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Background: NO reductase (NOR) takes up protons from the opposite side of the membrane compared with other heme-

copper oxidases.

Results: NOR is sensitive to mutations along the suggested proton pathway 1 but not the others.

Conclusion: Only pathway 1 is used for proton transfer.

Significance: Although no energy is conserved, proton transfer still occurs through a specific pathway.

The NO reductase from Paracoccus denitrificans reduces NO
to N,O (2NO + 2H" + 2e~ — N,O + H,O) with electrons
donated by periplasmic cytochrome c (cytochrome c-dependent
NO reductase; cNOR). c(NORs are members of the heme-copper
oxidase superfamily of integral membrane proteins, comprising
the O,-reducing, proton-pumping respiratory enzymes. In con-
trast, although NO reduction is as exergonic as O, reduction, there
are no protons pumped in ¢cNOR, and in addition, protons needed
for NO reduction are derived from the periplasmic solution (no
contribution to the electrochemical gradient is made). cNOR thus
only needs to transport protons from the periplasm into the active
site without the requirement to control the timing of opening and
closing (gating) of proton pathways as is needed in a proton pump.
Based on the crystal structure of a closely related cNOR and
molecular dynamics simulations, several proton transfer
pathways were suggested, and in principle, these could all be
functional. In this work, we show that residues in one of the
suggested pathways (denoted pathway 1) are sensitive to site-
directed mutation, whereas residues in the other proposed
pathways (pathways 2 and 3) could be exchanged without
severe effects on turnover activity with either NO or O,. We
further show that electron transfer during single-turnover
reduction of O, is limited by proton transfer and can thus be
used to study alterations in proton transfer rates. The
exchange of residues along pathway 1 showed specific slow-
ing of this proton-coupled electron transfer as well as changes
in its pH dependence. Our results indicate that only pathway
1 is used to transfer protons in cNOR.
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Cytochrome c-dependent NO reductase (¢cNOR)® from
Paracoccus denitrificans is an integral membrane protein com-
plex that reduces nitric oxide to nitrous oxide 2NO + 2H™ +
2e” — N,O + H,0). Nitric oxide reductases (NORs) are
mostly found in denitrifying bacteria that stepwise reduce NO
to N, gas (via NO, , NO and N,0). NORs are also expressed in
various pathogenic non-denitrifying bacteria in order to inacti-
vate the toxic NO that is produced by the immune system of the
host. NORs are members of the heme-copper oxidase (HCuO)
superfamily. Most members of this superfamily reduce O, to
H,O and conserve the liberated free energy by pumping pro-
tons across the membrane, thus maintaining an electrochemi-
cal gradient. In addition, electrons are donated from the (pos-
itive, lower pH) outside, and protons needed for water
formation are taken up strictly from the (negative, higher
pH) inside. For this purpose, the O,-reducing HCuOs use
defined proton transfer pathways (one or two) from the cyto-
plasm into the active site and a route for pumped protons to
the outside that is less well defined (for recent reviews on
¢NOR and proton transfer pathways in the HCuO superfam-
ily, see Refs. 1 and 2). ¢(NOR, on the other hand, has been
shown not to contribute to the electrochemical proton gra-
dient, although the amount of free energy available from NO
reduction is similar to that for O, reduction (3-5). Electrons are
donated by soluble carriers in the periplasm, so for the overall
reaction to be non-electrogenic, protons used for NO reduction
must also originate in the periplasmic (outside) solution.

¢NOR is isolated as a complex of two subunits, NorB and
NorC (see Fig. 14). NO reduction takes place in the NorB sub-
unit that contains three redox centers: two b-type hemes
(hemes b and b;) and a non-heme iron (Fey). Heme b and the
non-heme iron form the binuclear center, where nitric oxide is
bound and reduced. NorC is a membrane-anchored cyto-
chrome ¢ with one c-type heme, which presumably forms the
site of electron entry. In addition to NO reduction, cNOR can

® The abbreviations used are: ctNOR, cytochrome c-dependent NO reductase;
NOR, NO reductase; HCuO, heme-copper oxidase; DDM, n-dodecyl-B-b-
maltoside; MD, molecular dynamics; PW, pathway; AH, internal proton
donor; ETPT, proton-coupled electron transfer reaction (not intended to
indicate the order of the reactions) during the reduction of O, by fully
reduced cNOR.
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also catalyze O, reduction (6 —8). Site-directed mutations that
affect NO reduction affect O, reduction in a similar manner (7,
9, 10); thus, presumably the same catalytic components are
used for both reactions. Furthermore, proton transfer occurs
from the same side with similar rates and amplitudes during
single-turnover reactions between the fully reduced cNOR
with NO (11, 12) and O, (8).

Recently, the crystal structure of a cNOR from Pseudomonas
aeruginosa (13), highly homologous (52% sequence identity) to
¢NOR from P. denitrificans, was determined, and based on this
structure and molecular dynamics (MD) simulations, three dif-
ferent proton transfer pathways were proposed, all leading
from the periplasmic side of the membrane (see Fig. 1) (13-15).

Proton transfer pathway (PW) 1 was predicted (13, 15) to
involve the following residues (P. aeruginosa numbering with
P. denitrificans numbers in parenthesis): Glu-135 (Glu-122),
Asp-198 (Asp-185), Lys-53€ (Lys-54; the superscript “C” indi-
cates the NorC subunit), and Glu-57< (Glu-58°) (see Fig. 1, A
and B, and Table 1). MD simulations supported the formation
of a well hydrated, hydrogen-bonded network and indicated
that additional residues were involved: Arg-134 (Arg-121), Lys-
199 (Lys-186), and Glu-70€ (Glu-71) (15). The entrance of the
pathway was kept open by rigid hydrogen bonding networks
between Glu-57, Lys-53<, Arg-134, and Asp-198 (15).

