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Background: Inhibition of bacterial nitric oxide synthase (NOS) improves the efficacy of antibiotics.
Results: Development and characterization of a novel bacterial NOS chimera supports NO production in the presence of

NADPH and a flavodoxin reductase.

Conclusion: Structure activity relationship between NOS inhibitors and bacterial NOS can now be evaluated.
Significance: Assays can be adapted for high-throughput screening to identify new bacterial NOS inhibitors.

Production of nitric oxide (NO) by nitric oxide synthase
(NOS) requires electrons to reduce the heme iron for substrate
oxidation. Both FAD and FMN flavin groups mediate the trans-
fer of NADPH derived electrons to NOS. Unlike mammalian
NOS that contain both FAD and FMN binding domains within a
single polypeptide chain, bacterial NOS is only composed of an
oxygenase domain and must rely on separate redox partners for
electron transfer and subsequent activity. Here, we report on the
native redox partners for Bacillus subtilis NOS (bsNOS) and a
novel chimera that promotes bsNOS activity. By identifying and
characterizing native redox partners, we were also able to estab-
lish a robust enzyme assay for measuring bsNOS activity and
inhibition. This assay was used to evaluate a series of established
NOS inhibitors. Using the new assay for screening small mole-
cules led to the identification of several potent inhibitors for
which bsNOS-inhibitor crystal structures were determined. In
addition to characterizing potent bsNOS inhibitors, substrate
binding was also analyzed using isothermal titration calorime-
try giving the first detailed thermodynamic analysis of substrate
binding to NOS.

Both mammals and select bacterial species oxidize L-Arg to
L-citrulline and NO using nitric oxide synthase (NOS,* (mNOS,
mammalian NOS; bNOS, bacterial NOS) as the enzyme cata-
lyst. NO production by NOS requires electrons to be trans-
ferred from NADPH to the heme active site via redox partners.
Between the three multidomain mNOS isoforms, inducible NOS,
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endothelial NOS, and neuronal NOS, electron transfer relies on
calmodulin-dependent interdomain protein-protein interactions
(1) between the heme containing oxygenase domain and the
NADPH/FAD/EMN-containing reductase domain. In sharp con-
trast, bNOS from Staphyloccocus aureus, Bacillus anthracis, and
Bacillus subtilis are only composed of an oxygenase domain and
thus must rely on other redox partners (2).

Across species, the biological function of NO is quite vari-
able. In mammals, NO function ranges from neural communi-
cation to immune function and blood pressure homeostasis (3).
Recently, significant efforts have been made toward the devel-
opment and characterization of isoform specific neuronal NOS
inhibitors to modulate the pathological effects of NO overpro-
duction by neuronal NOS (4). Much of this work has relied on
characterizing the inhibitor structure-activity relationship for
structure-based drug design (5). In Gram-positive organisms, NO
function is diverse and varied across species (6). Specifically,
bNOS-generated NO renders the highly drug-resistant pathogen
S. aureus less sensitive to antibiotics (7). Previously, we identified
and structurally characterized several nonspecific bBNOS inhibi-
tors that improved the efficacy of an antimicrobial (8).

Initial kinetic analyses of bNOS relied on the mNOS reduc-
tase domain for electron transfer (9) or peroxide-dependent
oxidation of N-omega-hydroxy-L-arginine (NOHA) (10) to cir-
cumvent the requirement for native redox partners. In these
experiments, NO production was either indirectly quantified
by the Griess reaction because NO is oxidized to nitrite/nitrate
(11) or monitored by stop-flow analysis (9, 12). Later identifi-
cation of native flavodoxins that could support bNOS activity
led to the development of a three-component reaction com-
posed an E. coli-derived ferredoxin reductase, B. subtilis-de-
rived flavodoxin YkuN (or YkuP), and Bacillus subtilis NOS
(bsNOS) (13). NO production was also measured using the
three-component system by Griess reaction and electron trans-
fer between YkuN and bsNOS was measured using stop-flow
spectrophotometry (13). Although bsNOS activity could be
measured in a reconstituted system, the relevance of using a
heterologous ferredoxin reductase was unknown. More impor-
tantly, despite the advances made thus far to characterize NO
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production by abNOS, a simple and rigorous assay for purposes
of screening inhibitors against a bNOS has yet to be established.

