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’ INTRODUCTION

Nitric oxide synthases (NOSs) are a family of cysteine-thiolate
ligated heme and flavin containing enzymes in mammals that
produce nitric oxide (NO) using L-arginine as a substrate in the
presence of O2 and NADPH.1,2 NO generated from three
different NOS isoforms, neuronal NOS, endothelial NOS, and
inducible NOS, functions as either a vital signaling molecule in
the neural and cardiovascular systems or a cytotoxic agent in
the immune system, respectively. However, unregulated NO
production has been associated with various pathological
conditions.3,4 Utilizing NOS inhibitors, especially those with
high potency and isoform selectivity, to control unwanted NO
generation under a pathological condition might be beneficial in
the treatment of NO related diseases.5,6

In our ongoing efforts to develop isoform-selective NOS
inhibitors, we have been interested in finding compounds that
not only bind to the substrate binding pocket but also coordinate
directly to the heme iron in order to improve potency. We
reported earlier7 a series of substrate analogue inhibitors each of
which bears a potential N-donor or S-donor heme ligand.

However, all of these compounds, including thioether com-
pounds 1 and 2, exhibited modest binding affinity and formed
high-spin complexes, as measured by solution UV�visible
spectroscopy at room temperature, indicating no iron coordina-
tion. On the basis of those results, we recently developed a new
series of thioether compounds8 and used UV�visible absorption
spectrophotometry and crystallography to determine whether
the thioether sulfur can directly coordinate to the heme iron.
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ABSTRACT: A series of L-arginine analogue nitric oxide
synthase inhibitors with a thioether tail have been shown to
form an Fe�S thioether interaction as evidenced by continuous
electron density between the Fe and S atoms. Even so, the Fe�S
thioether interaction was found to be far less important for
inhibitor binding than the hydrophobic interactions between
the alkyl group in the thioether tail and surrounding protein
(Martell et al. J. Am. Chem. Soc. 2010, 132, 798). However,
among the few thioether inhibitors that showed Fe�S thioether
interaction in crystal structures, variations in spin state (high-spin or low-spin) were observed dependent upon the heme iron
oxidation state and temperature. Since modern synchrotron X-ray data collection is typically carried out at cryogenic temperatures,
we reasoned that some of the discrepancies between cryo-crystal structures and room-temperature UV�visible spectroscopy could
be the result of temperature-dependent spin-state changes. We, therefore, have characterized some of these neuronal nitric oxide
synthase (nNOS)�thioether inhibitor complexes in both crystal and solution using EPR and UV�visible absorption spectrometry
as a function of temperature and the heme iron redox state. We found that some thioether inhibitors switch from high to low spin at
lower temperatures similar to the “spin crossover” phenomenon observed in many transition metal complexes.
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The key observations from these studies were as follows: (a)
Compounds 1 and 2 are type I (high-spin) inhibitors as deter-
mined by spectral shift assays7 and, in the case of 1, confirmed by
crystal structures.8 However, extending the tail group of the
thioether from a methyl in 1 or 2 to an ethyl allowed the resulting
compounds (3 or 4) to coordinate the heme iron and form low-
spin complexes. The newly established hydrophobic contacts
from the ethyl group to the protein stabilize Fe�S thioether
coordination. (b) The coordination of thioether inhibitors to the
heme iron did not increase inhibitory potency. (c) While com-
pound 3 could coordinate to the heme iron regardless of the heme
oxidation state, compound 4 seemed to coordinate only to the
ferrous heme but not to the ferric heme according to the spectral
features in solution at room temperature. However, the crystal
structure of nNOS�4 revealed Fe�S thioether coordination at
2.7 Å.8 Thus, there is a discrepancy with the nNOS�4 complex:
the spectroscopy suggests a noncoordinating high-spin complex
in the ferric state, while the crystal structure shows strong
continuous electron density between the sulfur and iron, indica-
tive of iron coordination and a low-spin complex.

