Know-
ing the enzymes other than GAPDH that could play a role in
the formation of NAD(P)HX is therefore important. In addition,
acid-modified products of NAD(P)H are potent inhibitors of
several dehydrogenases.”>>®

We show here that ecQueF—its single-site variants D197A
and E89L in particular—catalyzes (at a slow rate) the degrada-
tion of NADPH in the absence of the nitrile substrate preQ,.
We identify the enzymatically formed degradation product as
[B-6-hydroxy-1,4,5,6-tetrahydronicotinamide adenine dinucleo-
tide phosphate (NADPHX, Scheme 2). We also show that
NADPHX rearranges spontaneously into the corresponding cy-

clized product. We demonstrate that the enzymatic hydration
of NADPH is slightly stereoselective, yielding about 3.5-fold
higher amounts of (R)-NADPHX than of (S)-NADPHX. On the
basis of results of mutagenesis, we suggest an NADPH hydra-
tase mechanism for ecQueF. This mechanism involves the cata-
lytic nucleophile (Cys190) of the canonical nitrile reduction as
the general acid for protonation at the 1,4-dihydronicotin-
amide C5 atom. We further show that coenzyme hydration is
specific for NADPH whereas NADH and 1-methyl- or 1-benzyl-
1,4-dihydronicotinamide are not accepted as substrates. We
point out mechanistic analogies between the “moonlighting”
hydratase activity of ecQueF and C=C double bond hydration
by natural hydratases.

Results and Discussion

Discovery of NADPH hydration activity of ecQueF enzymes

Single-site variants of ecQueF (C190A, C190S, D197A, D197H)
were isolated and characterized for activity in preQ, reduction,
along with the wild-type enzyme."? Catalytic reactions of the
variants with preQ, were peculiar in that their NADPH con-
sumption greatly exceeded the corresponding preQ, release,
and the excess utilization of NADPH was largely uncoupled
from the formation of NADP *. The wild-type enzyme used the
NADPH for preQ, reduction under these conditions (Table S1 in
the Supporting Information). In the following text we refer to
coupled and uncoupled reactions of NADPH, leading to
NADP* and to products other than NADP ™", respectively.
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The D197A variant displayed the feature of the uncoupled
reaction with NADPH in particular, as shown in Table S1. Being
unusual among dehydrogenases/reductases, the uncoupled
utilization of NADPH drew our immediate interest and was
therefore analyzed in detail. HPLC absorbance traces revealed
two prominent peaks (Figure S1), the abundance of which in
reaction samples was correlated with the uncoupled NADPH
conversion. We performed experiments in the absence of
preQ, and showed that the uncoupled conversion of NADPH
proceeded readily under these conditions (Table 1). Interesting-

Table 1. Reaction rates at pH 7.5 associated with NADPH degradation in
the presence of wild-type ecQueF and variants thereof. The rates are ex-
pressed in terms of product released (or substrate converted). Reactions
were carried out in Tris buffer (100 mm, pH 7.5; 50 mm KCl; 1.15 mm
TCEP) and used 500 um NADPH. The standard deviations shown are from
triplicate measurements.

Reaction rate [umolL"min™"]

NADPH NADP* NADPHX®! A340
no 0.08-0.01 0.001+0.0002  0.05+0.01 0.074+0.01
enzyme
(0.0840.019) (0.0364-0.001") (0.03740.001") (0.0940.01",
6_45[9])
wild 0.18-+0.01 0.062+0.011 0.1140.014 n.m.
type[b]
C190A™"  0.0640.01 0.038+0.002  0.0340.006 n.m.
€1905®  0.08+0.01 0.036+0.011 0.03-0.008 n.m.
D197A®' 0.714+0.07  0.058+0.006  0.70+0.07 0.7440.07
(0.5040.05'%) (0.01+0.0029) (0.4940.05)  (0.65+0.05')
D197H® 0.19+0.01 0.07140.011 0.1040.021 n.m.
E8IL®  040+0.04  0.089+0.008  0.38+0.05 0.37+0.02

[a] Calculated from the product peak area (Figure 1). [b] The enzyme con-
centration used was 50 um. [c] Reaction in the Tris buffer used DTT
instead of TCEP. [d] Rates determined from the decrease in absorbance at
340 nm, as shown in Figure 2E. [e] Rate of the spontaneous reaction of
NADPH at pH 3.5, leading to the “acid-modified” product according to
ref. [37]. n.m.: not measured.

ly, in the control reaction in the absence of the enzyme, some
NADPH conversion was observed as well (Figure 1). It occurred
almost exclusively via the uncoupled pathway (Figure 1 and
Table 1) when tris(2-carboxyethyl)phosphine (TCEP) was pres-
ent. When TCEP was replaced by dithiothreitol (DTT), both the
coupled and uncoupled reaction pathways contributed to
NADPH degradation (Table 1). Note that TCEP, besides being a
reducing agent, is a polybasic anion potentially capable of
affecting the NADPH degradation,® whereas DTT is not.