To characterize and rapidly evaluate bNOS inhibitors for
structure-based drug design, it was essential to first develop a
robust enzyme assay. To carry this out, we first identified flavo-
proteins from B. subtilis that would support bsNOS activity.
Because the flavodoxin YkuN was previously established as a
redox partner for bsNOS (13), we hypothesized that electron
transfer rates to YkuN would be improved using a B. subtilis-
derived reductase. In part because a blast search of the previ-
ously utilized E. coli ferredoxin/flavodoxin reductase (FLDR),
for bsNOS activity, revealed no sequence homology to the
B. subtilis proteome. This was not surprising because unlike the
Gram-positive B. subtilis bacterium that have evolved the abil-
ity to produce NO, Gram-negative E. coli does not contain a
bNOS and thus has not evolved redox partners to support
bNOS activity. Therefore, identification of a native redox sys-
tem that promotes electron transfer from NAD(P)H to bsNOS
would likely improve the flux of electrons to bsNOS for activity
measurements.

Fortunately, a ferredoxin reductase from B. subtilis, YumC,
has been previously identified and characterized (14, 15).
YumC shares high sequence homology to thioredoxin reduc-
tase but lacks the di-cysteine motif (CXXC) essential for thiore-
doxin function (14). Interestingly, YumC also shares high
sequence homology to another B. subtilis protein YcgT, a puta-
tive ferredoxin reductase, that is induced under nitrosative
stress (16 —18) and regulated by the ferric uptake regulator (19).
Unlike YumC, characterization of YcgT as a ferredoxin reduc-
tase has yet to be reported. Because YumC has previously been
characterized as a redox partner to iron-sulfur ferredoxins (20),
we elected to evaluate YumC as a potential redox partner to the
flavodoxin YkuN.

To evaluate whether YumC and YkuN would support bsNOS
activity, we report here several enzyme assays that confirm
YumcC to function as a native redox partner involved in bsNOS
activity. Because substrate hydroxylation by bsNOS requires
electron transfer and electron transfer between proteins is a
distant dependent event (21), we anticipated that we could fur-
ther improve bsNOS activity by engineering a bsNOS-YkuN
chimera (bBiDomain), using a linker similar in length to
mNOS. To this end, we found the chimera bBiDomain to sup-
port NO production at conditions in which the three-compo-
nent reaction produced negligible amounts of NO. We also
have used this new assay to screen a series of potential bNOS
inhibitors and have solved the crystal structure of a select few.

EXPERIMENTAL PROCEDURES

Cloning of yumC Gene—The yumC gene was PCR-amplified
from chromosomal DNA of B. subtilis (ATCC 23857) using
primers YumC-Ndel-F (5'-cgccatatgcgagaggatacaaaggtttat-
gatattacaattatag-3') and YumC-Xhol-R (5'-cggctcgagttatt-
tattttcaaaaagacttgttgagtgaagagg-3'). The PCR product was
digested with restriction enzymes Ndel and Xhol, gel-purified,
and ligated into pET28a (Novagen) using the Ndel and Xhol
restriction sites to generate pJHO085.

Cloning of ykuN—The B. subitilis YkuN protein sequence
was obtained from Genbank™ (22). The DNA sequence was
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then codon-optimized for E. coli expression, synthesized, and
ligated into pET21a vector (Novagen) using the Ndel and Xhol
restriction sites by Genewiz to generate pJH060.

FLDR—The E. coli ferredoxin NADP* reductase encoded
plasmid was kindly provided by Dr Michael Waterman (Uni-
versity of Southern California) and subcloned into pET28a
(Novagen) using the Ndel and Xhol restriction sites to generate
overexpression plasmid pJH063.

Cloning of bBiDomain—A linker encoding the (GGGS)®
sequence, synthesized by Genewiz, was ligated into the BamH1
and Sall restriction sites of pET28a (Novagen) to generate the
primary shuttle vector pJH045. DNA encoding bsNOS from (8)
was PCR-amplified and ligated into the shuttle vector pJH045
using Ndel and BamH]1 restriction sites to generate the second-
ary shuttle vector pJH067. YkuN DNA was also PCR amplified
and ligated into pJH067 using the Sall and Xhol restriction sites
to produce pJHO070.

