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ABSTRACT: Despite a lack of convincing in vitro evidence and a number of
sound refutations, it is widely accepted that renalase is an enzyme unique to
animals that catalyzes the oxidative degradation of catecholamines in blood in
order to lower vascular tone. Very recently, we identified isomers of f-
NAD(P)H as substrates for renalase (Beaupre, B. A. et al. (2015)
Biochemistry, 54, 795—806). These molecules carry the hydride equivalent
on the 2 or 6 position of the nicotinamide base and presumably arise in
nonspecific redox reactions of nicotinamide dinucleotides. Renalase serves to
rapidly oxidize these isomers to form f-NAD(P)* and then pass the electrons
to dioxygen, forming H,0,. We have also shown that these substrate
molecules are highly inhibitory to dehydrogenase enzymes and thus have
proposed an intracellular metabolic role for this enzyme. Here, we identify a
renalase from an organism without a circulatory system. This bacterial form of

~

renalase has the same substrate specificity profile as that of human renalase but, in terms of binding constant (Ky), shows a
marked preference for substrates derived from S-NAD*. 2-dihydroNAD(P) substrates reduce the enzyme with rate constants
(k,eq) that greatly exceed those for 6-dihydroNAD(P) substrates. Taken together, k,.4/K; values indicate a minimum 20-fold
preference for 2DHNAD. We also offer the first structures of a renalase in complex with catalytically relevant ligands f-NAD*
and -NADH (the latter being an analogue of the substrate(s)). These structures show potential electrostatic repulsion
interactions with the product and a unique binding orientation for the substrate nicotinamide base that is consistent with the

identified activity.

Renalase (EC 1.6.3.5) was discovered in 2005 and
purported to be a flavoprotein hormone produced by
the kidney that catalyzes the oxidation of catecholamines in
order to lower blood pressure and slow the heart."* However,
the initial experiments used to identify the substrates focused
on only a handful of molecules and did not include control
reactions to account for the inexorable oxidation of catechol-
amines in oxygenated buffer. Despite claimed physiological
verifications of this activity,”~’ no convincing in vitro evidence
of catecholamine oxidase activity has been offered. The
deficiencies in the original methods were compounded in
subsequent claims that suggested an, as isolated, quiescent
renalase state and ever more unlikely chemistries for which
catalysis and the stoichiometry were not established.®® A
number of researchers have attempted to counter the
expanding belief that renalase catalysis is associated with
vascular tone, by either questioning the original methods used
to establish activity'®'' or demonstrating that, relative to
appropriate controls, there is no evidence of catecholamine
consumption by the enzyme.'> These refutations have gone
largely unheeded, and the preponderance of scientific studies
pertaining to renalase continue to be predicated on passive
acceptance of an unproven catalytic role.””%"373%

We have recently shown that human renalase (HsRen) is
indeed a flavoprotein oxidase, but it is one that catalyzes the
oxidation of S-NAD(P)H isomers. These isomers carry the
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hydride on the nicotinamide base in the noncanonical 2 and 6
positions (2- and 6-dihydroNAD(P)) (Scheme 1). The
oxidation of these isomers occurs as much as S orders of
magnitude more rapidly than any prior claim for renalase
activity, and the turnover reaction with these molecules has a
defined stoichiometry and substrate specificity profile. More-
over, we have proposed that the purpose of this activity is to
avoid inhibition of primary metabolism by these NAD(P)H
isomers that have low nanomolar K; values for specific
dehydrogenases.®~*' If 2- and 6-dihydroNAD(P) molecules
are prone to form in nonenzymatic reduction reactions of -
NAD(P)* and are truly a detriment to respiratory activity, then
it is reasonable to assume that this is an intracellular enzymatic
activity that will exist in organisms that do not have a
circulatory system.

The structure of HsRen was determined by the Aliverti
group in 2011* using the model of a generically assigned
amine oxidase from Pseudomonas syringae (PDB ID 3KKJ)
whose structure was solved and deposited in the Protein Data
Bank (PDB) by the North East Structural Genomics
Consortium (NESGC). While not homologous with the
HsRen primary structure (19.5% identitical), this protein had
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Scheme 1. Observed Activities of Renalase
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the renalase fold (a topology that is common to numerous
redox-active flavoproteins™~*") and a very similar constellation
of active site residues proximal to the FAD isoalloxazine.** We
surmised that this protein was likely a bacterial form of renalase.
In this article, we show that this amine oxidase from P. syringae
(van Hall pathovar phaseolicola strain 1448A) harbors the same
catalytic activity as that observed for HsRen but with unique
kinetic properties and stark substrate preferences. We also
present the X-ray crystal structures of this enzyme in complex
with nicotinamide dinucleotides that show a reductive pose of
the nicotinamide base with respect to the flavin cofactor that is
consistent with the proposed activity.

B MATERIALS AND METHODS

Materials. f-NAD" was sourced from Sigma-Aldrich.
Sodium borohydride, potassium phosphate (mono and
dibasic), sodium formate, and glycerol were from Acros. Sep-
Pak C18 (35 cc) cartridges were purchased from Waters.
Competent NEBSa and BL21 DE3 Escherichia coli cells were
obtained from New England Biolabs. Talon metal affinity resin
was from Thermo-Fisher Scientific. Sodium acetate was
purchased from Mallinckrodt. 2- and 6-DHNAD and 2- and
6-DHNADP were prepared using an adaptation of our
previously published methods.> Both sets of substrates were
formed by sodium borohydride reduction of f-NAD" or p-
NADP*. The products of reduction, S-NAD(P)H, 2-
dihydroNAD(P) (2DHNAD(P), and 6-dihydroNAD(P)
(6DHNAD) (and residual f-NAD(P)+) were separated using
a Waters X-Bridge 19 X 250 mm, 5 uM CI18 column.
6DHNAD(P) molecules were relatively stable and could be
prepared as previously described and stored indefinitely at —80
°C, whereas 2DHNAD(P) molecules were unstable and used
immediately after collection from preparative HPLC.