The enzymes used (Table 1) differed in their effects on the
NADPH conversion. The D197A variant accelerated the un-
coupled conversion about 14-fold, relative to the control, and
nearly all NADPH was degraded enzymatically by this pathway
(Figure 1). Use of DTT instead of TCEP did not affect the degra-
dation pathway utilized by the D197A variant and only margin-
ally influenced its activity. The other variants and the wild-type
enzyme hardly accelerated the overall NADPH conversion rela-
tive to the control, but caused a marked shift in the conversion
pathway preferentially utilized (Table 1).
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Figure 1. HPLC analysis of degradation of NADPH in the presence of the
D197A variant of ecQueF. Rearrangement of NADPH (500 um) in the pres-
ence of the D197A variant (50 pm, black) and spontaneous reaction (gray)
were analyzed after incubation at 25°C for 26 h. The NADPH solution at the
start of the reaction is shown by a gray dashed line. Mass analysis shows
that the product peak consisted of a 745 mass as well as a 763 mass species.
The mass intensity ratio for the two species changed depending on the con-
ditions used in the reaction and in the analysis procedure.

Wild-type enzyme and D197H variant catalyzed the utiliza-
tion of both NADPH degradation pathways, with the uncou-
pled rate (Vyapeux in Table 1) accounting for about 53-61% of
the total NADPH degradation rate (Vyappn). As discussed later, it
is mechanistically relevant that NADPH conversion in the pres-
ence of the Cys190 variants showed the strongest involvement
of the coupled (oxidative) pathway to NADP*' (Vyapp,), ac-
counting for 45-63 % of the total Vyappy (Table 1).

Additionally, the E89L variant, in the absence of preQ, was
found to promote the uncoupled conversion of NADPH (95 %)
strongly (Table 1). The uncoupled reaction in the presence of
the E89L variant at pH 7.5 was about 1.8 times slower than the
same uncoupled reaction in the presence of the D197A variant.
Note: the oxidative conversion of NADPH was affected by the
presence of O, and the buffer composition (data not shown).
This is a well-known reaction of NAD(P)H in solution and in the
presence of enzymes, so it was not pursued here.'*"7%

From LC-MS analysis we identified the product of the uncou-
pled NADPH conversion as having the mass of NADPH hydrate
(763; 1H™, 762; 2H~, 380.5). Additionally, we observed another
species with the same mass as NADPH (745; 1H™, 746; 1H™,
744). This suggested that two main products had arisen from
the uncoupled conversion of NADPH. In a UV/Vis spectrum,
the products displayed maximum absorption at 266 nm, but
unlike NADPH showed no absorption at 340 nm (Figure 2A).
These mass data and spectral properties match precisely with
the acid-modified products."®?**! The detected product mass
of 763 thus corresponds to NADPHX and the product mass of
745 to (cTHN)TPN (cyclized NADPHX), as shown in Scheme 2
and Figure 3A. As judged from the relative mass intensities in
LC-MS analysis, the ratio of hydrated to cyclized product was
strongly dependent upon the reaction conditions used. When
TCEP was added, spontaneous or enzymatic conversion of
NADPH gave a 1:3 ratio for hydrated and cyclized product.
When DTT was used instead, the ratio was changed to 2:1. We
also noted that slightly acidic conditions (pH 6.67) in the analy-
sis could cause a shift in ratio toward the cyclized product. To
prevent this, the analysis was always done at pH 7.5.
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Figure 2. Conversion of NADPH catalyzed by ecQueF enzymes and occurring spontaneously in solution. A) The UV/Vis spectra of the main rearrangement
product obtained through enzymatic conversion (blue, 80 pm) are compared with the spectra of the cyclization product (orange, 87 um), NADPH (gray
dashed line, 103 um), and NADP™ (gray dotted line, 40 um). B)-E) Time-course analysis of NADPH degradation. Experiments were done in Tris-HCl buffer

(100 mwm, pH 8.0), additionally containing 50 mm KCl. Enzymatic [B) E89L, C) D197A] and D) spontaneous degradation of NADPH were monitored by HPLC
analysis. Closed and open circles indicate NADPH and NADP *, respectively. Open triangles indicate NADPH hydration products. E) Degradation of NADPH
[spontaneous (e), E8IL (<), D197A (0)] monitored by loss of absorbance at 340 nm. Reaction rates obtained from the time courses are summarized in Table 2.