Expression and Purification—YumC containing expression
plasmid pJHO085 was transformed into chemically competent
BL21 DE3 (Invitrogen) E. coli and expressed as reported previ-
ously (14). YumC-containing cell pellets were resuspended and
lysed by microfluidics in buffer containing 50 mm KPi (pH 7.4),
100 mMm NaCl, 5 um FAD, and 10 mMm imidazole. Cell lysate was
loaded onto a nickel-nitrilotriacetic acid agarose (Qiagen) col-
umn and washed with buffer containing 50 mm KPi (pH 7.4),
200 mMm NaCl, 5 um FAD, and 18 mm imidazole. YumC was then
eluted off the nickel-nitrilotriacetic acid column using 50 mm
KPi (pH 7.4), 10 mMm NaCl, 5 um FAD, and 200 mm imidazole.
The eluted YumC was then diluted 10-fold into 50 mm KPi (pH
7.4) and loaded onto a Q Sepharose column that was pre-equil-
ibrated in 50 mm KPi (pH 7.4). The Q Sepharose column was
washed with buffer containing 50 mm KPi (pH 7.4) and 10 mm
NaCl. YumC was eluted with buffer contaiing 50 mm KPi (pH
7.4) and 200 mm NaCl. Protein was concentrated and further
purified over an Superdex 75 column, using an AKTA FPLC
(GE Life Sciences), in buffer containing 50 mm KPi (pH 7.4), 5%
(v/v) glycerol, and 5 um FAD. YumC purity was checked by
SDS-PAGE gel analysis and concentration was calculated using
the BCA assay kit (Pierce).

Expression of YkuN using plasmid pJH060 was followed as
reported previously (23). Cells containing YkuN were purified
as described for YumC except purification buffers contained 5
uM FMN instead of FAD.

FLDR expression plasmid pJH063 was transformed into
chemically competent BL21 DE3 (Invitrogen) E. coli and plated
on kanamycin containing LB agar plates. Starter cultures from
individual colonies were grown for 8 h and used to inoculate 1
liter of LB media at 37 °C and shaken overnight at 200 rpm. The
following morning cultures were induced at 25 °C with 1 mm
isopropyl 1-thio-B-p-galactopyranoside and 3 um riboflavin,
and shaking was lowered to 80 RPM. Bacterial cultures were
harvested 24 h post-induction. FLDR was purified as described
for YkuN.

Expression and purification of bsNOS followed as reported
previously (8). Expression of bBiDomain also followed the pre-
vious bsNOS expression protocol (8) except 3 um riboflavin and
1 mm 5-aminolevulinic acid (Biosynth International, Inc.) were
added at the time of induction to improve cofactor biosynthe-
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sis. The bBiDomain and bsNOS concentrations were deter-
mined from the 444-nm ferrous-CO complex absorption using
a molar extinction coefficient of 76 mm ™' cm ™' (24).

Cytochrome c Reduction—Horse heart cytochrome ¢ reduc-
tion assays were performed at room temperature and cyto-
chrome c reduction was monitored at 550 nm using a Cary 3E
UV-visible spectrophotometer. The assays were carried out in
25 mm KPi (pH 7.4), 1 um FMN, 1 um FAD, 40 uMm horse heart
cytochrome ¢ (Affymetrix USB), 5 nm YkuN, and varying
amounts of either FLDR or YumC. Individual reactions were
initiated with 100 uM NADPH and the steady-state oxidation of
cytochrome ¢ reduction was calculated as described previously
using A€s5o = 21 mm ' ecm ™! (25).

NO-mediated Nitrite Production by a Three-component
Reaction—Reactions were carried out at 35°C in a buffered
solution composed of 25 mMm KPi (pH 7.4), 100 mm NacCl, 10
units/ml SOD, 10 units/ml catalase, 5 um FMN, 5 uMm FAD, 50
M H,B, and 200 um NOHA. To the buffered solution, bsNOS,
YkuN, and YumC were also added. Protein concentrations
evaluated for NO-mediated nitrite production using a three-
component reaction included 0.1 um bsNOS, 0.1 um YkuN, and
1 uM YumC. In addition, the three-component reaction was
also evaluated with 1 um bsNOS, 5 um YkuN, and 5 um YumC.
Reactions were initiated by addition of NADPH at a final con-
centration of 400 uM and quenched by thermal denaturation at
100 °C for 10 min. Excess NADPH was consumed by adding 10
units/ml lactate dehydrogenase and 150 mMm sodium pyruvate.
Reactions were aliquoted to a 96-well microplate and mixed in
a 1:1 ratio with Griess reagents as described previously (26) with
the exception that nitrate was not reduced to nitrite. Nitrite
concentrations were determined from a standard curve of
nitrite solutions based on absorbance at 548 nm.

NO-mediated Nitrite Production by bBiDomain—Reactions
were carried out using the buffered solution reported for the
three-component reaction. The bBiDomain reactions included
100 nM bBiDomain and either YumC or FLDR at 1 um; except
for reactions in which YumC concentrations were varied. For
inhibition assays, inhibitors were added at 30 uM. Similar to the
three-component reaction, bBiDomain reactions were initiated
with NADPH at a final concentration of 400 uMm, quenched by
thermal denaturation, and analyzed by Griess reaction.