Spectrophotometric Quantification. Dihydronicotina-
mide chromophore extinction coeflicients were as follows: f-
NADH, -NADPH: £, ., = 6220 M~! em™;* 2DHNAD(P):
€394 nm = 5360 M™! cm™!; 6DHNAD(P): €345 pm = 6580 M
em™!; and B-NAD": €540 nm = 18800 M~ ecm™* P, syringae
renalase (PpRen) was quantified using the measured extinction
coefficient for the enzyme-bound flavin (g5, o, = 11 000 M™*
cm™'), determined using an SDS denaturation method as
previously described.*

Expression and Purification of PpRen. A plasmid
derived from pET2la (pET21_NESG) containing the gene
for PpRen was provided by the NESGC. This construct was
prepared by PCR amplification of the PpRen gene from P.
syringae (van Hall pathovar phaseolicola strain 1448A) followed
by cloning into Ndel and Xhol restriction sites and fusing the
PpRen gene to a C-terminal 6XHis-tag. This construct has a
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single variant amino acid from what is reported for this
phaseolicola strain: a serine is coded in place of glycine 145. The
plasmid was transformed into competent BL21 DE3 cells,
plated onto Luria—Bertani (LB) agar (100 pg/mL ampicillin),
and grown overnight at 37 °C. Individual colonies were then
selected and grown in LB broth with shaking (250 rpm) at 37
°C until growth reached early log phase. One milliliter of cell
stocks was made by adding filter-sterilized glycerol to a final
concentration of 20% and then storing at —80 °C.

For expression, 1 mL cell stocks were thawed, plated onto LB
agar containing 100 pg/mL ampicillin, and grown overnight at
37 °C (100 uL cells/plate). The lawn of cells obtained was
resuspended in LB broth and transferred to LB broth cultures
(two plates/L of broth) and grown at 37 °C in a shaking
incubator (220 rpm) until mid log phase (ODgggpm = 0.8). The
temperature was then decreased to 17 °C, and the culture was
grown to ODgypnm ~ 1.0 (~1—2 h) and induced with 0.1 mM
IPTG. Thirty hours after induction, the cells were harvested by
centrifugation (4000g for 30 min) and subjected to one freeze/
thaw cycle. All purification steps were performed at 4 °C. Cell
pellets were resuspended in 20 mM sodium HEPES bufter, pH
7.5 (approximately 20 mL/L culture), placed in a stainless steel
beaker, and lysed by sonication using a Branson 450 sonicator
(3 X 240 s at S0 W). During this procedure, the cell suspension
vessel was seated in a slurry of ice and water. Lysed cells were
centrifuged at 12 800g for 30 min, the pellet was discarded, and
the supernatant was loaded onto a 12.5 X 150 mm Co** Talon
affinity column equilibrated with 20 mM sodium HEPES buffer,
pH 7.5. Initially contaminating proteins were eluted with 200
mL of 10 mM imidazole, 20 mM sodium HEPES buffer
adjusted to pH 7.5 with H,SO,; then, a gradient from 10 to 300
mM imidazole in the same buffer was used to elute ostensibly
pure PpRen as a single symmetrical peak. Distinctly yellow
fractions were pooled. Imidazole was removed, and the buffer
was exchanged to 10 mM potassium phosphate, pH 7.5, by
dialysis using 10 kDa nominal molecular weight cutoff dialysis
tubing to achieve a net >100 000-fold buffer exchange. Aliquots
of purified concentrated renalase (<120 uM) were then stored
at —80 °C.

Analytical HPLC. Evidence of the substrate specificity
profile was obtained by adding sodium borohydride (250 uM)
to S-NAD(P)* (250 uM). The sample was divided into two,
and PpRen (30 #M) was added to one and incubated for 3 min,
whereas the other was frozen in liquid nitrogen. PpRen was
then removed from the first sample by centrifugal ultrafiltration
using a 0.5 mL Amicon 10 kDa cutoff filter. Both samples were
then chromatographed by analytical HPLC. Separation of the
resulting mixtures was achieved using a Waters X-Bridge 4.6 X
150 mm, 3.5 M C18 column coupled to a Waters 600E pump
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Scheme 2. Model for the Reductive Half-Reaction
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and Waters 2487 dual-wavelength detector. Elution of
components of the mixture was observed simultaneously at
260 and 340 (or 394) nm. The components were separated
isocratically at 1.0 mL/min in either 10 mM ($-NAD"* derived)
or 50 mM (B-NADP" derived) potassium phosphate buffer, pH
7.5.

Reductive Half-Reaction of PpRen with 6DHNAD(P).
The reductive half-reaction of PpRen could be observed
independent of subsequent oxidative processes by exclusion of
dioxygen using previously published methods.”’ Anaerobic
PpRen (S mL, 14—16 uM) in 20 mM potassium phosphate
buffer containing 1 mM dextrose and 5 U/mL glucose oxidase
(25 puL, 25 units) was mounted onto a Hitech (now TgK) DX2
stopped-flow instrument that had been scrubbed of residual
dioxygen by incubation for 16 h with a solution of 1 mM
dextrose, 10 U/mL glucose oxidase. 6DHNAD(P) samples
were thawed and diluted to target concentrations in water
containing 1 mM glucose. 2DHNAD(P) was collected into a
glass syringe (that had a small amount of concentrated dextrose
added prior (<1 mM final)) directly from preparative HPLC,
diluted to approximate target concentration, and used
immediately. All substrate solutions were sparged with argon
gas for 5 min. Before capturing and mounting the substrate
solution to the stopped-flow instrument, 10 yL of glucose
oxidase (10 units) was injected via the luer tip.

Anaerobic PpRen and substrate solutions were mixed, and
reduction of the renalase cofactor was observed at the
absorption maximum of PpRen FAD, 452 nm. The stability
of the 6DHNAD substrate allowed for it to be prepared in
sufficient quantity to achieve a high range of concentrations,
ranging from second- to pseudo-first-order reaction conditions.
The pseudo-first-order data were fit to a linear combination of
two exponentials according to eq 1 using Kinetic Studio
software (TgK Ltd.). In this equation, A; and A, are the
amplitudes associated with the first and second rate constants,
ky obs and k;, respectively, and C is the absorbance at end of the
reaction. The dependence of the observed rate constants
(kyops) for the largest amplitude phase (~90%) was fit to the
hyperbolic form of the single-site binding equation (eq 2)
according to Strickland, where k4 is the limiting rate constant
for reduction and Kgpunapr) is the binding constant for
6DHNAD.>* 2DHNAD(P) is prone to decompose within
minutes. Reduction data for these substrates were obtained
primarily from second-order reactant ratios and as such could
not be fit meaningfully to linear combinations of exponential
terms. The data for 2DHNAD(P) substrates were fit to a the
mechanism depicted in Scheme 2 using KinTek Explorer to
obtain the dissociation constant for the substrate (k_,/k;) and
the intrinsic rate constant for reduction (k,). The concentration
of these substrates was estimated by recording a spectrum
immediately prior to and immediately after each kinetic
observation and averaging.