There are three possible explanations for this discrepancy: (1)
heme iron reduction was triggered by X-ray exposure so that
what is observed in the crystal structure is really a ferrous low-
spin complex; (2) the heme active site in the crystal may
experience structural restraints that do not exist in solution; or
(3) since the crystallography is carried out at cryogenic tempera-
tures (∼100 K) while the solution spectral work is at room
temperature, there could be a temperature-dependent change in
spin state. To monitor the changes of heme oxidation and spin
state in crystals, we now have utilized in situ single-crystal
spectrophotometry to follow the redox state of the iron during
X-ray diffraction data collection. This enables a composite data
collection strategy to be developed, which ensures that resulting
electron density maps will be of mostly the ferric oxidized
complex. In addition, we have used solution low-temperature
EPR/ENDOR studies on nNOS complexed with three repre-
sentative thioether inhibitors, 1, 3, and 4, to further confirm the
spin state and coordination environment. In another set of
experiments, absorption spectra of nNOS in complex with the
three inhibitors were also determined both in the crystal at room
temperature and in solution (frozen glasses) at liquid nitrogen
temperatures to monitor temperature effects.

’METHODS

Protein Preparation and Crystallization. The heme domain of
nNOS used in both structural and spectroscopic studies was prepared by
limited trypsin digest of the partially purified full-length nNOS. The
resulting heme-containing and FAD-containing fragments were further
separated through a Superdex 200 gel filtration column (GE Healthcare)
as described previously.9 The buffer for the columnwas 50mMTris/HCl,
pH 7.8, 10% glycerol, 5 mM βME, 10 μM H4B, and 200 mM NaCl. No
substrate L-arginine was added in order to make the heme active site
available for inhibitor binding. The nNOS heme domain crystals were
grown at 4 �C with the sitting drop vapor diffusion method as reported.9

Protein at 7�9mg/mLwas premixedwith 20mMhistidine before setting
up 3�4 μL drops on coverglass over a 1 mL of well solution consisting of
22�24% PEG3350, 100 mMMES, pH 5.8, 140 mM ammonium acetate,
5 mMglutathione, and 35μMSDS. Additional 10% (v/v) ethylene glycol
was often needed to obtain better quality crystals. Crystals reached full
size (about 0.08� 0.08� 0.03mm3) in 2 days and must be used within a
week to ensure good diffraction quality. The thioether inhibitor soaks

(10mM)were carried out at 4 �C for 4�6 h after crystals had been passed
in six increments through the cryo-protectant solution containing final
concentrations of 25% PEG3350, 100 mM MES, pH 5.8, 100 mM
ammonium acetate, 10% (v/v) glycerol, 10% (w/v) trehalose, 5% (w/v)
sucrose, and 5% (w/v) mannitol. Crystals were flash cooled and stored in
liquid nitrogen until data collection.
Single-Crystal Microspectroscopy at Synchrotron Beam-

lines. Single-crystal UV�visible absorption spectra were measured at
beamlines 9-1 and 9-2 at SSRL. The spectroscopic system consists of 4DX
microspectrophotometer (www.4dx.se) optics and 50 and 400 μm
Xtreme solarization-resistant fiber cables, which guided the light delivered
from a deuterium/halogen light source (model DH-2000-BAL; Ocean
Optics Inc., www.oceanoptics.com; with output from 215 to 2000 nm)
through the protein sample; the UV�visible spectra were recorded on a
scientific grade spectrometer (modelQE65000;OceanOptics Inc.) under
PC computer control with SpectraSuite (Ocean Optics, Inc.) software.
Analysis plots and graphs were created with Microsoft Excel.

Rotation of the crystal sample, kept frozen to 100�110 K by Oxford
Cryosystems, with the j-axis of the beamline goniometer achieved
favorable orientation for observing “solution-like” features. All measure-
ments for each crystal were done in the same orientation. The physical
orientation of the light path perpendicular to a crystal plane, going
through the loop but not hitting the loop fiber, was often the most useful
for collecting spectra. The spectroscopy systemwith 20 μm focus size on
the sample was aligned to the 200 μm X-ray beam using the beamline
sample video for both, assuring that relevant changes were measured.