The UV/Vis spectra of hydrated and cyclized product differ
in a small “/hump” in the region of 280-300 nm that the spec-
trum of the cyclic product characteristically shows.'®*! As
shown in Figure 2 A, this hump was absent from the spectrum
of the enzymatically formed product. The '"H NMR spectrum of
the main product obtained from complete conversion of
NADPH in the presence of the D197A variant is depicted in
Figure 3B. Comparison of the product spectrum with the
"H NMR spectrum of NADPH reveals complete disappearance
of signals from the dihydronicotinamide C4 protons of NADPH
in the product. Moreover, proton signals diagnostic of the cy-
clized product, namely those from the tetrahydronicotinamide
C5 and the ribosyl C1, were not present in the spectrum of the
enzymatically formed product (Figure 3B). Therefore, the
actual product of the enzymatic conversion is the NADPH hy-
drate. Its further rearrangement into the cyclized product most
likely occurs spontaneously, particularly during sample prepara-
tion for, and in, analysis by LC-MS. We also note that a simple
N-glycosylase-like degradation of NADPH into adenine (mass=
135) and nicotinamide dinucleotide phosphate (mass=612),
previously considered for Vibrio cholerae QueF (vcQueF) on the
basis of the observation of the 623 mass fragment in the pro-
tein crystal,"" is ruled out by these data.

Time-course analysis of NADPH hydration

The rate of non-enzymatic hydration of NADPH is strongly
dependent on the proton concentration.”*3 We therefore

ChemBioChem 2020, 21, 1534-1543 www.chembiochem.org
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searched for pH conditions (pH 7.5-9.5) that would provide
minimum non-enzymatic background for the enzyme-cata-
lyzed hydrations of NADPH. In the same manner, reducing
agents were excluded from the reaction. Because of loss of
enzyme activity at high pH, the highest usable pH was 8.0.
Time courses of enzymatic and spontaneous conversions of
NADPH at pH 8.0 are shown in Figure 2B-E. The rates obtained
from the data are summarized in Table 2. The kinetics of the
formation of NADPH degradation products and of NADP™* (Fig-
ure 2B-D) suggested that hydration and oxidation represented
two parallel pathways of NADPH conversion. In the spontane-
ous conversion, the rate of formation of NADP* was decreased
up to 60-fold at pH 8.0, relative to pH 7.5, in the presence of
DTT (Table 1). (Note: unlike DTT, TCEP can play a catalytic role
in the hydration of NADPH;'"® comparison of NADPH degrada-
tion rates at pH 8.0 and pH 7.5 was therefore considered less
meaningful when TCEP was added.) The enzyme-promoted
conversion of NADPH in the presence of DTT showed negligi-
ble difference in the NADP* formation rate at pH 8.0 and at
pH 7.5. The conversion of NADPH into NADPHX was decreased
only by a factor of up to two as a result of the pH change
from 7.5 to 8.0 and it thus remained the main pathway of
NADPH degradation. The hydration of NADPH was about 16
times faster than the oxidation of NADPH at pH 8.0. These re-
sults strongly support the idea that ecQueF enzymes provide
catalytic facilitation to the hydration of the C5=C6 double
bond in the dihydronicotinamide moiety of NADPH, thus form-
ing NADPHX. The NADPH conversion detectable by HPLC (Fig-

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. 'H NMR analysis of the main hydration product released during
conversion of NADPH in the presence of the D197A variant of ecQueF.

A) Chemical structures involved in NADPH degradation. B) The 'H NMR spec-
trum (top) of the product obtained from full conversion of NADPH (0.5 mm)
in the presence of the enzyme (50 um). Reference spectra of the cyclic prod-
uct (middle, 5.8 mm) and of NADPH (bottom, 0.5 mm) are also shown.
Tris-HCI buffer (100 mm, pH 7.5) containing 50 mm KCl and 1.15 mm TCEP
was used for the reaction. Ribosyl protons overlapped with the water signal.
The spectra of NADPH®® and the degradation products"®'® were validated
with previously reported spectra of these components.

ed buffer (100 mm Tris, 50 mm KCl, pH 8.0) we showed that ox-
idation to NAD" (63.9x 10~ pmmin~') was the main reaction
pathway. Hydration of NADH was also observed but at a rate
about 10 times slower (6.4x 10 ummin"). In the spontane-
ous reaction, in contrast, the conversion of NADH to NADHX
(4.8x107° pmmin~') was ten times faster than the conversion
to NAD' (0.5% 1072 ummin~"). The rate of spontaneous oxida-
tion of NADH to NAD™ is consistent with the corresponding
oxidation rate of NADPH to NADP™ (Table 2). However, the
formation of NADHX was 4.4 times slower than the formation
of NADPHX (21x10° ummin', Table 2). These results show
that NADH is not accepted as a substrate for hydration by the
D197A variant. Strict specificity for NADPH in the natural reac-
tion with preQ," is thus also reflected in the hydration side re-
action.