PW 2 was predicted (13) to go from the heme ¢ propionate via
GIn-415 (GIn-398), GIn-411 (GIn-394), GIn-340 (GIn-326),
Ala-75% (Ala-76), Thr-66“ (Thr-67<), and Gly-69< (Gly-70%)
(see Fig. 1, A and C, and Table 1). Glu- 145 in the P. aeruginosa
¢NOR was also predicted to be involved, but the P. denitrificans
¢NOR has an Ala at the equivalent position (Ala-149<). In MD
simulations (15), a large hydrophilic region around Gln-415,
Glu-77¢, Arg-416, and Thr-66 was formed that is connected
to the bulk solvent. However, the two loops with Gly-340 and
Gly-69< together with the Tyr-73“ (which ligates a Ca®"; see
Fig. 1) prevented water from this cavity reaching the water clus-
ter around the heme b5 propionates further on in the path.
Pathway 2 was therefore concluded to be unlikely (15), but it
could not be excluded without experimental data.

PW 3, not observed in the crystal structure but suggested
from MD simulations (15), is lined by Glu-135 (Glu-122, shared
with PW 1), Glu-138 (Glu-125), Arg-57 (Arg-50), Asn-54 (Asn-
47), and Asn-60°. The Asn-60€ is not conserved and is an ala-
nine in P. denitrificans (Ala-61<) (Fig. 1, A and D, and Table 1).
Asn-54 and Asn-60 were predicted to form a gate that could
open and provide connectivity between the bulk water and an
internal hydrated cavity.

When studying the role of individual amino acids for proton
transfer, the flow-flash technique has provided extensive infor-
mation about the HCuOs. Here a single turnover of fully
reduced enzyme with O, is studied time-resolved so that indi-
vidual transitions can be resolved. We have previously studied
the oxidation of the fully reduced ¢cNOR by O, using this tech-
nique and found a transition that involves proton-coupled elec-
tron transfer from the hemes b and ¢ to the active site, modeled
as rate-limited by proton transfer from an internal group (e.g.
amino acid, H,O molecule, or part of cofactor), crucial for pro-
ton transfer to the catalytic site, with a pK, of 6.6 (8). This
transition should thus be specifically sensitive to changes in the
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rate of proton transfer, and in this work we further demonstrate
that it shows a kinetic isotope effect (when H,O was exchanged
for D, O as the solvent) of ~4 for the maximum rate constant,
indicating that the transition is limited by the rate of proton
transfer.

Before the crystal structure was known, we had constructed a
model of the NorB from P. denitrificans based on the homology to
structurally defined HCuOs, and a proton pathway was predicted
based on this model, sequence conservation, and biochemical
studies (5). This pathway involved residues Glu-135 (Glu-122) and
Glu-138 (Glu-125) and was supported by data on P. denitrificans
¢NOR Glu-122 and Glu-125 variants, which showed effects on
catalytic turnover (7, 16) as well as proton-coupled electron trans-
fer (9). The crystal structure of the cNOR from P. aeruginosa (13)
later showed that the Glu-135 is in fact coordinating a Ca"* (see
Fig. 1), and the Glu-138 stabilizes the loop in which the Glu-135 is
located. These residues, although predicted to line the recently
proposed proton transfer pathway 1 (Glu-135) and 3 (Glu-135 and
Glu-138), thus have structural roles that make interpretations
about their roles in proton transfer difficult.

In this work, based on the pathways proposed from the crystal
structure and MD simulations, we exchanged individual residues
along each of the three proposed pathways for non-protonatable
residues. We chose the residues furthest away from the Ca®", Fey,
or hemes, because they are less likely to have structural roles.
These variants were characterized in terms of their catalytic
turnover with both NO and O,, their ligand binding proper-
ties with CO and O,, and finally their proton-coupled elec-
tron transfer rates and amplitudes. Our results strongly favor
pathway 1 as the only functional proton pathway in cNOR.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification—The pNOREX plas-
mid with the norB and norC genes was used for cNOR expres-
sion (7). Mutations were introduced directly in pNOREX with
the use of the QuikChange XL site-directed mutagenesis kit
(Stratagene). Correctly mutated pNOREX was transformed to
the E. coli J]M109 strain together with the pEC86 vector as
described (7). E. coli was grown, and ¢cNOR was expressed and
purified essentially as described (9) with a few alterations for the
¢NOR variants and the wild type used for the comparison with
the ¢cNOR variants (but not for the experiments with wild type
inD,0). The altered purification protocol was as follows. Mem-
brane vesicles from a 6-liter cell culture were solubilized in 100
ml of buffer containing 100 mwm Tris, pH 7.6, 50 mm NaCl, and
1% (w/v) n-dodecyl-B-p-maltoside (DDM). The solution was
incubated at 4 °C with constant stirring for 1 h. Unsolubilized
material was removed by centrifugation (30 min, 185,000 X g,
4 °C), and the supernatant was filtered over a 0.2-um filter. The
filtrate was diluted twice (with 100 mm Tris, pH 7.6, and 50 mm
NaCl) to lower the DDM concentration and loaded at 2 ml/min
on a 110-ml Q-Sepharose high performance (GE Healthcare)
column pre-equilibrated with the same buffer and 0.05% (w/v)
DDM. The column was washed with ~300 ml of 100 mm Tris,
50 mm NaCl, and 0.05% (w/v) DDM at 5 ml/min. cNOR was
eluted from the column in a 475-ml gradient of 200-500 mm
NaCl with 20 mm Tris, pH 7.6, and 0.05% (w/v) DDM at 4
ml/min. 5-ml fractions were collected and diluted 3X in 20 mm
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Tris, pH 7.6, and 0.05% (w/v) DDM. The absorbance spectra of
the collected fractions were analyzed via a dip probe connected
to a Cary 50 Bio spectrophotometer (Varian). Fractions with an
Asgo nm/Aa10 nm Of <2 were collected and concentrated over a
100 kDa cut-off filter (Millipore). 20 mm Tris, pH 7.6, and 0.05%
(w/v) DDM were added so that the NaCl concentration was
below 50 mM. 25—-100-ul fractions of 20—-150 uMm purified pro-
tein (A5g0 nm/As10 nm 1) were flash frozen in liquid nitrogen
and stored at —80 °C.