After the best spectroscopic orientation was established, a baseline
spectrumwithout X-rays was collected. Subsequent spectra were collected
as a function of X-ray dose to determine the rate of photoreduction.
Composite Data Collection, Processing, and Structure

Refinement.All X-ray data were obtained at 100K. TheX-ray triggered
heme reduction for the nNOS�4 complex crystal was monitored by the
Q-band splitting in the visible region. The ferric heme absorption spectral
features were found to survive for 3 min (less than 30% reduction) under
X-ray exposure at wavelength 0.800 Å (0.15 � 0.15 mm2 beam size) at
SSRL beamline 9-1. The same beamline settings then were used for the
composite data collections. For each crystal, a 10 s snapshot was taken for
the purpose of indexing using MOSFLM,10 then five frames of data with
1� oscillation and 30 s exposure per frame were collected. The total 160 s
X-ray exposure, or 0.0227 mGy absorbed dose as calculated by
RADDOSE,11 for each crystal should represent less than 30% heme
reduction. To minimize the number of crystals required for a complete
data set, the strategy option inMOSFLMwas used to determinewhere to
collect the next 5� of data, based on the previously collected data.

The heme reduction in the nNOS�3 crystal was monitored at SSRL
beamline 9-2. The ferric heme was fully reduced in 60 s. The composite
data collection of the nNOS�3 complex was carried out at SSRL
beamline 7-1 with an X-ray wavelength of 1.000 Å (beamline X-ray flux
was about half that of beamline 9-2). For each crystal, a 5 s snapshot was
used for indexing and strategy calculations. The five frames were collected
from each crystal using a 1� oscillation and a 10 s exposure time. The 55 s
X-ray exposure for each crystal was estimated to cause 50% heme
reduction. Crystals received approximately 3 fold higher absorbed dose
compared with nNOS�4: 0.0623 mGy as calculated by RADDOSE.

Data from each crystal were integrated separately using HKL2000,12

and the resulting intensities were scaled together using SCALEPACK.
Data frames that produced high Rsym (>15%) during scaling were
rejected from the final composite data set. Some frames were also
excluded based on the quality of the resulting electron density maps. A
composite data set for nNOS�4with better than 90% completeness was
obtained with 95� of data from 19 crystals, and for the nNOS�3 data set,
65� of data from 13 crystals with better than 90% completeness were
obtained. Additional improvements in the electron density maps were
made by adjusting the resolution cutoff.
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The scaled reflections were converted to MTZ format in CCP4
suite.13 The structure refinements were carried out with REFMAC.14

Structure visualization and model building were performed in COOT.15

Once the inhibitor was modeled in, refined water molecules were added
automatically with COOT using REFMAC. The TLS protocol16 with
each subunit as a TLS groupwas included in the final stage of refinement.
Validation tools in COOT were used in the evaluation of the refined
protein and water structures. The X-ray data collection and structure
refinement statistics are summarized in Table 1. Coordinates of the
nNOS�3 and nNOS�4 complexes refined against the composite data
were deposited in the RCSB protein data bank with the entry codes of
3Q99 and 3Q9A, respectively.
EPR and ENDORMeasurements. The same nNOS sample used

for the crystal structure and spectral studies was also used for the EPR
measurements. The sample for ENDOR was exchanged into HEPES
buffer (50 mM, pD 7.8, 5 mM GSH, 10 μMH4B, 0.2 M NaCl) made in
D2O through extensive ultrafiltration using a Centricon (Millipore)
device. The thiother inhibitors (10 μL of 20 mM) were added to the
protein solution (70 μL of 300 μM) to make a final concentration of
260 μM.

The CW EPR/ENDOR measurements at 35 GHz were performed
using a spectrometer described previously17,18 using 100 kHz field modu-
lation and dispersion mode detection under rapid passage conditions.19

ENDOR spectra employed broadening of the RF to 100 kHz to improve
signal-to-noise ratio.20 For a single molecular orientation and for nuclei
with a nuclear spin of I = 1/2 (1H), the ENDOR transitions for the
ms = (1/2 electron manifolds are observed at frequencies given by eq 1

ν( ¼ jνN ( A=2j ð1Þ
where νN is the nuclear Larmor frequency and A is the orientation-
dependent hyperfine coupling.
Single-Crystal Absorption Spectrophotometry at Room