A452nm = Al(e_k110b§t) + AZ(e_th) +C (1)
__ k[6DHNAD(R)]
o (Kspanap(p) + [6(DHNAD(P)]) ()
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Oxidative Half-Reaction of PpRen. Reoxidation of the
renalase cofactor in the presence of dissolved dioxygen was
observed by double-mixing stopped-flow spectrophotometry.
PpRen (16 uM) was prepared in a tonometer in an equivalent
manner to that of the reductive half-reaction (though without
dextrose or glucose oxidase). In the first mix, this solution was
combined with 12 uM 6DHNAD. The reduction reaction was
allowed to proceed for 150 s prior to the second mix that
introduced dissolved dioxygen of defined concentration (final
concentrations after the second mix were 4 yuM PpRen, 3 uM
S-NAD", varied dioxygen). The dissolved oxygen concentration
in this solution was defined by sparging an inverted syringe
containing 10 mM phosphate buffer, pH 7.5, with blended
dinitrogen and dioxygen gases of known partial pressures
supplied by a Maxtec Maxblend gas blender. The concentration
of dissolved oxygen was confirmed by first sparging the reaction
chamber of a Hansatech dioxygen electrode filled with the same
buffer to define the equilibrium concentration of dissolved
dioxygen. The reduced anaerobic PpRen solution was then
mixed and the ensuing reoxidation observed at 452 nm. The
data were fit to eq 3, in which k., is the observed rate
constant for reoxidation, A, is the absorption amplitude for the
phase observed, and C is the end point absorbance. The
dependence of the observed rate constant was fit to a straight
line that passed through the origin according to eq 4, where k,
is the second-order rate constant for reoxidation and [O,] is the
concentration of dioxygen.

—k
Ay = A(e7o) + C (3)

k kox[O, ]

(4)

The influence of F-NAD' on the rate constant for
reoxidation was observed by similar methods as those described
above using the double-mixing facility of the stopped-flow
instrument. PpRen (23.2 M) was mixed with 6DHNAD (20
#M) and allowed to age for 150 s. This mixture was then mixed
with 238 uM dioxygen, and the reoxidation was observed at
452 nm. f-NAD* (0—4 mM) was then added to the third
solution, and the experiment was repeated. The dependence of
the observed rate constant for reoxidation (k,ps) was then fit
to eq S to determine the extent of inhibition (Ak,,) and the
binding constant for f-NAD' to the reduced form of the
enzyme (Kyap*), where k', is the rate constant observed in the
absence of exogenous f-NAD™.

kiOX - (
©)

Dissociation Constants for the PpRen,,f-NADH,
PpRen,,f-NADPH, and PpRen-SO; Adduct Complexes.
The dissociation constants for the PpRen, f-NADH, PpRe-
n,-f-NADPH, and PpRen-SO; complexes were measured by
perturbation of the renalase flavin spectrum when each ligand
was titrated. For both the f-NADH and -NADPH titrations,
slow noncatalytic reduction of the PpRen flavin during the
experiment (0.0008 s™') was avoided by preparing 11 stocks of
0.9 mL (17 uM for f-NADH, 12 uM for f-NADPH) of the

ox,obs

ox,0bs T

L Ak, [NAD"] ]

Kyapt + [NAD']
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enzyme in 10 mM potassium phosphate buffer, pH 7.5, at 25
°C. To each 0.9 mL aliquot was added 0.1 mL of a range of -
NADH or -NADPH stocks, and the spectrum was recorded.
As such, the spectrophotometric data are compiled from 11
PpRen renalase samples after the addition of /-NADH (0—1
mM) or f-NADPH (0—7 mM).

Titration of PpRen with sodium sulfite formed a labile sulfite
adduct that is commonly observed with flavoprotein oxidases.
In this experiment, 7 uM PpRen in 10 mM potassium
phosphate buffer, pH 7.5 (25 °C), was titrated with sulfite by
incremental additions spanning the range 0—310 mM. Spectra
were recorded after each addition.

For f-NADH and sufite titrations, spectra were recorded
using a Shimadzu 1800 UV—vis spectrophotometer. For the -
NADPH titration, spectra were recorded using a Shimadzu
2600 UV—vis spectrophotometer. After correction for dilution,
the changes in absorption at 492, 468, and 452 nm were used to
determine the dissociation constants for the Ren . /-NADH,
Ren,,f-NADPH, and the Ren,f-NAD"* complexes, respec-
tively. The changes in absorption were fit to the quadratic
solution form of the single site binding equation (eq 6) in
which [E] is the PpRen concentration, [EL] is the
concentration of the PpRen-ligand complex, and K is the
dissociation constant of the PpRen-ligand complex. For p-
NADH, -NADPH, and sulfite, the raw data were fit. That is,
the change in absorbance at defined wavelengths was used as a
measure of [EL], and the maximal change in absorbance, as a
representation of [E].