The presence of correctly inserted b and ¢ hemes in all the
¢NOR variants was verified via UV-visible spectra from 260 to
700 nm on a Cary 50 or 400 spectrophotometer (Varian). The
¢NOR concentration was calculated from €..4 1 rediox = 70
mM ™ 'em™h
Multiple Turnover—The reduction rates of the cNOR vari-
ants with O, and NO were essentially determined as described
in (10), but all measurements were conducted at 30 °C, and NO
measurements were done with a specific NO electrode (World
Precision Instruments) and recorded via the LabScribe2 soft-
ware (World Precision Instruments). There were also small dif-
ferences in the reaction set-up. For the multiple-turnover
measurements with NO, NO-saturated water (2 mMm NO) was
added in five steps of 5 ul (10 um/addition) to a deoxygenated
solution of 50 mm HEPES, pH 7.5, 50 mm KCl, 0.05% (w/v)
DDM, 30 mm glucose, 20 units/ml catalase, 1 unit/ml glucose
oxidase, 500 uM N,N,N’,N'-tetramethyl-p-phenylenediamine,
and 20 pum cytochrome ¢ (horse heart; Sigma-Aldrich). This
resulted in five equal steps in the NO signal. Then 3 mm ascorbate
was added (this results in some background signal), followed by
25-100 nMm ¢NOR. Because of substrate inhibition at high [NO],
the obtained maximum rate was calculated from the slope at low
[NO] (~5 um). At this part of the curve, the ascorbate background
is negligible (as verified by a measurement without the addition of
¢NOR). O, turnover was measured in a solution of 50 mm HEPES,
pH 7.5, 50 mm KCl, 0.05% (w/v) DDM, 500 um N,N,N',N’-tetra-
methyl-p-phenylenediamine, 20 uM cytochrome ¢, and 3 mm
ascorbate with a Clark-type electrode (Hansatech). The maximal
rate was obtained directly after cNOR (at ~250 nm) addition, and
the background rate, recorded for ~1 min just before the cNOR
addition, was subtracted.

Flash Photolysis and Flow-Flash—Samples of ~5 um ¢cNOR
were prepared, and measurements were made as described in
Ref. 8 on a set-up described in Ref. 17. In short, samples of ~5
uM ¢NOR, 10 mm HEPES, pH 7.5, 50 mm KCI, 0.05% (w/v)
DDM, 30 mm glucose, 20 units/ml catalase, 0.2 um N-methyl-
phenazinium methosulfate were prepared in a modified Thun-
berg cuvette. The sample was made anaerobic with N,(g), 0.5
unit/ml glucose oxidase was added to remove the remaining
oxygen, and 2 mMm ascorbate was added to reduce cNOR. The
reduced sample was put under 100% (v/v) CO(g) and incubated
overnight at 4 °C. CO recombination was studied by flash pho-
tolysis; the sample was illuminated with a short laser flash (10
ns, 200 mJ, 523 nm, Nd-YAG laser, Quantel), and the kinetic
traces were recorded at the indicated wavelength on a digital
oscilloscope. The CO concentration was then lowered to ~30%
(v/v, 70% N,(g)) until the average rebinding time constant was
~100 ps. ~50 pM dithionite was added to the ¢cNOR sample,
and the protein sample was connected to the stopped-flow
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TABLE 1

Overview of the conservation of residues in predicted proton transfer
pathways

Ps. aer., Pseudomonas aeruginosa; Pa. den., Paracoccus denitrificans.

Path- | Ps. Pa. Conservation
way | aer. | den. y | Suggested role (other a.a.) ¥
Proton transfer 96% R (rest: N, I, M,
R34 | RI21 Hydrogen bond with D198 L)
E35 | E122 Ca®" ligand and proton transfer? (9), 88% E (9% K, rest: H,
overlaps with PW 3 S,V,P)
Proton transfer. Structural role? 96% D (2% E, rest: A,
D198 | D185 Hydrogen bonds with R134, K53°¢ S, Q)
Proton transfer 72% K (11% Q, 7% E,
1 K199 [ KI86 | bydrogen bond with E70° 6%, rest: L, T, W, H)
c c Proton transfer o
K335 | K54 Hydrogen bonds with D198, E57¢ 1007
c C Proton transfer 77% E (18% Q, rest: H,
E37™ | BS8 Hydrogen bond with K53¢ D)
In conserved loop with Ca’" ligands " 5 .
E70° | E71° | G71€and Y73C, hydrogen bonds with gog F%;” %N, rest: H,
residues in NorB >
In sharp turn and interacts with D-ring
G340 | G326 propionate of heme b3, blocks proton 99% G (rest: A)
entry (MD simulations (15))
Q411 | Q394 |2 98% Q (rest: E, D)
71% Q 1% E, 6% W,
Q415 | Q398 rest: S, V, Y)
R416 | R399 Second shell heme b3 ¢ 100% R
T66° | T67¢ 84% T (15% S, rest: A)
) ) Sharp turn in conserved loop with Ca**
2 G69¢ | G70° | ligands G71°€ and Y73C, blocks proton | 100% G
entry (MD simulations (15))
FTn :
v73¢ | y74¢ Qa llgand, blocks proton entry in MD 99% Y (1% R)
simulations (15)
c c In conserved loop with Ca®* ligands o >
o A6 G71€ and Y73, < 4A from heme ¢ 93% A (7% G)
) In conserved loop with Ca®" ligands
E77¢ | E78° | G71€ and Y73, forms many hydrogen | 76% E (24% D)
bonds (see Fig. 1C)
E145¢ | A149€ Not conserved and therefore unlikely 40% A, 27% E (rest: S,
to play a role of interest K,G,L,Q,P,V Tor-)
77% N (rest: S, E H, D,
N54 N47 M, A)
R57 R50 Hydljogen bond nel;s./ork: heme b 97% R (rest: K)
propionates and Ca
% Ca®'ligand and proton transfer? (9), 88% E (9% K, rest: H,
3 E135 E122 overlaps with PW 1 S, V,P)
In loop with E122 (Ca®" ligand),
E138 E125 hydrogen bonds with R57, T61, N62 in | 96% E (rest: D)
helix II of NorB
N6o¢ | A6IC Not conserved and therefore unlikely 52% N (17% H, 13% R,
to play a role of interest 10% K rest: Y, Q, A)

“ Percentage conservation was calculated from the alignment in Fig. S5 of Ref. 18,
141 sequences. The value for Glu-77€ (E77€) deviates slightly from the reported
conservation in Ref. 18.