IC., Determination—Reactions were run analogous to
bBiDomain activity assays except inhibitors were included at
varying concentrations. Nitrite concentration was measured 4
min after NADPH addition by the Griess reaction. Percent
activity was calculated based on the fraction of nitrite detected
ata specific inhibitor concentration as compared with no inhib-
itor. To calculate the IC,,, the data were fit to a curve using
SigmaPlot (version 10.0, Systat Software, Inc.). IC,, was calcu-
lated from the line of best fit.

Imidazole Displacement—Conversion of a low spin imida-
zole-bound species to a high spin species was monitored by the
imidazole displacement assay as described previously for
bsNOS (8, 27). The same conditions for bsNOS were also used
for bBiDomain. Additional imidazole displacement assays
using bsNOS and YkuN were composed of 2 and 20 uMm protein,

respectively. An apparent spectral binding constant (K ,,,,) was
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calculated from a non-linear regression analysis using SigmaPlot
(version 10.0, Systat Software, Inc.) and fit to Equation 1.

Bmax : [I]
KS,app + [l]

Asgs = Ayzp = (Ea. 1)

Assuming the K, of imidazole to be 384 um (12), the spectral
binding constant K was calculated as described previously (27).

Crystallization and Structure Determination—Inhibitor
bound bsNOS crystals were prepared and cryoprotected as pre-
viously described (8). X-ray data were collected at beamlines
ALS 8.2.1 and SSRL 7-1. Data were indexed and integrated using
MOSFLM (28) and scaled using Aimless (29). Protein and ligand
were modeled in COOT (30) and refined with REFMAC (31).

Isothermal Titration Calorimetry—A VP-ITC titration calo-
rimeter instrument (GE Healthcare) was used to measure L-Arg
binding to bsNOS. L-Arg was prepared in 50 mm KPi (pH 7.4),
and protein samples were exchanged into 50 mm KPi (pH 7.4)
using Superdex 75 (GE Life Sciences). All samples were
degassed under vacuum at —30 mm Hg for ~20 min. The sam-
ple cell was filled with 118.14 um bsNOS, and the injection
syringe contained 3.0 mMm L-Arg. All experiments were per-
formed in triplicate at 25 °C using 30 injections at a reference
power of 10 ucal/sec, stirring speed of 307 rpm and a 240-s time
delay between injections. The first injection volume was set at 3
wl, and the remaining 29 injections were set to 5 ul. Heat mea-
sured for each injection was integrated, and the data were fit to
a one-to-one binding mode using Origin (version 7.0, Origin-
Lab Corp.).

RESULTS AND DISCUSSION

Cytochrome ¢ Reduction by YkuN—Previous structural and
biochemical analyses revealed YumC functions as a FAD-con-
taining reductase (14, 15). To compare the rates of electron
transfer from either YumC or FLDR to the flavodoxin YkuN, we
monitored cytochrome ¢ reduction by YkuN because cyto-
chrome c is easily reduced by FMN containing flavodoxins (32).
As shown in Fig. 14, the rate of cytochrome ¢ reduction is
dependent on the concentration of either YumC or FLDR with
YumC reaching saturation at =600 nm, whereas FLDR is unable
to saturate YkuN. At saturation levels of YumC (=600 nMm), the
rate of cytochrome ¢ reduction is ~20-fold faster than FLDR.
This suggests that electron flux through YkuN is significantly
improved when YumC is used as the reductase as compared
with FLDR. The improved rates of electron transfer by YumC
over FLDR also suggest that both YumC and YkuN function as
native B. subtilis redox partners. This is also the first time
YumC has been observed to reduce a flavodoxin. Because
YumC now is established as a probable redox partner for mul-
tiple proteins in B. subtilis and is encoded by an essential gene
(33), it is likely to play a necessary yet promiscuous role as a
ferredoxin/flavodoxin reductase in supporting critical cellular
redox processes.

bsNOS and bBiDomain Activity—Based on previous experi-
ments, bsNOS-mediated NO production requires YkuN and a
flavodoxin reductase (13). We confirmed that the three-com-
ponent reaction utilizing YumC produces measurable quanti-
ties of NO oxidized nitrite over time (Fig. 1B, indicated by triple
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FIGURE 1. Catalytic activity of redox partners involved in bsNOS/bBiDomain production of NO. A, YumC more efficiently transfers electrons from NADPH
to YkuN then FLDR based on cytochrome c reductase activity. B, time-dependent production of NO, as measured by nitrite, is improved using a combination
of bBiDomain and YumC. The substrate used, either NOHA or L-Arg is indicated for each trial. Reactions YumC (L-Arg), YumC (NOHA), and FLDR (NOHA) were
carried out with 0.1 um bBiDomain and 1 um YumC or FLDR as indicated. The three component reaction (single asterisk) was composed of 0.1 um bsNOS, 0.1 um
YkuN, and 1 um YumC. Separately, the three-component reaction (triple asterisks) was carried out with 1 um bsNOS, 5 um YkuN, and 5 um YumC. C, stoichio-
metric ratio of YumC to bBiDomain influences activity over time. Error bars represent S.E.