[EL] = (([L] + [E] + Ky) — y/([L] + [E] + K)?
— 4([L] + [E]))/2 (©)

Crystallization, Structure Determination, and Model
Refinement. Initial crystallization conditions were those
identified by the NESGC and included 2 M sodium formate,
100 mM sodium acetate, pH 4.6, at 20 °C. Diffraction-quality
crystals were obtained by the hanging-drop vapor diffusion
method. The droplet was formed from three 1 L additions: 1
uL of the well solution, 1 4L of PpRen (104 4M), and 1 uL of
H,O. Crystals appeared after 2—4 days and grew to maximal
dimensions of ~200 X 50 X 10 um®. Crystals were harvested
from the hanging drops and soaked for 1—3 min in 2.5 M
sodium formate, 120 mM sodium acetate, pH 4.7, with 20%
glycerol and 166 mM S-NAD* or 10 mM S-NADH. The
mounted crystal was then flashed-cooled in liquid nitrogen.
Crystals were initially screened for diffraction quality using the
rotating anode X-ray source at Marquette University
(Milwaukee, WI). X-ray diffraction data for PpRen-f-NAD*
were collected at beamline 21-ID-D of the Life Science
Collaborative Access Team (LS-CAT) at the Advanced Photon
Source (APS). Data for the PpRenf-NADH complex were
collected at LS-CAT beamline 21-ID-F. Data were processed
with HKL2000.>

The structure of PpRen was determined by molecular
replacement in PHASER®* with a search model derived from
chain A of the P. syringae Q888A4 renalase structure (PDB ID
3KK]J, Northeast Structural Genomics Consortium) with all
nonprotein atoms removed and all B-factors set to 20.0. After
iterative cycles of manual model building in COOT>® and
maximum likelihood based refinement using the PHENIX
package (phenix.refine),*® ordered solvent molecules were
added in phenixrefine automatically and culled manually in
COOT. After adding solvent atoms, the FAD cofactor and f-

NAD" or /-NADH were added to the model in COOT. During
the last rounds of refinement, hydrogen atoms were added to
the model using phenixreduce® to improve the stereo-
chemistry of the model. Positions of H atoms were refined
using the riding model with a global B-factor. Regions of each
model to be used in translation-libration-screw (TLS) refine-
ment were identified using phenix.find tls_groups, and the
TLS parameters were refined in phenixrefine. Once the
refinement converged, the model was validated using the
tools implemented in COOT and PHENIX.>®**® Side chains
with poor or missing electron density were modeled in favored
rotameric conformations. The B-factors were allowed to refine
without additional restraints, and the occupancies were held to
1.0. Data collection and model refinement statistics are listed in
Table 1. Coordinates and structure factors for the PpRen-f-
NAD" and PpRen-f-NADH complexes have been deposited in
the Protein Data Bank with accession codes 4ZCD and 4ZCC,
respectively.

B RESULTS

Properties of PpRen and Substrate Identification.
PpRen can be expressed by the above methods to yield ~17 mg
of purified enzyme per liter of culture. The absorption spectrum
of the purified enzyme indicates characteristic visible maxima

Table 1. Crystallographic Data Collection and Model
Refinement Statistics

PpRen:f-NAD* PpRen-f-NADH
space group C2 P2,
unit cell a=1447,b =376, a=635b="7Ls,
parameters c=1382 A, a=y =90, c=1438 A, a =y =90,

B =120°
33.2—1.66 (1.69—1.66)

p=975°
resolution (A) 46.2—2.00 (2.03—2.00)

(Tast shell)

wavelength (A)  0.97895 0.97872
no. of
reflections
observed 286455 (12871) 328721 (15867)
unique 76 829 (3588) 86 594 (4305)
completeness 99.7 (94.0) 100.0 (100.0)
(%)"
Roerge (%)% 0.044 (0.336) 0.096 (0.628)
multiplicity 3.7 (3.6) 3.8 (37)
(I/a(D))* 26.3 (3.7) 13.7 (22)
model refinement statistics
reflections in work set 73035 77722
reflections in test set 2971 2892
Ree (Ree) 0.151 (0.176) 0.170 (0.215)
no. of residues 651 1288
no. of solvent atoms 748 736
number of tls groups 4 28
Average B-Factor (A%)°
protein atoms 16.0 33.1
ligand atoms 158.5 32.5
solvent 28.8 36.6
RMS Deviations
bond lengths (A) 0.012 0.014
bond angles (deg) 1.490 1.634
coordinate error (A) 0.15 0.19

“Values in parentheses apply to the high-resolution shell indicated in
the resolution row. “R = S (IIF,l — scale X IFI)/Y IF,]. “Isotropic
equivalent B-factors, including contribution from TLS refinement.
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indicative of bound flavin. The flavin maxima are observed at
380 nm (& = 10.1 mM™' cm™) and 452 nm (¢ = 11 mM™*
cm™!), distinct from those observed for HsRen (385 nm (e =
mM™ cm™'), 458 nm (e = 11.3 mM ™ cm™)) and free flavin
(375 nm (¢ = 9.7 mM™! ecm™), 450 nm (¢ = 11.3 mM™*
cm™")). The enzyme is stable at 25 °C and below in phosphate
buffer at pH 7.5, but it is prone to precipitate at concentrations
above 4.5 mg/mL (~120 uM).

Borohydride reduction of f-NAD" or f-NADP" yields three
reduced isomers of each: 2-dihydroNAD(P) (2DHNAD(P)),
4-dihydroNAD(P) (S-NAD(P)H), and 6-dihydroNAD(P)
(6DHNAD(P)). We have shown that HsRen catalytically
oxidizes both 2- and 6DHNAD(P) to form S-NAD(P)*.*
HPLC analysis indicated that when PpRen was added to the
mixture of reduction products only 2- and 6DHNAD(P)
molecules were consumed (Figure 1), indicating that this

5 x scale’ ' ' '
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Figure 1. Analytical HPLC of renalase turnover reactions of
borohydride reduced mixtures of B-NAD(P)H isomers. HPLC
separation was achieved using an analytical Waters X-bridge C18
column run isocratically in potassium phosphate buffer (10 mM for
NAD derived mixtures and SO mM for NADP derived mixtures). All
eluting species were detected at 260 nm, the absorption maximum for
the NAD(P) adenine base. (A) The black chromatogram is the
separation of the components formed from borohydride reduction of
S-NAD". The red chromatogram is 3 min after the addition of 30 yuM
PpRen. (B) The black chromatogram is the separation of the
components formed from borohydride reduction of f-NADP*. The
red chromatogram is 3 min after the addition of 30 uM PpRen.

Pseudomonas form of renalase has the same substrate profile as
that of the human form. When chromatographed at 260 nm,
where the adenine chromophore has maximal absorption, the
net concentration lost from the 2- and 6DHNADP peaks
(based on standard curves for each) was gained by the f-
NAD(P)* peak, indicating that the product formed from both
types of substrate is the oxidized form of the nicotinamide
dinucleotide (Scheme 1).