® The roles of the residues in boldface type have been investigated in this study or
in Ref. 9.

¢ Hydrogen bonds with backbone His-339, which hydrogen-bonds with D propio-
nate of heme bs.

syringe that was preincubated with 100 mMm dithionite and
washed with anaerobic water. The other syringe contained an
oxygenated buffer with 50 mm HEPES, pH 7.5, 50 mm KCl, and
0.05% (w/v) DDM. To look at pH dependence, the HEPES was
exchanged for different buffers at various pH values: MES
(pH 6.0-7.0, HEPES (pH 7-8.5), Tris (pH 8.5), and citric acid
(pH <6). The protein and the buffer samples were mixed in a
1:5 ratio (protein/oxygenated buffer) in a modified stopped-
flow apparatus (Applied Photophysics), and after a 200-ms
delay, the laser flash was applied to dissociate CO and allow O,
to bind and initiate the reaction.

Data Handling and Analysis—The time course of the reac-
tion was studied from microseconds to seconds (via two chan-
nels, one recording 10 ms and one channel, prefiltered at 30
kHz, recording 2 s) at different wavelengths in the Soret and «
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FIGURE 1. Structure of cNOR from P. aeruginosa (Protein Data Bank code 300R) (13) with the predicted proton transfer pathways. The NorB (light gray,
transparent) and NorC (black, transparent in B-D) subunits are shown in a helical representation. A, the residues that are predicted to be involved in proton
transfer are indicated with sticks, in cyan (pathway 1), magenta (pathway 2), or wheat (pathway 3). The location of the K-pathway (not present in cNOR but
importantin other HCuOs) is indicated in dark red. B-D, close-up of the proton transfer pathways. The blue arrows indicate the point of entrance for waters from
the bulk. The predicted proton transfer pathways are indicated with stick representations in cyan (pathway 1; A), in magenta (pathway 2; B), or wheat (pathway
3; ). The corresponding residues in P. denitrificans cNOR are indicated in parenthesis in case they are different or if they were exchanged in this study. Residues
in NorC are indicated with a C in superscript. This figure was prepared with PyMOL (Schrodinger, LLC, New York).

regions. At each wavelength, 100,000 data points were col-
lected, and the data set was then reduced to ~1000 points by
averaging over a progressively increasing number of points.
The time-resolved absorbance changes were fitted individually
or globally to a model of consecutive irreversible reactions with
the software package Pro-K (Applied Photophysics).

The pH dependence of the proton-coupled electron transfer
phase was fitted with the following equations (8),

kops(PH) = aan(pH) X ky (Ea. 1)

1
ap(pH) = 1+ 10°7 PR (Eq.2)

where k. represents the obtained rate constant at a certain
pH, and k;; is the maximum rate at low pH. kj; is the rate-
limiting internal proton transfer (in Ref. 8 presumed to be from
agroup, AH (assumed to be in rapid equilibrium with bulk pH),
to the active site). a,  is the fraction of protonated AH, deter-
mined by its pK, and the pH. For wild type, a small background
rate, ky, was added to Equation 1 (8).

Kinetic Isotope Effect—For the flow-flash experiments in
D,O, H,O in the solution was exchanged for D,O (99% (v/v);
Cambridge Isotope Laboratories Inc.) by concentration and
dilution in 10 mm Tris, 50 mm KCI, 0.05% (w/v) DDM, pH 7, on
a 100 kDa cut-off filter (Millipore). The oxygenated buffers
were also made with D,O. The reported pH* values in D,O are
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the pH meter readings, not the pD value (which is ~0.4 pH
units higher).

RESULTS

Conservation of Residues in the Predicted Proton Transfer
Pathways

In Table 1, we have listed the conservation pattern of the
residues involved in the three predicted proton transfer path-
ways (based on the alignment of 141 ¢cNOR sequences in Ref.
18). Some, but not all, residues of pathway 1 are highly con-
served. There are also some highly conserved residues in
pathways 2 and 3, but for most of them, we suggest a role that
is not related to proton transfer (Table 1), based on the crys-
tal structure (13).

cNOR Variants Made

In pathway 1, we constructed variants for the two amino
acids at the entrance of the pathway: K54A€ (Lys-53€ in
P. aeruginosa) and E58Q¢ (Glu-57%). We also substituted the
following aspartate, Asp-185 (Asp-198), for a glutamate (to
maintain the negative charge but change the side chain length),
asparagine (to maintain the side chain length but remove the
charge), or alanine (for both a drastic change in side chain
length and the removal of charge).

In pathway 2, the initial glutamate, Glu-145€ (P. aerugi-
nosa; Fig. 1C), is an alanine in the P. denitrificans cNOR
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(Table 1). We therefore exchanged the next polar residue in
the path, the equivalent of GIn-415, for a hydrophobic leu-
cine (Q398L). We also changed the following glutamine (the
equivalent of GIn-411; Fig. 1C and Table 1) for a hydropho-
bic methionine (Q394M).

In pathway 3, Asn-54 and Asn-60“ were predicted to form a
gate that could open and provide connectivity between the bulk
water and an internal hydrated cavity (15). The Asn-60€ is not
conserved and is an alanine in P. denitrificans (Ala-61°) (Fig. 1, A
and D, and Table 1). We constructed cNOR variants for the other

TABLE 2

Overview of cNOR variants constructed
Ps. aer., Pseudomonas aeruginosa; Pa. den., Paracoccus denitrificans.

Res. in Mutation in multiple turnover activity (e’/s)
Ps. aer. Pa. den. (% of WT activity) LSLIEAL
(Pathway) | (Expr.) * NOY 0,9 el
WT 8.8+0.2 6.1+2.9 9
(+++) (100%) @ (100%) 20
K53© K54A° 1.5£0.1 1.8+0.6 250
Q) () (17%) (30%)
E57° E58Q° 0.7+0.0 13+0.6 500
(1) (+++) (8%) (21%)
DISSE 1.0£0.1 1.0 £0.9
(+++) (11%) (16%)
D198 DI85N << 1.0 0.7+0.3
(O] ) (=<11%) (11%)
DI85A 0 0
*) (0%) (0%)
C C
::27)7 :E_;SF This mutant could not be tested since it did not express
Q411 Q394M 59+0.2 20+£04 20
2 () (67%) (33%)
Q415 Q398L 8.6+ 0.4 37+1.1 20
?2) (+++) (98%) (61%)
N47F 10.1+0.8 6.0+£2.4 25
N54 (+++) (115%) (98%)
® i\ff)L Altered optical spectra and CO binding, not evaluated further

“ Expression (Expr.) indicated as ++ + for WT-like levels of cNOR.