A B B NADPH  NADP*
iNos NYVLSPFYYYQVERWKTHVWQDEKRRPKRREIPL - 515
eNOoS NYFLSPAFRYQPDPWKGSAAKGTGITRKKTFKEV - 465
nNos NYRLTPSFEYQPDPWNTHVWKGTNGTPTKRRAIG - 730 (FAD)
bBiDomain NSIVKPNYFYQDKPYEGSGGGGSGGGGSGGGGSG - 381 /
- Arg or NOHA
iNoS KVLVKAVLFACMLMRKTMASRVRVTILFATETGK - 549 X
eNOS ANAVKISASLMGTVMAKRVKATILYGSETGRAQS - 499
nNOS FKKLAEAVKFSAKLMGQAMAKRVKATILYATETG - 764 (GGGSy NO and L-Cit
bBiDomain GGGSGGGGSSRQAKALITYASMSGNTEDIAFIIK - 415 bBiDomain

FIGURE 2. The chimera bBidomain contains a (GGGS)” linker. A, partial protein sequence alignment of human inducible NOS (iNOS), human endothelial NOS
(eNOS), rat neuronal NOS (nNOS) and bBiDomain. Sequences were manually aligned based on crystal structure comparison of oxygenase domain using the
homologous residues indicated by (single asterisk) and the FMN-binding domains are underlined. bBidomain oxygenase and FMN domain sequences are
highlighted red and yellow, respectively. B, model for electron transfer from NADPH to bBiDomain.

Azs 100% Co0%
s 90% 90%
220 1 E 80% E 80%
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g15 ——NOHA % oo S
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FIGURE 3. Time-dependent bBiDomain activity and inhibition as measured by Griess reaction. A, nitrite production remains linear in the first 4 min with
bBiDomain and YumCat 100 nmand 1 um, respectively. B, percent nitrite detected relative to no inhibitor after a 4-min incubation at 35 °C with 30 um inhibitor.
C, % nitrite detected as a function of inhibitor concentration for .L-NNA and 7-NI. Error bars represent the S.E. of three separate experiments for inhibitor
concentration measured.

asterisks) in the presence of substrate NOHA. To improve the
production of bsNOS generated NO, we chose to generate a
catalytically self-sufficient system by fusing the N-terminal end
of YkuN to the C-terminal end of bsNOS. This is similar to
P450BM3 where the FMN/FAD reductase is fused to the C-ter-
minal end of the P450 (34). The rate of the P450BM3 fatty acid
hydroxylation using the individual modules is only 5% that of
holo-P450BM3 (35), thus illustrating that fusion of redox part-
ners could well increase activity. Assuming the site of electron
transfer to the NOS oxygenase domain is conserved across spe-
cies, we selected a linker length of 25 amino acids based on a
sequence alignment between mammalian NOS redox partners

29440 JOURNAL OF BIOLOGICAL CHEMISTRY

(Fig. 2). The linker was composed of a GGGS motif and was
chosen to promote flexibility and prevent proteolysis during
expression and purification.

Similar to the three-component reaction, time-dependent
bBiDomain activity was evaluated using NADPH-dependent
nitrite formation from either NOHA or L-Arg (Fig. 1B).
Although L-Arg supported NO production, as measured by
nitrite, the nitrite detected is less then half the amount pro-
duced by NOHA after 20 min. The bBiDomain dramatically
improved bsNOS activity over the three-component system
and is ~8-fold more active, as shown in Fig. 1B. In addition,
adding excess amounts of YkuN did not significantly alter
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bBiDomain activity (Fig. 1B). This is expected because electron
transfer from YumC to either free YkuN or the YkuN within
bBidomain is not limiting, and intramolecular electron transfer
from YkuN to bsNOS in bBiDomain is much more efficient
than with the free proteins. Electron transfer as a function of
bBiDomain activity was also improved using YumC over FLDR
as the ferredoxin reductase (Fig. 1B). Thus, the combination of
YumC and bBiDomain significantly improved NOS-like activ-

TABLE 1
Comparison of NOS IC;, determined for .-NNA and 7-NI
Ligand bBiDomain iNOS eNOS nNOS
L-NNA, IC,, (uv)  10.2 31(45)  035(45)  0.29 (45)
5.5(46)  7.04(46)  7.33 (46)
7-NI, IC,, (M) 2.7 9.7 (45) 11.8 (45  8.3(45)
20.0 (47) 2.5 (47)
TABLE 2

ity and further corroborated the cytochrome c assay results
(Fig. 1A) to provide additional support that YumC functions as
a likely redox partner for YkuN to support bsNOS activity.