Reductive Half-Reaction of PpRen with 6DHNAD(P).
The reductive half-reaction was observed by mixing PpRen with
varied concentrations of 6DHNAD, 6DHNADP, 2DHNAD,
and 2DHNADP in the absence of molecular oxygen. The
transfer of a hydride from the DHNAD(P) substrate to the
PpRen flavin is observed as a large change in extinction
coefficient of the flavin as it converts to the reduced state
(Figure 2). The equilibrium and kinetic constants derived from
these experiments are summarized in Table 2. Both 6DHNAD
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and 6DHNADP were titrated, and the largely monophasic
reduction and hyperbolic dependence of the observed rate
constant for reduction indicated that these substrates bind
rapidly and reversibly to the enzyme prior to hydride transfer.
The substrate dissociation constants obtained from the
reductive-half reaction data indicated relative higher binding
affinity for S-NAD"-derived substrates (Kyppnap ~ 36 uM,
Kepunap ~ 28 yM) compared to that for f-NADP'-derived
substrates (Kypiapp ~ 500 #M, K¢prnape ~ 1400 uM). This
apparent preference for f-NAD*-derived substrates is con-
sistent with our proposed function for renalase: to protect
primary metabolism dehydrogenases from inhibition by 2- and
6DHNAD.*” However, both 6-dihydro substrates exhibited a
relative slow reduction rate constant (kqeprnap = 04 s
keeqspemnap = 0.5 s'), approaching 3 orders of magnitude
slower than those observed for the 2-dihydro forms (k,.q,prnap
~ 180 57, kieapmnap ~ 120 s7'). When these data are viewed
as a ratio, they define a measure of substrate capture (k,.q/Ky);
it is apparent that PpRen has a 20-fold preference for
2DHNAD over its next preferred substrate, 2DHNADP
(Table 2). Both B-NAD*- and S-NADP*-derived substrates
accelerate the reduction rate constant by 10° to 10° compared
to that observed for S-NADH (~0.0008 s™' at 2 mM p-
NADH). A pronounced preference for the position of the
nicotinamide hydride was not observed for HsRen that
exhibited ostensibly the same dissociation constant for either
S-NAD"-derived substrate isomers (K,pnapy Kepanap ~ 170
uM) and only modest differences in the reduction rate constant
(kred,éDHNAD ~ 230 57, K:eq2prmap ~ 850 5_1)-39

Oxidative Half-Reaction of PpRen. The reoxidation of
PpRen was observed by double-mixing stopped flow. The
anaerobic oxidized enzyme was first mixed with anaerobic
6DHNAD at a concentration sufficient to reduce 75% of the
enzyme. After a 150 s age time that accounted for >6 half-lives
for the predicted reduction rate constant at the reactant
concentrations used, the partially reduced enzyme was mixed
with defined pseudo-first-order concentrations of dioxygen and
observed to reoxidize at 452 nm (Figure 3A). The dependence
of the observed reoxidation rate constant on the concentration
of dioxygen was linear with a zero intercept, indicating a
collision-based reaction (Figure 3A inset). The second-order
reoxidation rate constant was obtained from the slope of the
dependence according to eq 4 and was found to be S X 10°
M_lssl_l, similar to that observed for HsRen (2.9 x 10° M™!
s_l).

Exogenous B-NAD' impeded the rate constant for
reoxidation (Figure 3B). The dependence of the inhibition
yielded a dissociation constant for the PpRen(red)-f-NAD*
complex of 230 uM (Figure 3B, inset), 7-fold higher affinity
than that of the same complex in HsRen. Suppression of the
reoxidation rate constant extrapolated to ~0 s, indicating an
ordered product release mechanism in which f-NAD* (and
presumably S-NADP*) must dissociate before dioxygen can
react with the reduced flavin cofactor. This differs from HsRen,
whose reoxidation rate constant was not influenced by
exogenous nicotinamide product and as such displayed a
formally random product release mechanism.>"

Dissociation Constants for the PpRen,,f-NADH,
PpRen,,f-NADPH, and PpRen-SO; Adduct Complexes.
The dissociation constants for f-NADH and -NADPH were
measured by titration and observation of the changes in the
absorption spectrum of the PpRen FAD isoalloxazine moiety
(Figure 4A). Consistent with the apparent preference for f-
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Figure 2. Kinetics of the reductive half-reactions of PpRen with nicotinamide dinucletide substrates. Oxidized anaerobic PpRen was mixed with
varied concentrations of anaerobic substrates, and the reduction of the enzyme’s cofactor was observed at 452 nm. (A) Reduction of the PpRen by
6DHNAD(P) substrates. Approximately 7 uM PpRen was reacted with either SDHNAD (1S, 35, 50, 100, 200, 400 M) or 6DHNADP (88, 170,
320, 475, 613 uM). Traces for 6DHNAD are offset (down) for clarity. (B) The dependence of the observed rate constant for reduction on the
concentration of 6DHNAD and 6DHNADP fit to the hyperbolic form of the single site binding equation (eq 2). NB: observed rate constants
obtained from exponential fits to non-pseudo-first-order reactant concentrations for 6DHNAD are shown as open circles. (C) The reduction of
PpRen (8 uM) by 2DHNADP (11.3, 21.5, 49.8, 93.0, 211.9, 263.8 uM) fit globally (dashed lines) to the model shown in Scheme 2. (D) The
reduction of PpRen (8 M) by 2DHNAD (6.3, 13.0, 19.0, 26.4, 45.6, 72.1, 97.2, 163.2 uM) fit globally (dashed lines) to the model shown in Scheme
2. For (C) and (D), concentrations are based on the average of two spectra: one recorded immediately prior to and one immediately after collection
of kinetic data.

Table 2. Summary of Kinetic and Equilibrium Constants for PpRen

substrate/ligand Ky (uM) ke (s71) kea/Ky (uM™' s71)
2DHNAD 36 +8 134 + 2 3.7 +£08
2DHNADP 468 + 71 84 +3 0.18 + 0.02
6DHNAD 28 +3 0.39 + 0.01 0.014 + 0.002
6DHNADP 1380 + 210 0.50 + 0.0 3.6 +07x 107
J-NADH 81 +7 ~0.000080 + 0.000001 9.8 + 0.8 X 107¢
S-NADPH 1540 + 370 e

“Not measured.