® The error indicates the range for two measurements for NO multiple turnover.

¢ S.D. value is indicated for O, multiple turnover for 5-7 measurements.

% The NO multiple turnover activity of the wild type was lower than reported pre-
viously (7, 10), possibly because of slight alterations in the purification protocol.
The ¢cNOR variants were prepared in the same way as the wild type, such that
the percentage activity reports a valid comparison.

¢ ETPT stands for the proton-coupled electron transfer during single-turnover O,
reduction. The ETPT in wild type was slightly faster than before (25 ms in Ref. 8).

m
1+

D,0
H,0

pH(*) 7.5 ]

00 01 02 03 100

time (ms)

200 300

asparagine: N47F and N47L (Asn-54 in P. aeruginosa ¢cNOR; Fig.
1D). All other PW 3 residues have structural roles (Table 1), and
their importance was therefore not analyzed in this study.

Expression, Optical Spectra, and Multiple Turnover

Most ¢NOR variants along the three proposed pathways
could be expressed and resulted in stable protein complexes,
except for E78F€ (in pathway 2; Table 2). The stable cNOR
variants were characterized with respect to their optical spectra
(oxidized and reduced) and their catalytic turnover rates with
NO and O,. All variants showed wild type-like optical spectra
(except for N47L, which was therefore not studied further),
showing that hemes b and ¢ were integrated normally into
the ¢NOR. All ¢(NOR variants with mutations in pathway 1
were significantly affected in the ability to reduce NO and O,
(Table 2), although the mutations were >7 A away from both
the active site and the Ca®*. The expressed and stable cNOR
variants with mutations in pathway 2 (Q394M and Q398L)
or pathway 3 (N47F) reduced both NO and O, with rates that
were more similar to wild type (Table 2). N47F showed wild
type rates for both NO and O, reduction. Q398L reduced
NO as wild type but had a slightly slower rate with O,
(~61%). Q394M reduced NO at ~67% and O, at ~33% of the
wild type rate.

Single-turnover O, Reduction

Multiple-turnover rates cannot be used to discriminate
between changes in proton transfer rates and any other change
in the reaction cycle. Therefore, we studied the transitions as
the fully reduced ¢NOR is oxidized by O,. In this reaction for
wild type (WT) ¢NOR, O, binds to heme b, with a time con-
stant of ~50 us at 1 mm O, (ks ~2 X 10* s7'), followed by
proton-coupled electron transfer from the hemes b and ¢ to the
active site with a time constant of ~20 ms at pH 7.5 (k_,,; ~60
s~ '; Figs. 2 and 3 and Table 2). These time constants deviate
slightly from the ~40 us for O, binding and ~25 ms for the
second phase as reported previously (8), probably because of
the slightly altered purification conditions. Based on its pH
dependence (Fig. 2B), the 20 —-25-ms phase was modeled to be
rate-limited by proton transfer from an internal group with a
pK, of 6.6 (see Ref. 8 and Equations 1 and 2). In this paper, we

B 250

8 9

7
PH(*)

FIGURE 2. The kinetic (deuterium) isotope effect on ETPT during the reaction between fully reduced cNOR and O, A, trace obtained at 430 nm of wild
type cNOR in H,0 or D,0 at pH(*) 7.5, showing the change in absorbance (AA) over time (with the laser flash set at t = 0). The data were normalized to the CO
step at t = O for the rapid time scale and to the amplitude of the ETPT (which varies slightly between experiments) for the longer time scale. The laser artifact
att = 0 has been removed for clarity. The CO reaction results in a rapid increase of absorbance, and O, binding (with 7 of ~40-50 us) then results in a
decrease. On the longer time scale, the ETPT is seen as a further negative AA (1 of ~20-25 ms in H,0). B, the rate of the ETPT in D,O (blue) and H,O (black) as
afunction of pH(*). The D,0 data were fitted to a pK,,* of 6.7 = 0.1 and a k,, (maximal rate at low pH) of 66 == 35~ ', and the H,0 data (which are from Ref. 8) were

fitted to a pK, of 6.6 = 0.1 and a k,, of 244 = 7 s~ '. mAU, milliabsorbance units.
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FIGURE 3. The reaction between fully reduced cNOR variants and O,. The traces show the change in absorbance (AA) over time (with the laser flash
setat t = 0) for cNOR wild type and the constructed variants. A-C, variants in proton transfer PW 2 and 3; D-f, variants in PW 1. Data were recorded at
430 nm (A and D), 420 nm (B and E), and 550 nm (C and F). The laser artifact at t = 0 has been removed for clarity. At 420 nm, the CO_ results in a rapid
decrease in absorbance on the fast time scale, and the subsequent oxidation of the hemes (ETPT) results in a further slower negative AA. The amplitude
of the ETPT varied slightly between experiments for both WT and variants and was normalized at 550 nm (reporting on the heme ¢) and 430 nm to the
same AA for easier comparison of the rates. For the 420 nm trace and the shorter time scale at 430 nm, the CO step was used for normalization. The
AAin the Asp-185 variants are only normalized to the CO_¢ step, because their ETPT AA values deviate from WT much more than the variation between
measurements. A-C, WT (black trace), Q394M (blue trace), Q398L (green trace), and N47F (red trace). GIn-384 and GIn-398 are located in PW 2, and Asn-47
is in PW 3. D-F, wild type (black trace), E58QS (blue trace), K54A® (red trace), D185E (green trace), D185N (gray trace), and D185A (yellow trace). mAU,

milliabsorbance units.

will refer to this phase as the proton-coupled electron transfer
(ETPT), but we would like to stress that this term is not
intended to imply the order of the reactions.