Temperature. Single-crystal absorption spectra were also taken at
room temperature using an in-house system. The UV�visible S2000
miniature fiber optic spectrometer (Ocean Optics, Inc., Dunedin,
Florida) is equipped with an AIS (Flemington, NJ) DL1000 light source
(a tungsten�halogen bulb provides a visible light ranging from 400 to
900 nm). The spectrometer is controlled by OOIBase 32 software
provided by the manufacturer. The crystal mounting stage was home-
made. Two focusing lenses and two fiber optic cables (core dimension
100 μm) were used for the light path. Light from the light source was
passed through one illumination optic fiber to the first lens and focused
on the crystal, which was mounted on a goniometer head with a spindle
stage (Supper). The scattered light after the crystal was refocused
through the second lens into the read optic fiber leading to the spectro-
meter. Because the dimension of the incident light beam (∼0.3 mm) was
much larger than the crystal size (∼0.1 mm) a piece of black paper with a
0.15 mm pinhole was also placed right behind the crystal to cut the beam
size leading to the second focusing lens and spectrometer. With the
pinhole in place, the integration time was adjusted to 60�70 ms, and 500
images were accumulated in order to record a reasonable spectrum.
Crystals were oriented to produce the optimal signal, and reference and
dark spectra were recorded.

Plate-like nNOS heme domain crystals (0.08 � 0.08 � 0.03 mm3)
were transferred to a nine-well depression plate (Hampton) containing
100 μL of an artificial mother liquor (25% PEG3350, 100 mMMES, pH
6.0, 100 mM ammonium acetate). Thioether inhibitors at 20 mM were
added to the mother liquor to soak crystals for 3�4 h at 4 �C. The
soaked crystals were then picked up with the nylon loop on a 18 mm
mounting pin (Hampton) and dipped into immersion oil (type NVH,
Hampton). Excess oil on the loop was removed by touching the loop to
the surface of the depression plate until only a thin layer remained.

Absorption spectra of nNOS�inhibitor complex crystals in the
oxidized (ferric) form were measured with the crystals treated as

mentioned above, but reduction of crystals with excess of dithionite
(dropping grains of dithionite into the solution) under aerobic condi-
tions failed to give spectra of the reduced state. The reduction of crystals
had to be achieved in a vinyl glovebox (COY Laboratory Instrument,
Inc.). Crystals in the inhibitor (20 mM) containing mother liquor were
degassed by evacuation and purged with argon alternately. Crystals
brought into the glovebox were treated with ∼50 mM dithionite.
Soaking was continued for 3�4 h at room temperature. Crystals were
then mounted in nylon loops and coated with immersion oil, as
described above. Finally, each mounted crystal was placed in a labeled
vial and sealed in a Ziploc bag inside the glovebox. Crystals were taken
out of the Ziploc bag immediately before the spectral measurement.
Solution (Frozen Glasses) Absorption Spectrometry at

Low Temperature. The purified nNOS heme domain protein stored
at �80 �C in Tris buffer9 was thawed and further concentrated to
∼80 mg/mL in the presence of 0.5 MNaCl and 30% glycerol. To 10 μL
of this protein solution, 10 mM of each of compound 1, 3, and 4 was
added, and the incubation was continued at 4 �C for 4 h. The nNOS�
thioether complex solutions in the ferric state (at ∼1.2�1.4 mM high
concentration) were scooped up with the nylon loops (0.2 mm
thickness) and frozen in liquid nitrogen.

The remaining nNOS�thioether solutions (4 μL of each type) were
then placed in a nine-well depression plate (Hampton) and brought into
a glovebox. To each protein droplet was added 2�3 grains of dithionite
under a microscope. Solutions were incubated for 20�30 min. The
reduced nNOS�thioether solutions were then scooped with nylon
loops, placed in cryo-vials, and individually sealed in the Ziploc bags
before being brought out of the glovebox for freezing.