NAD"-derived substrates, the dissociation constant for the reaction for 6DHNADP and 2DHNADP, the dissociation
PpRen-f-NADH complex was found to be ~80 uM, constant for /-NADPH was observed to be 19-fold larger than
comparable to that for the 2DHNAD and 6DHNAD substrates that for f/-NADH.

(Figure 4). This low level of f/-NADH isomer selectivity was Flavin—sulfite adduct formation is a peculiar characteristic of
also observed in the human enzyme®® and indicates that many oxidase enzymes. The Aliverti group showed that natively
renalases are not able to discriminate between each of the folded HsRen formed a dissociable sulfite adduct with the flavin
reduced forms of f-NADH and therefore function in a partially cofactor.*” In order to offer an additional reactivity correlation
inhibitory ligand environment. However, the PpRen--NADH to HsRen, we titrated sulfite to PpRen (Figure 4B).
dissociation constant is 7-fold lower than that measured for the Characteristic bleaching of the long-wavelength transitions of
human enzyme, facilitating soaking strategies intended to form the flavin spectrum were observed along with the appearance of
this complex in the crystal state (vide infra). Consistent with a UV transition at ~320 nm. When the data obtained at 452
the dissociation constants measured in the reductive half- nm were fit to the quadratic solution of the single-site binding
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Figure 3. Kinetics of the oxidative half-reaction of PpRen. (A) Reoxidation of PpRen in the presence of varied concentrations of molecular oxygen
observed at 452 nm. Reduced anaerobic PpRen (3 M) was reacted with pseudo-first-order concentrations (59, 128, 210, 335, 587 uM) of dioxygen.
Traces were fit to eq 3 (red dashes). Inset: The dependence of the observed rate constant for reoxidation fit to eq 4. (B) The dependence of the
observed rate constant for reoxidation on the concentration of added f-NAD". Traces are shown for 5.8 M PpRen reoxidizing in the presence of
119 M dioxygen with 0, 125, 250, 500, 1000, 2000, or 4000 #M added -NAD" fit to eq 3 (red dashes). Inset: The dependence of the observed rate
constant for reoxidation on the concentration of exogenous S-NAD" fit to eq 5.
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Figure 4. Measurement of the dissociation constants for the PpRen,f-NADH, PpRen,f-NADPH, and PpRen-SO; complexes. (A) Flavin
difference spectra and binding isotherms for the association of NADH and NADPH with PpRen. For the PpRen,-f-NADH titration (black), 17 uM
PpRen was titrated with NADH (0—1 mM) and the spectrum at each ligand concentration was recorded. The observed absorption changes in the
spectrum at 494 nm were fit to eq S (inset). For the PpRen,,--NADPH titration (green), 12 M PpRen was titrated with NADPH (0—7 mM) and
the spectrum at each ligand concentration was recorded. The observed absorption changes in the spectrum at 468 nm were fit to eq S (inset). (B)
The titration of PpRen (10 M) with sulfite (0—310 mM). The observed absorption changes in the spectrum at 452 nm were fit to eq S (inset).

equation, a dissociation constant for sulfite of 105 mM was
obtained, substantially weaker than the sulfite affinity observed
for HsRen (Kgo, = 1.8 mM).

Structure of the PpRen:f-NAD* and PpRen--NADH
Complexes. PpRen proved to be highly apt to form crystals.
Both rectangular rods and hexagonal plates were obtained using
the conditions that were provided with the PDB ID 3KKJ
structure deposited by the NESGC. Only the plate-like crystals
diffracted. Structures of the PpRen-3-NAD" (1.78 A) and the
PpRen--NADH (2.0 A) complexes were obtained by soaking
(Table 1). Respectively, these structures are the PpRen,
product (EP) complex and a close representation of the PpRen-
substrate (ES) complex. For both structures, two protomers of
PpRen are arranged together with a large primarily van der
Waals contact interface of ~1100 A% in which no ionic pairs and
only eight hydrogen bonds contribute to the association of the
protomers.

Despite low sequence identity (19%), the fold of PpRen is
highly similar to that of HsRen (PDB ID 3QJ4), with an RMSD
of 2.1 A for 298/326 Ca atoms (Figure S). It is interesting to
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note that the initial structure of PpRen deposited in the PDB
(ID 3KK]J) was the search model used to solve the structure of
HsRen by molecular replacement. This study therefore serves
as the functional assignment of the 3KK]J protein, annotated
previously as an amine oxidase. The renalase fold is observed
with numerous redox-active flavoproteins.** However, the
constellation of conserved active site residues is unique to
renalase activity (Figure 6). Consistent with the observations of
Milani et al** (that pertain to renalase sequences from
Animalia), the active site opening is lined with three aromatic
residues. In two of the three positions, only the aromatic
character of the side chain is conserved (PpRen W212, F204
corresponding to F223, Y214 in HsRen), whereas the third is a
conserved tyrosine (PpRen YS7 corresponding to Y62 in
HsRen). The inner surfaces of the active site pack closely to the
si face of the flavin isoalloxazine and provide a substrate binding
cavity adjacent to the re face. Conserved residues that line the
substrate-binding cavity are H232 (HsRen H245) and W276
(HsRen W288). A guanidino group is supplied by R280
(HsRen Q292), and a similar placement of a guanidino group is
accomplished in HsRen from R193 (PpRen T18S) that is
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Figure S. Superposition of the PpRen--NADH and HsRen tertiary
structures. PpRen-#-NADH is depicted in blue, and HsRen is depicted
in green (PDB ID 3QJ4).

conserved in Animalia and extends from a different element of
the secondary structure.