Kinetic Isotope Effect

To further investigate if the ETPT is indeed limited by proton
transfer, we studied its kinetic (deuterium) isotope effect at var-
ious pH/pH* values (i.e. reporting the pH meter reading for
both H,O and D, 0 solutions). The obtained rate constants are
plotted in Fig. 2B. The observed rate constants in H,O were
previously fitted toa pK, of 6.6 = 0.1 and a k;; of 244 = 757 (8).
In D,O, the corresponding values were pK_* = 6.7 = 0.1 and
ki = 66 = 3 s~ 1. The maximum rate constant k;; thus has a
kinetic isotope effect (ratio of rate constants in H,O and D,O)
of 3.7, indicating that this phase is indeed limited by proton
transfer (e.g see Ref. 19). The small change in pK, when
exchanging H,O for D, O follows the empirical formula (pK;; =
0.929 X pKj;- + 0.42) determined in Ref. 20.

CO and O, Binding Rates

In order to further probe the integrity of the active site in
our cNOR variants, we determined the time constant for CO
and O, binding. O, binding was found to be the same as in
wild type, with 7 ranging from ~40 to ~50 us (Fig. 3). Only
the D185N and D185A had slightly slower O, binding with a
7 of ~60 or ~65 us, respectively (Fig. 3). CO binding in the
D185A and the D185E variants was slower than in wild type,
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whereas it was essentially unchanged for any of the other
variants with normal optical spectra (data not shown). The
changes in O, and/or CO binding in the Asp-185 variants
could indicate an altered environment of the b, heme.
D185N and D185A were also less well expressed (Table 2),
indicating that the Asp-185 is needed to produce/maintain a
stable and functional ¢NOR.

Proton-coupled Electron Transfer

Because we established that the ETPT is indeed limited by
proton transfer, we used it to indicate whether proton transfer
was affected in the c(NOR variants.

Pathways 2 and 3—The pathway 2 substitutions Q398L and
Q394M (Gln-415 and GIn-411 in P. aeruginosa cNOR) had no
effect on the ETPT rate (Fig. 3 and Table 2). Also in the N47F
¢NOR variant (Asn-54in P. aeruginosa cNOR, PW 3), the ETPT
rate was similar to WT (Fig. 3 and Table 2).

Pathway 1—For the Asp-185 (Asp-198 in P. aeruginosa
¢NOR) variants, the amplitude for the ETPT is small (430 and
550 nm) or even absent (420 nm), indicating that the reaction is
completely inhibited. In the E58Q€ (Glu-57€ in P. aeruginosa
¢NOR) variant, the ETPT rate constant is ~30 times slower
than in WT at pH 7.5 (with a k. of ~2 s !, Tof ~500 ms). The
K54A€ (Lys-53 in P. aeruginosa cNOR) has an ETPT rate con-
stant that is ~10 times slower (with a k. of ~4 s~ ' and 7 of
~250 ms) than in WT at pH 7.5.
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250

FIGURE 4. The pH dependence of the ETPT in cNOR wild type and variants.
The rates of the ETPT for cNOR wild type and the constructed variants that were
affected at pH 7.5 are plotted as a function of pH: wild type (black; circles for the
data from Ref. 8 and crosses for the data with the slightly altered purification
protocol), K54AC (red triangles), E58Q° (blue diamonds). The WT data (from Ref. 8)
were fitted to a pK, of 6.61 = 0.05 and a k., of 244 + 7 s~ (black line); K54AC data
were fitted to a pK, = 6.4 + 0.1 and a k, = 247 = 11 s~ (red line); and E58Q
data were fitted toa pK, = 5.8 = 0.1and a k,, = 49 = 2 s~ ' (blue line). However,
data points for K54A° did not follow the fit around pH 7-7.5, possibly because the
one-exponential fit is an oversimplification for this mutant. As a comparison, also
plotted (as a dotted red line) is the diffusion rate, assuming kg of ~2 X 108m 's™"
(see “Results” for details). The error bar at pH 7.0 for K54A® indicates that at this pH
the range of possible fits is rather large.

pH Dependence of the Proton-coupled Electron Transfer in
Affected cNOR Variants

For the ¢cNOR variants that had slower ETPT rate constants
at pH 7.5, we further investigated this reaction at various pH
values. However, this could not be done for the Asp-185 vari-
ants because their ETPT is small or even absent (and the rates
can therefore not be fitted).

In the ¢cNOR variant E58Q€, the reaction displayed
severely slower rates in the entire pH range that we tested,
with a k;; (maximum rate constant) of ~50 s~ (i.e. ~5 times
slower than for WT) (Fig. 4). The pK, in E58Q€ shifted from
6.6 to ~5.8.

The K54A€ ¢cNOR variant, however, has a similar k;; as wild
type (~250 s™1), but the pK,, is shifted from 6.6 to 6.4. The
ETPT rate constant in the K54A variant was fitted to a single
exponential at all pH values for comparison with wild type,
although the fit was better with two exponentials at pH values
from 6.5 to 7.5. This could explain why the obtained rate con-
stants at pH 7-7.5 were not fitted well to a single pK, transition
(Fig. 4). This behavior can be explained by a model in which at
high pH the assumption that the internal protonatable group
(AH, Equations 1 and 2) is in rapid equilibrium with the bulk pH
is not valid for this cNOR variant (because the entry point to the
pathway is altered). Thus, at higher pH, proton diffusion to AH
becomes rate-limiting, and this proton diffusion rate (tenta-
tively fitted to ~2 X 108 M~ ' s™ ') is plotted as a red dotted line
in Fig. 4. A small background rate k, of ~1 s~ "' was added to this
fit. This altered model could also explain the biphasic nature of the
ETPT in this cNOR variant because in the enzyme population with
AH protonated (and not in rapid equilibrium with bulk pH), ETPT
can occur with the maximum rate k;;. With a forced one-exponen-
tial fit, we would see an average of the two rate constants (k;; and
the diffusion-limited rate constant) in the pH range where both
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populations (protonated/deprotonated AH) contribute signifi-
cantly. However, we did not pursue a full biphasic fit of the data
because of the small number of points that could not be fitted
reasonably well with one exponential.