Interestingly, the ratio of YumC to bBidomain was critical for
measuring bBiDomain activity (Fig. 1C). Even though a 200-
fold excess of YumC was required to saturate YkuN, as
observed by cytochrome ¢ activity (Fig. 14), excess YumC
clearly lowers the production of NO, as measured by nitrite
concentration. This might be expected if the site for electron
donation on YkuN from YumC and to the heme active site of
bBiDomain is the same. At high concentrations of YumC, the
amount of YumC-YkuN complex would increase thus limiting
electron transfer to the bBiDomain active site.

NO Production and Inhibition of bBiDomain—To test the
new assay for the ability to quickly and simply estimate inhibi-

Chemical name and calculated K; for substrate/inhibitor to active site of bsNOS, bsNOS in the presence of a 10 molar excess YkuN and bBiDomain
Error represents the error associated with the fit curve used to calculate the K. Values not determined (n.d.) are indicated.

Compound Chemical name bsNOS bsNOS + 10x YkuN bBiDomain
Ky um Ky pm Ky um

L-Arg (S)-2-Amino-5-guanidinopentanoic acid 0.8 =0.1(8) 6.5+ 0.2 16 =2

NOHA N-Omega-hydroxy-L-arginine 32+*05 22*0.1 13*5

L-NNA N-Omega-nitro-L-arginine 13+0.1(8) 49 *0.9 247

L-NAME N-Omega-nitro-L-arginine methyl ester 66 * 46 n.d. n.d.

ITU Ethylisothiourea 93+ 12 n.d. n.d.

7-NI 7-Nitroindazole 35+ 04 6.8+ 0.8 27 £ 4

7-NI-Br 3-Bromo-7-nitroindazole 12*1 n.d. n.d.

1 6-({[(3R,55)-5-{[(6- Amino-4-methylpyridin-2-yl)methoxy]methyl}pyrrolidin- 4.4+ 0.1 (8) n.d. n.d.
3-ylJoxy}methyl)-4-methylpyridin-2-amine

2 6,6'-{[(2S,3S)-2-Aminobutane-1,3-diyl ]bis(oxymethanediyl)}bis(4- 1.1 £0.1(8) n.d. n.d.
methylpyridin-2-amine)

TABLE 3

Data collection, processing, and refinement statistics of the NOS ligand-bound structures

Values in parentheses are for the highest resolution shell. PDB, Protein Data Bank.

PDB code

bsNOS-L-NNA (4UQR)

bsNOS-7NI-Br (4UQS)

Data collection
Wavelength (A)
Space group
Cell dimension

1.127

P2,2,2 )

a = 80.6,b =94.8,and c = 62.9 A;
a =90, 8=190,and y = 90°

0.918

P2,2,2 )

a=804,b=945¢c=632A;
a =90, 8=190,and y = 90°

Unique reflections 50,723 26,866
Resolution (A) 61.41-1.72 (1.75-1.72) 49.70-2.15 (2.21-2.15)

mcrg{ 0.064 (0.555) 0.196 (0.720)

im, 0.045 (.509) .080 (.429)
CCy*° 0.998 (0.812) 0.992 (0.827)
I/ol 12.5(1.9) 7.4 (1.3)
Completeness (%) 97.9 (94.2) 99.8 (99.5)
Multiplicity 4.4 (3.6) 5.7 (3.5)

Refinement

Resolution (A) 50.00-1.72 50.00-2.15
No. of reflections 42,876 24,931

vorle” 0.168 0.229

free. 0.199 0.283
No. of atoms 3402 3144

Macromolecule 2949 2941

Ligand 123 64

Water 329 138
B-factors

Macromolecule 28.5 53.2

Ligand/ion 30.9 44.4

Solvent 34.9 50.5
r.m.s.d/

Bond lengths (A) 0.012 0.019

Bond angles 1.77° 2.05°

:Rmerge = YL (kl) — (LKD) s> L (D), where (I(hkl)) is the mean value for its unique reflection; summations are over all reflections.

Ryim. = Sl /N — D)2 LKD) — (LKD) 1S > I (kD).