The primary advancement in understanding the chemistry of
renalase was that the PpRen structures were solved with
catalytically relevant ligands occupying the active site cavity.
Stereoviews of the active site with both ligands and
representative ligand density are depicted in Figure 6. The
PpRen--NADH complex structure provides a representation
of the ES complex. The reduced nicotinamide base of /-NADH
has an overall neutral charge and is ostensibly isosteric with the
bases of 2DHNAD(P) or 6DHNAD(P) and presumably
localizes in a position similar to that of the native substrates.
Evidence of this is that the 2 position of the base is most
proximal to the NS of the isoalloxazine (3.6 A), the assumed
position of hydride delivery, in an analogous position to that
observed in other NAD(P)H/isoalloxazine complexesso’61
(Figure 7B,C). No evidence for partial occupancy of a 6
position reduction conformer is observed, suggestive of the
apparent preference for 2DHNAD(P) isomers that were
observed to reduce the enzyme ~500-fold more rapidly than
6DHNAD(P) isomers (Figure 2 and Table 2). One possible
explanation for this apparent conformer bias is that threonine
185 (that occupies the position of a conserved arginine in
animal renalases, see below) donates an apparent hydrogen
bond to the nicotinamide amide oxygen, stabilizing the pose
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Figure 6. Active site of the PpRen f-NADH and f-NAD" complexes.
(A) Stereoview for the PpRen--NAD* complex showing the 2IF,| — |
F| simulated annealing composite omit electron density of the ligand
(black) contoured at 1.0¢ and IF,| —IF| electron density contoured at
3.00 (green) and —3.00 (red). (B) Stereoview for the PpRen--NADH
complex showing the 2IF | — |F | simulated annealing composite omit
electron density of the ligand (black) contoured at 1.06 and IF| — IF/
electron density contoured at 3.00 (green) and —3.06 (red).

that promotes donation of the hydride from the 2 position
(Figures 6 and 7). Manually flipping the nicotinamide base in
the PpRen--NADH model followed by additional refinement
did not substantially alter the electron density for the pyridyl
ring (data not shown). In this alternate pose, a potential
interaction is observed from the dihydronicotinamide amido
nitrogen to the backbone carbonyl of G307. The PpRen-S-
NAD" structure is that of the product complex. Despite a 1.78
A resolution, the electron density map for this complex
indicated very low occupancy of the base and the ribose that
form the nicotinamide nucleoside. It is suggested that the
proximity of the R280 (R193 in HsRen) guanidino group plays
an important role in ejecting the positively charged
nicotinamide product (f-NAD(P)*) from the active site. We
observe that the guanidino group is displaced in the PpRen-f-
NAD" structure from the position that it occupies in the
PpRen--NADH complex structure by 2.6 A, consistent with
charge repulsion.

The ADP moiety of both ligands is anchored in the same
position on the surface of the protein (Figure 7). In this
binding pose, the two ribose units emerge from the
pyrophosphate moiety approximately parallel to one another,
a position that places the respective 3'-hydroxyl groups within
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Figure 7. Reductive pose of nicotinamide dinucleotide substrates. (A)
The relative positions of /-NADH and FAD on the solvent-accessible
surface of PpRen. (B) The reductive complex of glutathione reductase
in complex with f-NADH (PDB ID 1GRB) depicting the position of
the nicotinamide 4-position 3.4 A from the flavin isoalloxazine NS5. (C)
The reductive complex of PpRen in complex with S-NADH (PDB ID
4ZCC) depicting the position of the nicotinamide 2-position 3.6 A
from the flavin isoalloxazine NS.

2.9 A. Although uncommon, this conformation does not
provide an obvious explanation for the observed substrate

binding preference of PpRen, where f-NAD"-derived substrates
bind ~50-fold more tightly than those derived from -NADP*.

B DISCUSSION

The current consensus understanding for the function of
renalase is that it is an animal enzyme/hormone whose catalytic
activity lowers blood pressure and modulates the contraction
rate of the heart by oxidative consumption of catecholamine
substrates (critical evaluations of this claimed catalytic role are
available®™®*). This entrenched perception of the catalytic
function of this enzyme has persisted in the literature since the
progenitor article claimed to simultaneously discover the
enzyme, its catalytic activity, and its physiological role." We,
and others, have disputed this claim and have offered evidence
and counter ar§uments that undermine the link to catechol-
amines. 0713903165 Moreover, the recent discovery by our
group that renalase has genuine catalytic behavior with two f-
NAD(P)H isomers® casts further doubt over the claim of
extracellular catecholamine oxidase activity. This new activity
for renalase is more consistent with an intracellular house-
keeping metabolic function. In this role, f-NAD(P)H isomers,
which we presume to arise in nonspecific reduction events are
recycled back to the nicotinamide dinucleotide pool by
oxidation (forming S-NAD(P)*) to prevent inhibition of
dehydrogenase enzymes. Such an activity would be expected
to be generally advantageous to living organisms and therefore
likely to be detectable in kingdoms outside Animalia. In this
article, we present the first account of a bacterial form of

Scheme 3. Catalytic Cycle of PpRen with 2DHNAD as a Substrate
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renalase. In addition to the substrate profile, kinetics of
catalysis, and substrate/ligand preferences, we also show the
structures of the enzyme in complexes with catalytically
relevant NAD ligands that have poses consistent with this
newly identified activity.

PpRen was first identified in 2009 by the NESGC, and in the
absence of known function, it was given a generic, amine
oxidase designation (PDB ID 3KKJ). In 2011, the Aliverti
group solved the structure of HsRen using 3KK]J as a search
model in a molecular replacement strategy (PDB ID 3Qj4).*
The striking similarity of the apparent active sites of HsRen and
3KK]J led us to conclude that the 3KK]J structure was from a
bacterial form of renalase. The data obtained with this enzyme
support that it has the same function as that of HsRen. In the
presence of a mixture of 2DHNAD(P), 4DHNAD(P) (-
NAD(P)H), and 6DHNAD(P), PpRen oxidizes only the 2- and
6-dihydro isomers, as was observed for the human enzyme
(Figure 1). Both -NAD'- and f-NADP*-derived substrates
induce relative rapid reduction of the PpRen flavin isoalloxazine
ring and induce multiple turnovers, indicating that they are
genuine substrates for PpRen (Figure 2).