We then examined enzymatic reactivity with 1-methyl- and
1-benzyl-1,4-dihydronicotinamide. Reactions were monitored
by UV/Vis spectrophotometry. As expected, 1-methyl- and 1-
benzyl-1,4-dihydronicotinamide show absorbance bands with
maximum absorption at 360 nm (Figure S2). Their correspond-
ing hydration products are detectable similarly to NAD(P)HX,
through increased absorption at 280-290 nm and complete
loss of absorption at 360 nm (Figures S2 and S3). The 1,4-dihy-
dronicotinamides and their corresponding hydrated products
were also confirmed by LC-MS (Figure S3). In both enzymatic
and spontaneous reactions, we observed conversion to the
hydrated products (Figure S4). The hydration rates were not
accelerated in the presence of enzyme (Figure S4). In an effort
to facilitate binding of the 1,4-dihydronicotinamides to the
enzyme, we considered an approach of “substrate in

Table 2. Reaction rates at pH 8.0 associated with NADPH degradation in
the presence of wild-type ecQueF and variants thereof. The rates are ex-
pressed in terms of product released (or substrate converted). Reactions
were carried out in Tris buffer (100 mm, pH 8.0; 50 mm KClI) and used
500 um NADPH. The standard deviations shown are from triplicate meas-

pieces”™* and additionally added ADP (1.11 mm). However,
the hydration rate in the presence of D197A variant was not
affected by ADP (Figure S4).

Stereospaecificity of the enzymatic hydration of NADPH

Spontaneous (acid-catalyzed) hydration of NAD(P)H yields (R)-
and (S)-NAD(P)HX in a ratio of 35:65, as shown in the litera-

urements.
Reaction rate [umolL "min "]
NADPH NADP* NADPHX® A3401

no enzyme 0.039+0.003 0.0006+£0.0001 0.021+40.005 0.022+0.002
D197A® 0.245+0.004 0.014+0.001 0.2204+0.010 0.238+0.021
E89L™ 0.2724+0.013 0.0154+0.003  0.2464+0.010 0.273+0.020
C190A/ 0.0224+0.001 0.003+0.0003 0.0154+0.001 0.018+0.002
D197A"

E89L/D197A® 0.042+0.006 0.010-£0.002  0.04740.004 0.057 +0.005
E89Q/ 0.030+0.003 0.0124+0.002  0.0174+0.003 0.029+0.003
D197A®

turel’®2>2°31 and confirmed for the specific reaction conditions
used here (Figure 4). GAPDH was shown to produce 60% (S)-
NADHX and 40% (R)-NADHX."® The cyclized NADPHX epimers
were also observed as products of acid-modified NADPH.!'¢2?
The R-configured cyclized product was strongly preferred (Fig-
ure 4 A). Stereochemical preference in the cyclization is explica-
ble in terms of a different—S,2 versus Sy1—character of the

[a] Calculated from the product peak area (Figure 1). [b] The enzyme con-
centration used was 50 um. [c] Rates determined from the decrease in
absorbance at 340 nm, as shown in Figure 2E.

nucleophilic substitution at the tetrahydronicotinamide C6 by
the ribosyl 02 when epimerized (S)-NADPHX or (R)-NADPHX,

ChemBioChem 2020, 21, 1534-1543 www.chembiochem.org
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Figure 4. Analysis of stereospecificity in the hydration of NADPH in enzyme-
promoted and spontaneous reactions. A) NADPH hydration to (R)- and (S)-
NADPHX and further cyclization of the hydrated products. B) HPLC analysis
of the products of NADPH hydration. The acid-modified NADPH was pre-
pared at pH 6.0 as described in ref. [30]. Peaks 1 and 3 indicate (5)- and (R)-
NADPHX, respectively. Peaks 2 and 4 indicate NADP* and NADPH, respec-
tively. Peak 5 indicates the R form of cyclized NADPHX [(cTHN)TPN] as the
major stereoisomer. The ratio of R and S forms was calculated by using peak
areas.