DISCUSSION

The multiple-turnover data with NO and O, show severe
effects for variants with pathway 1, but not pathway 2 (Q398L,
Q394M) or 3 (N47F), residues modified (Table 2). Further-
more, all cNOR variants that are affected in their NO turnover
are also affected in their O, turnover (Table 2). The correlation
between O, and NO turnover has been observed before
(although the extent of the change can differ (7, 10)) and shows
the validity of using O, as an alternative substrate.

The ET reaction (in this paper called ETPT) during single-
turnover reduction of O, by fully reduced cNOR was previously
suggested to be rate-limited by proton transfer based on the
uptake of protons from solution with the same rate constant
and the pH dependence of the reaction (8). In this work, we
show that the &, (k;;) is decreased, from ~250s ' to ~70s™*
(i.e. by a factor of ~4) in D, O (Fig. 2), which indicates that the
rate of proton transfer indeed limits the overall rate constant for
this reaction. We thus have strengthened the basis for using this
ETPT as a “reporter” for effects on proton transfer rates in
¢NOR. The kinetic isotope effect is higher in A-type HCuOs
(the F — O transition has a kinetic isotope effect of 7 (21)),
where there are conformational changes needed in the proton
pumping process. In cNOR we do not expect large conforma-
tional changes, because cNOR does not pump protons, and no
“gating” is required.

The effects on the ETPT in the ¢c(NOR variants studied here
were qualitatively in agreement with the multiple-turnover
data, except for Q394M (PW 2), where the turnover rate with
O, is slower than wild type, whereas the ETPT is unaffected.
Presumably, rereduction is slowed in this cNOR variant but for
reasons unknown at this point. We note, however, that GIn-394
is a highly conserved residue (Table 1). For the other variants in
PWs 2 and 3 (Fig. 1), there are no effects on the ETPT (Fig. 3 and
Table 2) and no (large) effects on multiple turnover. It could be
argued that very few variants were made in PWs 2 and 3, but
because we aimed at residues away from the Ca®>* and the
hemes without other roles, as suggested by the structure (Table
1), few residues were good candidates (especially for PW 3,
which shares parts with PW 1). Even so, the reason why the
cNOR variant E78F€ (in PW 2) was not expressed and N47L (in
PW 3) had altered spectra and CO binding properties is possi-
bly because of their close proximity to heme ¢ (4.9 and 3.5 A for
Glu-78% and Asn-47, respectively). Both suggested PWs 2 and 3
in the P. aeruginosa cNOR contain one residue that is not con-
served in P. denitrificans cNOR (as in many other cNORs; see
Table 1 and Ref. 18), also indicating that PWs 2 and 3 are not
used for proton transfer.

The variants in PW 1 all affect catalytic turnover (Table 2)
and the rate of the ETPT (Fig. 3). None of the modified residues
have obvious structural roles as, for example, Ca*" ligands
(Table 1), and all are >7.5 A away from the redox centers and
the Ca®" site. Therefore, it is unlikely that all of these residues
have structural roles and/or control the heme potentials. The
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FIGURE 5. The proton transfer pathway in cNOR as indicated in this work.
The structure is the same as in Fig. 1 (¢(NOR from P. aeruginosa (Protein Data
Bank code 300R) (13)) and rendered in the same way (except that for clarity a
loop instead of helical representation is used) with the residues in the start of
pathway 1 indicated with sticks in cyan (pathway 1) and the ones predicted to
be involved in the continuation of the proton pathway to the active site in
green. The suggested pathway is indicated with a blue (dotted) arrow. Crystal-
lographic waters in oraround the pathway are indicated with blue crosses. The
black dotted lines indicate hydrogen bonds. The yellow A and D indicate the
heme b, propionate A and D, respectively.

variants where the Asn-185 (Asn-198 in P. aeruginosa cNOR)
was exchanged for a non-protonatable residue (D185A and
D185N) retain some residual activity in multiple turnover. In
the single-turnover reaction with O,, however, only O, binding
is observed, and there is no ETPT (Fig. 3). This might be due to
a limited “window” in which the ETPT reaction can be
observed, because on the longer time scale at 420 nm (Fig. 3E),
a phase that we attribute to CO rebinding is observed, presum-
ably due to a slow re-equilibration between CO and the O, at
the active site (9, 10). Although D185E had higher multiple-
turnover rates than D185A and D185N, its rates were still much
lower than those of wild type. The effects on the ETPT seemed
too severe for the residue to have a “simple” role in proton
transfer because an Asp is only a methyl group shorter than a
Glu. The chain length might, however, influence the pathway
because the Asp-198 could form hydrogen bonds with Lys-53¢
(Lys-54), Arg-134 (Arg-121), and various waters (15) (Fig. 5).
An alternative explanation is that the aspartate has a more
structural role, because the D185N and D185A variants were
only expressed at low levels, and ligand binding was also slowed
in these variants.

The K54A ¢NOR variant reaches the same maximum rate at
low pH, but it has a shifted pK, and is ~10 times slower than
wild type at pH 7.5. Thus, the Lys-54< (Lys-53€ in P. aerugi-
nosa) is important to support rapid proton transfer at the
growth pH used for denitrifying conditions (pH 7.5 (22)), where
the full denitrification chain is active (23).

In the E58Q€ variant (Glu-57 in P. aeruginosa), even at low
pH, the rate constant of the ETPT is still ~5 times slower than
in WT, and the pH dependence was fitted with a tentative pK,
of ~5.8. There is thus a severe slowing of the proton transfer
rate constants at all pH values, making the effect much more
drastic than in K54A“. The Glu-58° seems thus to be a very
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important part of the pathway, presumably forming its entry
point (Fig. 5). We note that the Lys-54€ is actually more con-
served than the Glu-58€ (100% compared with 77%; Table 1 and
Ref. 18). Although we do not have an explanation for this at the
moment, we do note that the sequences that do not have Glu-
58 cluster together in the alignhment and belong to different
subgroups of the cNOR family than the subgroup of P. aerugi-
nosa and P. denitrificans (18). The replacing residues are hydro-
philic (Gln, His, or Asp), and there are charged residues in the
flanking sequence (3 or less residues away) that might take over
the role of the Glu-58€ in these cNORSs.