Table 1. Composite Data Collection and Refinement
Statistics

data set nNOS�3 nNOS�4

PDB code 3Q99 3Q9A

Data Collection

space group P212121 P212121
cell dimensions a, b, c (Å) 52.16, 111.42, 164.21 51.82, 110.65, 164.23

resolution (Å) 2.15 (2.19�2.15) 2.25 (2.29�2.25)

Rsym 0.084 (0.41) 0.101 (0.65)

I/σI 12.1 (1.7) 12.7 (1.8)

no. unique reflns 48 312 43 855

completeness (%) 91.1 (91.3) 95.5 (93.9)

redundancy 2.5 (2.5) 3.4 (3.2)

no. of crystals 13 19

Refinement

resolution (Å) 2.15 2.25

no. reflns 45 856 41 571

Rwork/Rfree
a 0.190/0.239 0.186/0.236

no. atoms

protein 6664 6680

ligands/ions 159 159

water 265 219

Wilson B-factor (Å2) 34.4 37.4

mean B-factor (Å2) 36.8 41.2

rms deviations

bond lengths (Å) 0.013 0.012

bond angles (deg) 1.398 1.500
a Rfree was calculated with the 5% of reflections set aside randomly
throughout the refinement.
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The UV�visible absorption spectral measurements of protein solu-
tions were carried out at SSRL on BL9-1 with the same instrument setup
that was used for the single-crystal spectral work described earlier. Most
of the solution spectra were collected with the liquid nitrogen cooling at
∼110 K. Protein solutions with 30% glycerol remained clear at tempera-
tures below 200 K. Temperature-dependent studies were performed with
an Oxford Cryosystem cryostat under Blu-Ice/DCS beamline control.
Spectral measurements were made after each 20�40 K increment in
temperature, waiting ∼1 min for the temperature to stabilize.

’RESULTS AND DISCUSSION

Heme in Crystal Is Reduced by X-ray Exposure. In the
presence of compound 4, nNOS exhibits a spectrum typical of a
high-spin species with a Soret peak at 399 nm in solution at room
temperature (Table 2). Upon heme reduction, the spin state
undergoes a partial transition from high spin to low spin,
indicated by a shoulder on the Soret peak at 440 nm.8 However,
the 2.25 Å crystal structure of nNOS�4 at 100 K reveals a Fe�S
thioether distance of 2.7�2.8 Å with continuous electron density
between the iron and sulfur suggesting a low-spin complex. The
discrepancies between the high-spin spectral features in solution
at room temperature and the low-spin-like crystallographic data
at 100�110 Kwere initially interpreted as the result of heme iron
reduction in the crystal during X-ray data collection. This
suspicion was supported by the observation that the 2.1 Å
resolution structure obtained at 100 K from the nNOS�4 crystal
(PDB code 3JT9) prereduced with dithionite was the same as the
structure obtained from the nNOS�4 crystal that started in the
ferric oxidized state.8

The spectral changes monitored at various X-ray exposure
times for nNOS�3 and nNOS�4 are shown in Figure 1. For
compound 3, the single visible peak at 547 nm represents the
ferric, low-spin state.8 This single peak splits into two peaks upon
heme reduction, 540 and 564 nm, which was also observed in

solution at room temperature (Table 2). With the Q-band
splitting as an indicator of heme reduction, the ferric heme of
nNOS is fully reduced within about 1 min in the presence of
compound 3 at SSRL beamline 9-2 (Figure 1A). At beamline 9-1,
with a much weaker X-ray source, reduction of the ferric heme of
nNOS�4 starts in about 3 min, judging by the Q-band splitting
at 536 and 563 nm from the single peak at 540 nm, although it
takes more than 20 min to reach full reduction (Figure 1B). This
single Q-band at 540 nm and the 650 nm charge transfer band
before X-ray exposure presumably represents the starting ferric
state. However, the spin state in the crystal is uncertain at this
point because the Q-band is shown as a broad peak for a high-
spin, ferric nNOS�4 in the absolute spectrum in solution.8 The
Q-band splitting and disappearance of the 650 nm band corre-
spond to the coordination of compound 4 to the ferrous heme.
For nNOS�4 in solution at room temperature the 650 nm peak
vanished upon heme reduction, although the Q-band splitting
was not apparent because only a small fraction of nNOS had the
low-spin feature judging from the intensity of the 440 nm
shoulder of the Soret peak at 413 nm, the latter represented
the high-spin, ferrous heme (Table 2).8