Analysis of the stereoselectivity of the enzymatic hydration
of NADPH must consider the relatively fast spontaneous epi-
merization of the hydrated NADPH. Study of NADHX epimer-
ase has revealed that the individual R and S epimers of NADPH
hydrate interconvert readily to a 2:3 equilibrium of the R and §
forms.®" We show here that NADPH solution at pH 8.0 initially
contained a small amount of NADPHX consisting of 56% R and
44% S form (Figure S5A). The initial R/S mixture was converted
within about 2.5 h to the expected equilibrium composition.
To minimize the effect of spontaneous epimerization in the
ecQueF-promoted hydration of NADPH, we analyzed samples
from enzymatic reactions after 30 min incubation time. The
enzymatic reaction was stopped by rapid filtering-off of the
enzyme (<15 min). In addition, the enzymatic reaction was
performed at pH 8.0 whereas the analysis was done at pH 7.0.
The results are shown in Figure 4B. Using the D197A and the
E89L variant in three independent experiments, we showed
that the released NADPHX consisted of 78(+9)% (D197A) and
78(+7)% (E89L) R form. We analyzed the deproteinized sam-
ples again after incubation at 25°C for 2 h. We showed that a
small portion (< 10%) of (R)-NADPHX had been converted into
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with an alanine residue to remove a possible general acid cata-
lytic function of the thiol side chain of the cysteine residue
(protonation of the dihydronicotinamide C5). We substituted
Glu89 with a glutamine residue to remove a possible general
base catalytic function in the attack of water on the dihydro-
nicotinamide C6 atom. We additionally replaced Glu89 with a
leucine residue to remove coordination to the structural water,
close to the reactive C6 atom of NADPH identified in the struc-
ture model (Figure 5A).

The double variants (C190A/D197A, E89L/D197A, and E89Q/
D197A) were isolated and incubated with NADPH at pH 8.0.
Results are summarized in Table 2. The rate of NADPH hydra-
tion in the presence of the C190A/D197A double variant was
very low, comparable with that of the spontaneous reaction.
Evidence that substitution of Cys190 with alanine effectively
disrupts the NADPH hydratase activity in the wild-type enzyme
(single C190A variant, Table 1) and in the more active D197A
variant (double C190A/D197A variant) supports the contention
that Cys190 is essential for NADPH hydration. The double var-
iants incorporating substitutions of Glu89 showed very low ac-
tivity (Table 2). NADPH hydration in the presence of the E89L/
D197A variant proceeded about twice as rapidly as the sponta-
neous hydration. The E89Q/D197A variant did not accelerate
NADPHX formation above the non-enzymatic rate. The single-
site substitutions E89L and D197A appear to be antagonistic,
or are not mutually compatible with one another, with regard
to the NADPH hydration activity.

Proposed mechanism of NADPH hydration through the
action of ecQueF

Spontaneous conversion of NAD(P)H to the cyclized product
via the hydrated intermediate (Scheme 2)'"*'®?% is accelerated
strongly in the presence of polybasic anions (e.g., pyrophos-
phate, phosphate, citrate). The conversion of NADH through
the action of GAPDH is likewise accelerated by polybasic
anions."® Like ecQueF, GAPDH uses an active-site cysteine resi-
due as catalytic nucleophile of the reaction."®??® NADH was
hydrated more rapidly in the presence of GAPDH with the rele-
vant cysteine acylated than in that of the corresponding
apoenzyme. It was suggested that hydration of the C5=C6
double bond occurs from a ternary complex between acylated
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Figure 5. A) Structural interpretation of catalytic hydration of NADPH by the
D197A variant of ecQueF, and possible mechanistic analogy with B) oleic hy-
dratase, and C) ecQueF in carbon-carbon double bond hydration. A) Overlay
of the structural model of ecQueF“? (orange, wild-type enzyme) and the
experimentally determined crystal structure of V. cholerae QueF (light blue,
R262L variant, PDB ID: 3UXJ). The bound NADPH is from the structural
model of ecQueF. The catalytic Cys residue is on a flexible loop in the QueF
structures. Amino acids and NADPH are indicated by element-based colors.
Water molecules are shown as red and green spheres. B) The proposed
catalytic mechanism of substrate hydration through the action of the oleic
hydratase from E. meningoseptica,”**” and C) the tentative mechanism of
NADPH hydration through the action of the D197A variant of ecQueF. In
both cases a catalytic acid moiety manages proton transfer to carbon. Ste-
reospecific attack of water can be facilitated by a Glu residue that functions
as a catalytic base.

enzyme, NADH, and polybasic anion."® The acylated GAPDH
was shown to bind to NADH more tightly than to NAD "%

Although degradation of NADPH in the presence of ecQueF
(e.g., D197A and E89L variants) involves the same hydration
event on the dihydronicotinamide moiety as the conversion of
NADH by GAPDH does, the underlying mechanisms are clearly
different. The activity of ecQueF does not rely on modification
of the active-site cysteine residue. It is not dependent on the
presence of polybasic anions and proceeds readily in their ab-
sence at pH 7.5-8.0. Mutagenesis results suggest the essential
involvement of Cys190 in the degradation of NADPH in the
presence of ecQueF. Unlike the Asp197 single variants and also
the wild-type enzyme, the C190A and C190S variants do not
show NADPH hydration activity above the background of the
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tive nicotinamide C5 atom in NADPH, which appears suitable
for proton transfer (Figure 5A), we would like to suggest a role
for the cysteine residue as catalytic acid in the C5=C6 double
bond hydration through the action of the enzyme. Indeed, the
hydration activity was eliminated in the case of C190A/D197A
double variant (Table 2), thus strongly supporting the pro-
posed role of Cys190 in enzymatic hydration of NADPH.