The identity of the internal proton donor (AH in Equations 1
and 2, pK,, = 6.6 in wild type) remains unknown. There was a
large pK, shift (>3 pH units upshifted) in the ETPT observed in
variants with an exchanged Ca®" ligand (Glu-122 in P. denitri-
ficans cNOR, Glu-135 in P. aeruginosa, also in PW 1) (9). This
shift was much larger than the pK, shifts observed with the
variants studied in this work and indicates that the donor is
located in the vicinity of the Glu-135. However, the coordina-
tion of the Ca®>" with multiple groups (one propionate each
from the b and b, hemes, Tyr-73%, Gly-71<, and an H,O) gives
many possibilities. Because these residues all have structural
roles as Ca®* ligands, it is difficult to study any additional roles.
We rule out the Arg-134 (Arg-121 in P. denitrificans) as AH,
although it is very close and highly conserved (Fig. 1B and Table
1) because arginines have been shown to keep their high pK,
values (~12.5) even when embedded in protein interiors (24).
The heme b propionate and the A propionate of heme b5 are
possible candidates for AH, because one of them could, in prin-
ciple, transiently dissociate from the Ca>" and be protonated
(Fig. 5). The Asp-198 (Asp-185 in P. denitrificans) is also a pos-
sible candidate, being ~10 A from the Glu-135, hydrogen-
bonded to the Lys-53, and giving such severe effects of muta-
tion. However the pK, shift in the variant of the Lys-53“
equivalent (K54A€) seems too modest (only 0.2 units) for a
residue directly hydrogen-bonded to the proton donor.
Although not in direct contact with the Glu-135 or the Ca*™,
the D propionate of heme b, (Fig. 5) seems like a better candi-
date for the proton donor for several reasons. First, precisely
because it is not coordinated to Ca®", it could adopt a higher
pK,, possibly around 6.6, and it could still be affected by a
change in ligation of the other propionate. Second, the D pro-
pionate is better positioned in the path to form a connection
“onward” (Fig. 5), toward the reaction intermediate bound at
(or between) the irons of heme b and Fez. MD simulations (15)
postulated that protons could move 1) directly from the water
cluster around the A and D propionates of heme b, to a water
cluster around the active site, 2) from the D propionate of heme
b, via the His-259 to the active site, or 3) from the D propionate
of heme b, via Thr-330, Ser-277, Glu-280, and Glu-211 to the
active site (Fig. 5). It is tempting to suggest that the proton
donor in ¢NOR in the path from the periplasm to the active site
became (or originated from, depending on the rooting of the
evolutionary tree; see, for example, Ref. 25) the site for extru-
sion of pumped protons in the O,-reducing HCuOs, the so-
called proton loading site. The A propionate has recently been
suggested by several research groups (e.g. see Refs. 26 and 27) to
be this proton-loading site in O,-reducing HCuOs (A-, B-, and
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C-type, where it should be noted that the location of the A
propionate of the active site heme corresponds to the location
of the D propionate of the b; heme in ¢NOR). Pathway 1 in
¢NOR is not conserved to the closest O,-reducing HCuO, the
C-type, where instead parts of the PW 3 are conserved (15).
However, the PW 3 residues conserved to C-type HCuOs (Glu-
135 (also involved in PW 1), Glu-138, and Arg-57 in P. aerugi-
nosa cNOR) all are involved in defining the Ca>* site (Table 1).
This could explain why they are conserved to C-type HCuOs,
which have a Ca?* bound in a similar manner (28).

Taken together, our data presented here strongly suggest
that cNORSs, at least the one from P. denitrificans, do use a spe-
cific pathway for proton transfer from the periplasm into the
active site and that this is the suggested pathway 1 (Figs. 1 and 5)
and that the other suggested pathways cannot take over the role
of pathway 1. We note that a different study, where several
residues were mutated in the cNOR from Thermus thermophi-
lus (18), reached the conclusion that there is no preferred path-
way in (this) ctNOR. They did not investigate PW 3, but they
observed effects on turnover rates when changing the residue at
the entrance of PW 2, D209E/N/LS, which is an alanine in
P. denitrificans (Ala-149) and a glutamate in P. aeruginosa
(Glu-145°). Their results also differed for residues along path-
way 1. Mutating the equivalent of Asp-198 (P. aeruginosa num-
bering) of PW 1 in the T. thermophilus cNOR to either Glu or
Asn had no effect on turnover (although, when changed into a
leucine, the cNOR was not assembled). The Glu-57€ is a Gln in
T. thermophilus cNOR. Lys-53 is present in T. thermophilus
¢NOR, but its role was not investigated. The reason for the
differences between the results of our study and the study with
T. thermophilus cNOR (18) is not known. It is possible that PW
lisused in the P. denitrificans cNOR (and P. aeruginosa cNOR)
but notin T thermophilus cNOR. The P. aeruginosa cNOR and
the P. denitrificans cNORs are much more closely related to
each other (51% identity between the NorB subunits, both
belonging to the Proteobacteria phylum) than to the only dis-
tantly related T. thermophilus cNOR (belonging to the Ther-
mus phylum and with 38% identity in NorB to both P. aerugi-
nosa and P. denitrificans). There might be larger differences in
the proton transfer pathways between subfamilies in ¢tNOR
compared with the O,-reducing HCuOs because no gating is
necessary. It is also possible that effects on the proton transfer
rates that we see in the P.denitrificans ¢NOR for D185N/
D185E would not have been observed in the multiple-turnover
experiments with NO in T. thermophilus cNOR, given that the
overall turnover rate is orders of magnitude lower in the 7. ther-
mophilus enzyme (~0.1 s~ compared with ~10 s™* for the
P. denitrificans cNOR used in this study; Table 2).

In principle, cNOR would not need to provide a specific path-
way for protons, it could have protons “leak” into the active site
from multiple routes. However, the use of a single, specific
route can have different reasons. One is the evolutionary rela-
tionship to the other heme-copper oxidases. If cNOR evolved
from an O,-reducing HCuO that had a specific path for the
extrusion of the pumped protons, then this pathway could have
been “reversed” in ¢tNOR. Also, there is an energetic cost in
terms of protein stability involved in creating a polar, water-
filled pathway capable of proton transfer in an otherwise hydro-
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phobic protein interior. This might minimize the number of
proton transfer pathways to those that are absolutely necessary
for function.
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