Single-crystal spectral measurements were also performed
with the nNOS�3 crystal prereduced by dithionite. Figure 2
shows that the 650 nm charge transfer band does not appear in
the ferrous state. In addition, the Q-band splitting is present at
the beginning of data collection and remains relatively un-
changed during the entire course of experiment. This further
confirms the Q-band splitting can be used as the indicator of
binding of inhibitor to the ferrous heme.
Composite NOS Structures in the Ferric State. Data from a

total of 13 nNOS�3 crystals that were exposed to X-rays for only
60 s and 0.0623 mGy absorbed dose each were merged to give a
complete composite data set to ∼2.15 Å resolution. The
nNOS�3 structure refined against the composite data represents
a mixed oxidation state of ∼50% ferric and ∼50% ferrous. The

Table 2. UV�Visible Absorption Spectral Features of nNOS�Thioether Complexes

sample condition temperaturea redox state Soret [shoulder] (nm) Q-band (nm) charge transfer (nm) spin state

nNOS�1 solution RT Ferric 395 broad 647 HS

frozen glasses LN2 Ferric 395 491 645 HS

solution RT Ferrous 411 552 -- HS

frozen glasses LN2 Ferrous 411 550 -- HS

nNOS�3 solution RT Ferric 423 547 -- LS

frozen glasses LN2 Ferric 421 542 -- LS

crystal RT Ferric -- 548 -- LS

crystal LN2 Ferric -- 547 646 LS

solution RT Ferrous 444 544, 566 -- LS

frozen glasses LN2 Ferrous 440 540, 564 -- LS

crystal RT Ferrous -- 541, 568 -- LS

crystal LN2 Ferrous -- 540, 564 -- LS/HS

nNOS�4 solution RT Ferric 399 broad 649 HS

frozen glasses LN2 Ferric 418 542 645 LS

crystal RT Ferric -- broad 648 HS

crystal LN2 Ferric -- 540 648 LS

solution RT Ferrous 413 [440] 555 -- HS/LS

frozen glasses LN2 Ferrous 436 537, 562 -- LS/HS

crystal RT Ferrous -- 561 -- HS

crystal LN2 Ferrous -- 536, 563 -- LS
aRT, room temperature (298 K); LN2, liquid nitrogen gas cryostat temperature (∼100 K).
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Fe�S thioether bond length in the resulting structure
(Figure 3A) is 2.6 Å, which is not significantly different from
the bond length for the predominantly ferrous nNOS�3 struc-
ture determined using a normal X-ray dose.8 The composite data
set obtained for the nNOS�4 structure (Figure 3B) was
assembled from 19 crystals, receiving 0.0223 mGy absorbed
dose each, to 2.25 Å resolution and represents predominantly the
ferric state. The Fe�S thioether bond length of 2.7 Å in this
structure is also similar to the bond length in the predominantly
ferrous structure.8

Thus the structures of nNOS bound with compound 3 in the
ferric/ferrous mixed states or with compound 4 in the mostly
ferric state did not show any significant difference in Fe�S
thioether distance from those obtained from X-ray structures in
the ferrous state. It is reasonable to assume that large changes in
the Fe�S thioether bond length would not be observed for the
ferric and ferrous states of nNOS�3 since solution spectroscopy
indicates a low-spin complex in both the ferric and ferrous forms.
However, for nNOS�4 to have a similar Fe�S thioether distance

when the heme iron is reduced from ferric to ferrous was not
expected since room-temperature spectroscopy indicates high
spin in the ferric state and a mixed spin in the ferrous state. At the
time, we had the conventional concept that in a high-spin state
the distal Fe�S thioether bond should be broken as in the case
with the nNOS�1 structure (PDB code 3JT3).8 The crystal
structures at 2.1�2.2 Å, as in this study, have an overall
coordinate error about 0.2 Å. The resolution should be good
enough to distinguish whether a ligation bond exists. However,
all the structural results indicate that changes in Fe�S thioether
distance due to the spin state in nNOS�4 are small and within
the experimental error of 0.2 Å.
Spin State Determination by EPR/ENDOR Experiments.