The effect of site-directed substitution of Asp197 by Ala in
enhancing the enzymatic hydration rate is thus explainable in
a twofold manner. Firstly, the substitution will enhance the
conformational flexibility of Cys190, as indicated in Figure 5A,
and this might be important for the cysteine residue’s proper
function as proton donor. Secondly, it will probably stabilize
Cys190 in a reactive (protonated) state because the Asp resi-
due responsible for deprotonation of the cysteine residue in
the normal catalytic reaction (Scheme 1) is replaced by a resi-
due incapable of fulfilling an analogous function. The enzyme
structures (Figure 5A) also indicate that a water molecule is in
a position potentially suitable for attack on the reactive C6
atom of NADPH. However, from its position at the side of the
nicotinamide ring, the water is not placed well for stereospecif-
ic attack on nicotinamide carbon atom 6. To give the R-config-
ured NADPHX product, the water would have to react from
below the nicotinamide ring. However, the potentially relevant
water is connected to Glu89 and is part of a chain of water
molecules leading from the enzyme active site to bulk solvent
(Figure 5). Formation of the R-configured product is preferred
over that of the S-configured product by a factor of 3.5. The
enzyme structure model (Figure 5A) suggests that addition of
water might be facilitated by Glu89 providing some base cata-
lytic assistance. However, the mutagenesis results (E89L var-
iant) do not support direct involvement of Glu89 in the catalyt-
ic hydration.

The evidence that substitutions E89L and D197A, which are
effective in single enzyme variants in eliciting hydratase activi-
ty, cannot be combined in an active double variant of the
enzyme (E89L/D197A) suggests that relative positioning of the
Cys190 and the dihydronicotinamide C5 atom for proton trans-
fer requires a subtle balance of structural factors. Tentatively,
the D197A substitution can enhance the conformational flexi-
bility of Cys190. The E89L substitution, in contrast, can cause
minor change in the binding of the NADPH nicotinamide
moiety. Each individual effect could plausibly be conducive to
the hydration of NADPH but the combination of the two
might not be beneficial.

The proposed pathway of NADPH hydration in the presence
of ecQueF bears some mechanistic resemblance to C=C
double bond hydration in the presence of cofactor-independ-
ent hydratases, such as fatty acid (de)hydratases, linalool dehy-
dratase-isomerases and carotenoid hydratases."***® These hy-
dratases have attracted considerable attention in view of their
potential use in biocatalytic synthesis through regio- and ste-
reoselective hydration reactions.**** Mechanistically, as
shown in the case of the oleic hydratase from Elizabethkingia
meningoseptica,”****® C=C double bond hydration proceeds
according to a concerted general acid- and general base-cata-
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lyzed reaction process. Specifically, a tyrosine residue (Tyr241)
is responsible for proton transfer to carbon and the stereo-
specific attack of water is facilitated by a glutamate residue
(Glu122, Figure 5B). The possible mechanistic analogy between
ecQueF and natural hydratases is thus immediately recogniza-
ble from Figure 5B and C.

Conclusion

The E. coli nitrile reductase was discovered to catalyze the slow
hydration of NADPH (k,~102min~' in the most active
D197A and E89L variants). The enzymatic reaction, which to
the best of our knowledge is reported here for the first time,
was shown to consist of the protonation of the C5 atom and
the addition of water to the C6 atom of the dihydronicotin-
amide moiety of NADPH. The addition of water proceeds with
some degree of stereocontrol (78% R) by the enzyme. The
hydrated NADPH undergoes spontaneous cyclization. The pro-
posed enzymatic mechanism of NADPH hydration involves
Cys190 as the general catalytic acid for protonation of the di-
hydronicotinamide C5 atom. It is suggested that the effects of
site-directed replacements of Asp197 (D197A) and Glu89
(E89L) on enhancement of the hydratase activity arise from in-
creased conformational flexibility of Cys190 (D197A) and slight
repositioning of the dihydronicotinamide ring in the active site
(E89L). Mechanistically, the proposed reaction of the nitrile
reductase shows analogy with the catalytic addition of water
to carbon-carbon double bond through the action of natural
hydratases.