We have proposed that the true function of renalase is to
scavenge NAD(P)H isomers to alleviate inhibition of primary
metabolism. Solely in terms of dissociation constant, the
substrate preference of PpRen would appear to be for f-NAD*-
derived substrates. Both 2DHNAD and 6DHNAD bind 10—50-
fold more tightly than do 2DHNADP and 6DHNADP (Figure
2). However, substrate preference (or scavenging efficiency) is
a function of both dissociation constant and the rate constant
for the largely irreversible hydride transfer to the flavin, and the
6-dihydro substrates reduce PpRen considerably more slowly
than the 2-dihydro substrates. When the relative rate constants
for reduction and dissociation constants are compared as a ratio
(k.a/Kg), PpRen has a 300—S00—fold preference for 2-
DHNAD(P) substrates. It is conceivable that this substrate
preference mirrors a 2DHNAD(P) inhibitory susceptibility of
one or more of the primary metabolism dehydrogenases in P.
phaseolicola. The structures of PpRen-#-NADH and PpRen-f-
NAD* do not reveal the basis of S-NAD*-derived isomer
binding selectivity (Figures 3 and 4A). In both the PpRen-f-
NADH and PpRen-#-NAD" structures, the oxygen atom of the
2'-hydroxyl of the adenine nucleotide riboside has no
interacting residue or steric constraint within an 8 A sphere
(Figure 7A).

It would appear that renalase’s primary catalytic purpose is to
accept the hydride, as reoxidation of the enzyme occurs with a
rate constant only 20-fold greater than that of free FADH,
autoxidation and so is only modestly catalyzed®>” (Figure 3).
This is unlike most dioxygen-reactive flavoproteins that tend to
have reoxidation rate constants at least 2 or 3 orders of
magnitude more rapid than that of free flavin.***® There is
no spectrophotometric evidence for the dissociation of the f-
NAD(P)* product in the reductive half-reaction, but its egress
is assumed to be rapid compared to the rate constant for
reoxidation at atmospheric levels of dioxygen (~1 s™") (Figures
3 and 6). Scheme 3 provides a summary of the kinetic and
chemical mechanism conclusions for PpRen in turnover with
the preferred substrate, 2DHNAD, that were made from our
observations. In this scheme, the substrates bind rapidly and
transfers a hydride to the flavin isoalloxazine NS. The release of
products has an obligate order in which f-NAD(P)* dissociates
before dioxygen reacts with the reduced flavin. This ordered
release of products is based on the observation that exogenous
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P-NAD" can completely suppress the reoxidation of the
enzyme. Once $-NAD(P)+ has dissociated, the flavin reoxidizes
with a rate constant that would be the in vitro rate-limiting
process under conditions of atmospheric dioxygen.

The PpRen structures represent a significant advancement in
our understanding of the catalysis of this enzyme. Together, the
PpRen-f-NADH and PpRen-f-NAD" structures offer evidence
of the nature of the ES and EP complexes, respectively. The
reduction reaction catalyzed by renalase is exceedingly simple:
the transfer of a hydride equivalent to the isoalloxazine of a
flavin. The primary difference between this and numerous other
enzymes is that the substrate nicotinamide is bound to afford
hydride transfer from alternate positions of the pyridyl base
(Figure 7). Possibly the most interesting aspect of renalase
chemistry is that it accommodates reduction from both the 2
and 6 positions and therefore must have binding modes for
both substrate types. The structure of PpRen with S-NADH
bound has the nicotinamide positioned such that the 2 position
of the base is 3.6 A from and directly over the NS of the
isoalloxazine ring (Figure 7C). No evidence of a flipped, 6
position reduction conformation, in the form of amide density
in the alternate meta-position, with respect to the pyridyl
nitrogen, is observed. Moreover, no density indicative of a
lateral displacement of the nicotinamide to place the 6 position
proximal to the flavin NS is observed. As such, it would appear
that the rapid reduction rate constants observed with
2DHNAD(P) substrates are due to a more naturally optimized
position whose conformer was selected in the crystalline state
by the hydrogen-bonding interaction with threonine 18S.

Consistent with the relatively simple reaction being
catalyzed, the number of conserved active site residues in
renalase is small. The inner surface of the flavin reface substrate
cavity has only three fully conserved residues: H232, R280, and
W276. Formally, R280 is not positionally conserved, as it
extends from a different secondary structural element in the
bacterial enzyme (R193 in HsRen). However, the guanidino
group of both residues resides in similar positions in the active
site. It is posited that this charged residue is responsible for
expulsion of the oxidized nicotinamide after hydride transfer
and potentially facilitates the reduction chemistry by promoting
the formation of the dihydroflavin anion. H232 is conserved in
all known or annotated forms of renalase (H245 in HsRen).
This residue is not required for acid/base chemistry in the
reductive half-reaction but may serve to add to the positive
potential toward the internal reaches of the active site. H232
may participate in acid/base chemistry in the oxidative half
reaction by shuttling protons to aid rapid elimination of
hydrogen peroxide from a transient C4a-(hydro)peroxyflavin
during the oxidative half-reaction. This histidine is positioned
5.0 A from the flavin N5 and C4a positions with both the f5-
NADH and -NAD" ligands bound.

This study identifies the first known bacterial form of
renalase. Defining true catalytic substrates for the human
enzyme has both prompted re-evaluation of the true function of
this enzyme and provided a means to definitively identify this
activity in other organisms, including those without circulatory
systems. With regard to the catalytic role of renalase, it has
become very clear that claims concerning activity with
catecholamines were quite incorrect and were based on the
propensity of such molecules to autoxidize in the presence of
dioxygen. The elaboration of these claims throughout the past
decade warrants some retrospection. While the observations
included here and in prior work do not rule out a noncatalytic

DOI: 10.1021/acs.biochem.5b00451
Biochemistry 2015, 54, 3791-3802


http://dx.doi.org/10.1021/acs.biochem.5b00451

Biochemistry

moonlighting influence on vascular tone, they do argue strongly
that the catalytic role of renalase serves an intracellular function
that eliminates an inhibition of primary metabolism by -
NAD(P)H isomers.

B AUTHOR INFORMATION

Corresponding Author

*Phone: (414) 940 0059. Fax: (414) 229 5530. E-mail:
moran@uwm.edu.

Funding

This research was supported National Science Foundation
grants to G.RM (CHE-1402475) and N.R.S. (MCB-1157392)
and by a UWM Research Growth Initiative Grant to G.R.M.

Notes
The authors declare no competing financial interest.

B ABBREVIATIONS

PpRen, renalase from Pseudomonas syringae (van Hall pathovar
phaseolicola strain 1448A); HsRen, renalase from Homo sapien;
PDB, Protein Data Bank; NESGC, North East Structural
Genomics Consortium; HPLC, high-performance liquid
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