Figure 4a shows the 35 GHz CW EPR spectra at 2 K of nNOS as
isolated and in the presence of inhibitors 1, 3, and 4. Integration
of the EPR spectrum of the ferric heme from as-isolated nNOS is
a mixture of 64% low-spin and 36% high-spin components. The
g-values for the high-spin (g1 = 7.66, g2 = 4.07) and low-spin (g1 =
2.45, g2 = 2.30, g3 = 1.90) states are similar to those reported
earlier.21 In the high-spin state, the Fe(III) is penta-coordinated,
whereas in the low-spin state it is hexa-coordinated, with water as
the sixth ligand. With the addition of inhibitor 1 to nNOS, the
spin-state equilibrium shifts to the high-spin form; the EPR

Figure 1. Single-crystal absorption spectra recorded at 100 K during
X-ray data collection for (A) nNOS�3 at SSRL BL9-2 and (B)
nNOS�4 at BL9-1. The largest dimension of crystals was about
80 μm while the spectrometer had a beam focus size at 20 μm.
Shown in the insets is the % change in the absorbance difference
(ΔA =A564nm�A648nm) versus the X-ray exposure time as an indication
of the heme reduction.

Figure 2. Single-crystal absorption spectra recorded at SSRL BL9-1 for
a dithionite reduced nNOS�3 crystal at 100 K during X-ray data
collection. Experimental conditions are similar to those in Figure 1.

Figure 3. The active site in nNOS�3 (A) and nNOS�4 (B) derived
from low-dose composite data sets. Around each thioether inhibitor is
the sigmaA weighted 2Fo� Fc electron density contoured at 1 σ. Major
hydrogen bonds between enzyme and inhibitor are shown as dashed
lines. The Fe�S thioether distance is labeled. The atomic color schemes
are N, blue; O, red; S, yellow. The figure was prepared with PyMol
(http://www.pymol.org).
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spectrum shows predominantly the high-spin state with only a
small, 15%, low-spin component, indicating that binding of 1
displaces water bound to Fe(III) without itself providing a ligand,
leaving the Fe(III) as five-coordinated. In contrast, the addition
of 3 shifts the spin-state equilibrium in favor of 85% low-spin,
with a nearly 3-fold increase in the low-spin/high-spin state ratio
compared with nNOS alone. When inhibitor 4 binds, the EPR
spectrum again shows a mixture of Fe(III) in both high-spin
(30%) and low-spin (70%) states.
To determine the ferriheme coordination state in the inhibitor

complexes, ENDOR spectroscopy was carried out on as-isolated
nNOS, 3 þ nNOS, and 4 þ nNOS. Figure 4b shows the 1H
ENDOR spectra for the three samples at g = 2.45 corresponding
to g1 of the low-spin ferriheme spectra. The ENDOR spectrum of
the substrate-free, as-isolated nNOS shows an intense cluster of
weakly coupled peaks centered at the 1H Larmor frequency that
are associated with the heme or nearby protein residues. In
addition, it shows a ν feature from a νþ/ν� pair (eq 1) from
protons of the H2O axial ligand22 with maximum hyperfine
coupling A ≈ 8 MHz at g = 2.45; it is common for relaxation
effects to cause one of the νþ/ν� partners to be weak or absent.
This proton signal from low-spin Fe(III) disappears when either
3 or 4 binds to nNOS, indicating that the water bound to Fe(III)
is displaced. Because there must be a sixth ligand to produce the
low-spin state, we infer that the H2O is replaced by sulfur of the
thioether in inhibitors 3 and 4.

Single-Crystal Absorption Spectrophotometry at Room
Temperature.Given the crystal structure and EPR data, there is
little doubt that at low temperature both compounds 3 and 4
form the low-spin complex with nNOS regardless of the heme
oxidation state. If the heme reduction itself cannot explain
the discrepancy in the spin-state change of nNOS�4 observed in
the room-temperature solution spectra and the low-temperature
experiments including crystal structure and EPR data, then the
issue may be a temperature-dependent spin-state transition.
To this end, we first examined the room-temperature single-

crystal absorption spectra with the cysteine-thiolate ligated
nNOS heme domain crystals soaked with thioether compounds
3 and 4 in both the oxidized and dithionite-reduced states.
Figure 5 shows that these two compounds exhibit the same
spectral features at room temperature in the crystal and in
solution (Table 2). For example, 3 forms a low-spin complex
with ferric nNOSwith a single visible band at 547 nm in solution8

and a single peak at 548 nm in the crystal (Figure 5A). With the
reduced heme iron, the visible Q-band splits into two peaks
that are observed in both the solution and the single-crystal
spectra. In the solution spectrum, we reported previously8 that
compound 4 showed typical high-spin features with a broad
visible peak around 530 nm and a charge transfer peak at 650 nm
in the ferric state. The same spectral profiles are seen from the

Figure 5. Room-temperature single-crystal absorption spectra of the
nNOS heme domain with either compound 3 (A) or compound 4 (B)
bound. The spectrum for each of the two heme oxidation states was
taken with a different crystal.