Experimental Section

Chemicals: NAD(P)H (purity >98%) and NAD(P)* (purity >97 %)
were from Carl Roth (Karlsruhe, Germany). Materials were of the
highest purity available from Carl Roth and Sigma-Aldrich. The
preQ, was synthesized as described previously.*” 1-Benzyl-1,4-di-
hydronicotinamide was from TCl Deutschland, GmbH (Eschborn,
Germany). 1-Methyl-1,4-dihydronicotinamide was from Toronto Re-
search Chemicals (North York, ON, Canada).

Site-directed mutagenesis and enzyme preparation: Mutagenesis
to substitute Glu89 with Leu (E89L), Cys190 with Ala (C190A) and
Ser (C190S), and Asp197 with Ala (D197A) or His (D197H) was
reported in earlier studies of ecQueF"*'**? Genes encoding the
double variants (C190A/D197A, E89L/D197A, E89Q/D197A) were
obtained from Genscript (Piscataway, NJ, USA). All mutations were
verified by gene sequencing. The ecQueF variants were obtained
as N-terminally His-tagged proteins through expression in E. coli
BL21-DE3 as described previously.” ' All enzymes were purified by
use of a reported two-step procedure consisting of immobilized
metal ion affinity chromatography and gel filtration.”'” Enzyme
purity was confirmed by SDS-PAGE. The HisTrap affinity column
(GE Healthcare, Buckinghamshire, UK) was regenerated fully after
each use. The PD10-desalting columns (GE Healthcare) were always
freshly used. Contamination with protein carried over from previ-
ous purification runs was thus rigorously ruled out. Protein concen-
tration was measured with a Pierce BCA protein assay kit (Thermo
Fisher Scientific). Enzyme stock solutions (0.4-0.8 mm) were stored
at —20°C and used within three weeks.
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Enzymatic activity of ecQueF variants toward preQ, reduction:
Reactions for preQ, reduction were carried out at 25°C with agita-
tion at 500 rpm in a Thermomixer Comfort instrument (Eppendorf,
Hamburg, Germany). The enzyme solutions of ecQueF wild type
(5 um) and variants thereof (50 um) were prepared in Tris-HCI
buffer (pH 7.5, 100 mm), additionally containing KCI (50 mm) and
TCEP (1.15 mm). The preQ, and NADPH concentrations were 250
and 500 um, respectively. The reaction volume was 1-1.5 mL. Sam-
ples were taken at certain times up to 96 h. Enzyme was removed
by precipitation with methanol (10%, by volume) at 70°C for
10 min (agitation at 1000 rpm). The product solutions were ana-
lyzed by HPLC with UV/Vis and/or MS detection. All compounds
known to be involved in the reaction according to Scheme 1
(preQ, preQ,;, NADPH, NADP*) were analyzed, as shown in Fig-
ure S1. In addition, degradation products of NADPH were revealed
(Figure S1). Data were obtained from triplicate experiments.

Enzymatic activity of ecQueF variants toward NADPH degrada-
tion: The enzyme solution (50 um) was incubated in the presence
of NADPH (500 um). Tris-HCI buffer (pH 7.5, 100 mm) containing KCI
(50 mm) was prepared with either TCEP or DTT (1.15 mm). Alterna-
tively, the same Tris:HCl buffer was prepared at pH 8.0 without
TCEP or DTT. Enzyme solution was gel-filtered twice to the used
buffer before the reaction was started. The reaction volume was 1-
1.5 mL. After incubation at 25°C for up to 26 h (600 rpm, Thermo-
mixer Comfort), the reaction was stopped by precipitating the
enzyme with twice the reaction volume of acetonitrile (15 min on
ice). Products of enzymatic and spontaneous reactions were ana-
lyzed by UV/Vis spectroscopy, HPLC, LC-MS, and 'H NMR. UV/Vis
spectrophotometric analysis was conducted by scanning the prod-
ucts at 220-600 nm with a Beckman DU 800 spectrophotometer
(Beckman Coulter, Pasadena, CA, USA). Data were obtained from
triplicate experiments.

The “acid-modified” product of NADPH was prepared as described
previously.”>*” NADPH solution in water (20.4 mm) was incubated
at pH 3.5 (adjusted with 1M HCl) until more than 95% of the
NADPH was consumed. The solution was adjusted to pH 8.2 with
NaOH (0.1m) to prevent further conversion. The product thus
obtained is (cTHN)TPN (Scheme 2), as shown by LC-MS and 'H, "C,
HSQC, and HMBC NMR analysis.

'HNMR measurements: NMR spectra were recorded at
499.98 MHz and 30°C with a Varian INOVA 500 MHz spectrometer
(Agilent Technologies) and use of VNMRJ 2.2D software. D,0O
(99.8% D, 20%, v/v) was added to the product solution obtained
from enzymatic and spontaneous reaction before the measure-
ments. The (cTHN)TPN obtained from NADPH under acidic condi-
tions was diluted threefold by addition of D,O before the measure-
ments. The 'H and "*C NMR spectra of coenzymes and of the hy-
dration and the cyclisation product of NADPH were reported previ-
ously.'¢1837.38500 The spectra obtained here were shown to agree
well with those earlier spectra.