¢ CCy, was calculated from Ref. 48.
d —

Rwork - zhkl”ljobsl - Fcach/zhkllFobsl'
“Rgee = R
/r.m.s.d., root mean square deviation.
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work Calculated using 5% of the reflection data chosen randomly and not included in the refinement.
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A

FIGURE 4. Inhibitor binding models of 7-NI-Br and L-NNA complexed to NOS active sites. Molecules bound near the active site are colored yellow, and the
active site residues are colored white, with the heme shown in stick form and colored pink. A, the 2F, — F_ map of 7-NI-Br bound to bsNOS active site and
contoured to 1.5¢ induces a conformational change in Glu-243. Also observed in the crystal structure is a PEG molecule and chloride ion. B, 7-NI-Br bound to
endothelial NOS (eNOS; Protein Data Bank code 8NSE) reveals a near identical binding mode as observed in bsNOS except a second molecule of 7-Ni-Br forms
astacking interaction with Trp-449 to occupy the H,B co-substrate binding site. C, .L-NNA binds to a network of active site hydrogen bonds and the 2F , — F_map
of L-NNA is contoured at 2.00 along with H,B bound to pterin site and binds in a similar orientation to endothelial NOS (D; eNOS; Protein Data Bank code 1D0C).

tor potency, we first tested the well known NOS inhibitor
N-omega-nitro-L-arginine (1.-NNA). The reactions remained
linear for the first 4 min, and both reactions reached comple-
tion after ~10 min (Fig. 3A). We next screened several com-
mercial NOS inhibitors and previously identified bsNOS inhib-
itors 1 and 2 that we have shown to exhibit antimicrobial
properties (Fig. 3B) (8). These assays were carried out for 4 min
prior to nitrite concentration being determined because we
know from Fig. 3A that the reaction is still within the linear
phase and thus is a direct measure of activity and inhibitor
potency. Although all inhibitors reduced NO production, both
7-NI and 2 stand out as the most potent. This is consistent
with our previous findings where 2 was found to be superior
to L-NNA in bacterial growth inhibition assays (8). More-
over, these results show that a single time point Griess deter-
mination of nitrite using bBiDomain can provide a high
throughput method for screening bNOS inhibitors.
Similarly, we also demonstrated the single-time point mea-
surements to be a useful approach for determining inhibitor
IC;, by measuring the fraction of nitrite produced by bBiDo-
main as a function of inhibitor concentration (Fig. 3C). ICy,
values for both L-NNA and 7-NI were evaluated and deter-
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mined to be 10.2 and 2.7 um, respectively. Interestingly, these
data compare well with the previously determined mammalian
NOS IC,, values using separate and distinct enzyme assays
(Table 1). Therefore, by utilizing a series of single time points as
a function of inhibitor concentration, we can determine accu-
rate IC,, values with bBiDomain and YumC.

Imidazole Displacement—To further evaluate ligand binding
to the bsNOS active site, we also measured the spectral binding
constant, K, for each ligand (Table 2). All substrates/inhibitors
evaluated were found to function as type I ligands in both
bsNOS and bBiDomain and shift the heme iron from low spin
to high spin. In the presence of 10 molar excess YkuN or by
using bBiDomain to evaluate binding, we consistently observed
substrate/inhibitor binding in the low um range, based on Kj.
These data demonstrate that YkuN does not influence sub-
strate/inhibitor binding to the heme active site. Interestingly,
based on the K values for bsNOS, 2 binds ~4-fold better than
1, whereas based on the enzyme assays, 2 is a ~13-fold better
inhibitor than 1. This pattern of K values giving less dramatic
differences than the enzyme assay is consistent with the other
inhibitors tested, and we consider this reasonable agreement
between the two methods given the complexity of the compo-
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nents required for the enzyme assay and that nitrite was mea-
sured at only a single time point.

Ligand-bound Crystal Structures—Because both nitroinda-
zoles and L-NNA are good bBiDomain inhibitors and structures
of these inhibitors bound to a bacterial NOS have not been
reported previously, we solved the crystal structures of these
inhibitors bound to bsNOS (Table 3 and Fig. 4). Even though
7-NI-Br shares no structural similarity to L-Arg, it is still able to
bind at the active site and induce a spin shift (Table 2). The
7-NI-Br-bsNOS crystal structure was refined to 2.15-A resolu-
tion with clear electron density for the entire molecule (Fig.
4A). Similar to previous mNOS crystal structures (Fig. 4B),
7-NI-Br stacks parallel within a van der Waal’s contact of the
bsNOS heme group to form a hydrogen bond with the O-car-
bonyl of Trp-238 and NH of Met-240 (Fig. 4A4). Also similar to
mNOS, the active site Glu-243 must assume a different roto-
meric position. Unlike mNOS (40) the reorientation of Glu-243
toward the pterin binding site does not induce a significant
conformational change in heme propionate A. Regardless, the
bsNOS pterin site is distorted due to the reorientation of Glu-
243 and a pterin molecule is not observed in the crystal struc-
ture. In mNOS, the pterin is also displaced but a second 7-NI-Br
molecule binds in the pterin site. We most likely do not observe
a second 7-NI-Br in bsNOS because the pterin site in bsNOS is
much larger and weakly binds pterins, in the 10-20 um range
(36), as compared with mNOS, which binds pterins in the nano-
molar range (37).