HPLC analysis: The products of NADPH degradation were analyzed
at 30°C with an Agilent 1200 HPLC system (Santa Clara, CA, USA)
equipped with a 1.15 um Cromolith high-resolution RP-18 end-
capped column (150 A, 100x4.6 mm, Merck) and a UV detector
(A=254, 262, and 340 nm). A gradient (5 to 16%) of acetonitrile in
buffer [sodium phosphate (pH 6.8, 50 mm), tetrabutylammonium
hydrogensulfate (2 mm)] over 10 min was used. The flow rate was
2 mLmin~". The injection volume was 10 pL. The obtained data are
shown in Figure S1 and Table S1. Optionally, a Shimadzu LCMS-
2020 system (Kyoto, Japan) equipped with a SeQuant ZIC-HILIC
column (200 A, 250x2.1 mm, Merck, Billerica, MA, USA) and the

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chembiochem.org

Chemistry
Europe

European Chemical
Societies Publishing

Full Papers

ChemBioChem doi.org/10.1002/cbic.201900679

corresponding guard column (20x2.1 mm, Merck) was utilized to
analyze the NADH and NADPH rearrangement products. Note: the
method using the Cromolith RP-18 column was incompatible with
LC-MS analysis because the sodium phosphate and tetrabutylam-
monium hydrogensulfate used are not volatile. A linear gradient
(80 to 71%) of acetonitrile in buffer [ammonium acetate (pH 6.67
or pH 7.5, 5 mm)] over 12 min was used. The column was washed
with acetonitrile (80%) for 6 min. The flow rate was 0.5 mLmin . A
UV detector (1 =254 and 340 nm) was used. Masses were scanned
over the range of 100-900 with positive and negative mode. The
masses of NADH (1H*, 666; 1H™, 664), of NADHX (1H™, 682; 2H",
340.5), and of NADPHX (1H™, 762; 2H", 380.5) were also analyzed
in SIM mode. The obtained data are shown in Figures 1 and 2 as
well as in Tables 1 and 2. Products from enzyme-promoted and
spontaneous hydration of the 1,4-dihydronicotinamides were ana-
lyzed as described above. A linear gradient of 85 to 73% over
12 min was used. The column was washed with acetonitrile (85 %)
for 6 min. A UV detector (1=280, 290 and 360 nm) was used. The
masses of 1-methyl-1,4-dihydronicotinamide (1H*, 139), 1-benzyl-
1,4-dihydronicotinamide (1H*, 215), adenosine diphosphate (1H",
428; 1H™, 426), and the hydrated products (methyl compound,
1H*, 157; benzyl compound, 1H*, 233) were also analyzed in SIM
mode. The data are shown in Figures S3 and S4.

Stereospecificity of NADPH hydration through enzyme-promot-
ed and spontaneous reactions: The acid-modified products of
NADPH were prepared at pH 6.0, as described previously.?” Tris-HCI
(100 mm, pH 8.0) additionally containing KCI (50 mm) was used.
NADPH (500 um) was added to the enzyme solution (E89L or
D197A variant, 200 pum). After incubation at 25°C for 30 min, the
enzyme was filtered off rapidly within 15 min. A clear solution was
obtained and subjected to HPLC analysis immediately. Rapid han-
dling was used to minimize the effect of spontaneous epimeriza-
tion of the NADPH hydrate formed in the enzymatic reactions. The
epimerization is reported in ref.[31] and we confirmed it here in
our own experiments (Figure S5A). The time required for reaction
(30 min) and analysis (30 min, including sample preparation) is
short enough to prevent substantial interference from spontane-
ous epimerization (Figure S5B). Note: any addition of acetonitrile
to the sample compromises the separation of the hydrated prod-
uct R and S forms. A Shimadzu LCMS-2020 system equipped with
an EC Nucleodur C;g gravity column (3.0 pm, 150 x3 mm, Macher-
ey-Nagel) was used to analyze the products of NADPH hydration.
An isocratic flow of ammonium acetate (pH 7.0, 5 mm) was used
for 5 min, followed by a linear gradient of up to 5% acetonitrile
over 10 min. The column was washed with 90% acetonitrile for
5 min after each analysis. The flow rate was 0.7 mLmin~'. A UV de-
tector (1=266 and 340 nm) was used. The data are shown in Fig-
ures 4 and S5). Products were identified by those characteristic
spectra and comparison with the literature.?>3
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