We also solved and refined the L-NNA-bound bsNOS crystal
structure to 1.72 A (Fig. 4C and Table 3). The binding mode of
L-NNA is similar to L-Arg and analogous L-NNA mNOS struc-
tures for which bsNOS utilizes Glu-243 and the backbone
atoms of both Met-240 and Trp-238 to H-bond the guano-
dinium group. Unlike L-Arg, the nitro group of L-NNA intro-
duces new H-bonded interactions, as observed in mNOS struc-
tures (Fig. 4D) with Gly-237 and Trp-238 backbone atoms H
bonding to the oxygen atoms of the nitro group (38). The addi-
tional H-bond interactions result in a lower K, as compared
with 1-Arg, in mNOS systems (38). The same pattern for
L-NNA K, likely holds true in bsNOS due to the high sequence
similarity at the NOS active site across species and the obser-
vation that inhibitor binding modes are near identical.

L-Arg Binding Affinity—Further characterization of substrate
binding to NOS active site was evaluated using isothermal titra-
tion calorimetry, as shown in Fig. 5, and represents the first
thermodynamic analysis completed for L-Arg binding to a NOS
protein. Accurate determination of L.-Arg K, was necessary for
future inhibition studies that evaluate K, using the Cheng-Pru-
soff equation (39), as is commonly done for mNOS (40). The K,
of L-Arg to bsNOS was determined to be 5.6 = 0.1 um and is in
close agreement with the S. aureus NOS K, of 4.2 = 0.2 um
determined by laser flash photolysis (41). Compared with neu-
ronal NOS, which has an 1-Arg K, of 8.4 * 2.7 um (42), the
bsNOS K, is also within the same low um range of mNOS. This
is not surprising because the mNOS and bsNOS active sites are
nearly identical (6). Moreover, L-Arg binding was also deter-
mined to be exothermic with a AH of —7.73 = 0.02 kcal/mol at
25 °C. This thermodynamic result and additional characteriza-
tion of L-Arg binding as enthalpically favored provides a better
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FIGURE 5. Isothermal titration calorimetry data of L-Arg titrated into
bsNOS in 50 mm KPi, pH 7.4, at 25 °C. A, raw isothermal titration calorimetry
data plotted as heat generated versus time for one of three trials. B, integrated
and concentration-normalized heat evolved for one of three trials at each
injection. A one-site model was used to generate the thermodynamic values
forL-Arg binding K, (or 1/K,) = 5.6 == 0.1 um, AH = —7.73 + 0.02 kcal/mol and
TAS = —0.047 * 0.002 kcal/mol based on the average and S.E.M. of three
separate trials.

understanding for the thermodynamic considerations of future
inhibitor based drug design.

Conclusion—Between a series of recent gene knock-out
experiments and subsequent biological assays, it is clear that
bNOS functions in pathogenic bacteria to provide a protective
barrier against reactive oxygen species and a variety of antibio-
tics (7, 8, 43, 44). Therefore, by inhibiting the enzymatic func-
tion of bNOS, it is plausible that we can improve the efficacy of
antibiotic treatments targeting pathogenic bacteria such as
S. aureus and B. anthracis. To first identify potential inhibitors
of bNOS, it was essential to develop a protein-based system in
which ligand inhibition could be rapidly evaluated in vitro.
Although previous studies have reported bNOS activity and
rigorously characterized bNOS substrate catalysis (9, 10, 12,
13), this is the first study to utilize native redox partners for a
bNOS and evaluate bNOS inhibition. Ultimately, this led us to
the identification of YumC as a likely native redox partner for
YkuN and the development of a novel chimera, bBiDomain, for
activity analysis. In addition, this is also the first study to char-
acterize the thermodynamics of substrate binding to a NOS
protein and illustrates that detailed thermodynamic informa-
tion can be obtained for ligand-bNOS interactions. Although
the calorimetric approach will not be useful for high through-
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put screening, a careful thermodynamic analysis of a select few
tight binding inhibitors can provide important insights into the
inhibitor design effort.
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