Figure 4. (a) CWEPR spectrum (35 GHz) of ferric nNOS showing the
effect of inhibitor binding (1, 3, 4) to nNOS. Sample labels legend is
added as an inset; hs represents the Fe(III) in a S = 5/2 spin state, and ls
represents the S = 1/2 spin state. Conditions: T = 2 K, modulation
amplitude, 1 G, MW frequency, 34.82 GHz. (b) CW 1H ENDOR
spectra (35 GHz) for nNOS alone and with inhibitor 3 or 4 bound
measured at g = 2.45 (centered at the 1H Larmor frequency). Conditions
and labels are as in panel a.
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single-crystal spectra in the oxidized form (Figure.5B and
Table 2). For the ferrous heme with compound 4, both solution
and single-crystal spectra show identical results: a not quite
resolved Q-band near 560 nm and disappearance of the charge
transfer band at 650 nm. These features are consistent with a
high-spin, ferrous heme�thioether complex. Since the room-
temperature solution and single-crystal spectra are the same, then
the crystal lattice is not imposing some peculiar property to the
active site that significantly differs from solution, at least with
respect to inhibitor-induced spin shifts.
This should be contrasted with results in Figure 1. In the

crystal at 100 K, the ferrous nNOS�4 complex is low-spin, while
the ferrous nNOS�4 complex at room temperature remains
high-spin, both in solution and in the crystal. Therefore, it appears
that a decrease in temperature switches ferrous nNOS�4 from
high-spin to low-spin.
Solution (FrozenGlasses) Absorption Spectrophotometry

at Low Temperature. So far, the low-spin state of the nNOS�4
complex was only observed at low temperature in crystal
structures, single-crystal spectra, and EPR spectra. The one final
piece of information required was the solution spectrum at low
temperature. To do this experiment, a concentrated solution of
nNOS at 1.2�1.4 mMwas scooped in the loop normally used for
crystal mounting and frozen, and spectra were recorded using the
same instrument employed for single-crystal spectroscopy. As we
hypothesized, the spin state in the nNOS�4 complex changes as
the temperature is lowered. As shown in Figure 6, the nNOS low-
temperature frozen solution spectra in the presence of com-
pound 1, 3, and 4 are the same as in the low-temperature crystal
spectra in both the ferric and ferrous heme oxidation states.
nNOS�4 exhibits (Figure 6C) low-spin spectral features both in
the ferric (Soret peak at 418 nm and single Q-band at around
540 nm) and in the ferrous (Soret at 436 nm and split Q bands at
537 and 562 nm) states (Table 2). Therefore, at low temperature,
nNOS�4 shares the same low-spin spectral features as that of
nNOS�3 (Figure 6B). This explains why the two complex
structures, nNOS�3 and nNOS�4, determined at low tempera-
ture, showed similar Fe�S thioether interactions. By comparison
of the spectral features, it is now clear that the starting state of the
nNOS�4 crystal (Figure 1B) is predominantly ferric and low-
spin, characteristic with a single Q-band at 540 nm, although a
more pronounced charge transfer band at 650 nm is observed in
the crystal spectrum than is seen in the frozen glasses. On the
other hand, compound 1 remains high-spin even at low tem-
perature with a ferric Soret peak at 395 nm and a charge transfer
band at 645 nm, while in the ferrous state with a Soret at 411 nm
and a Q-band at 550 nm. These results are consistent with the
high-spin EPR spectrum for this compound (Figure 4) and with
the crystal structure of nNOS�1 (3JT3) where there is no Fe�S
thioether ligation bond.8

Learning that lowering the temperature changes the spin state,
we further explored the spin-state transition as a function of
temperature. The spectral changes of nNOS�4 in both the ferric
and ferrous states as a function of temperature are shown in
Figure 7.With ferrous heme, nNOS�4 exhibits a low-spin (Soret
at 436 nm and split Q bands) to high-spin (Soret at 416 nm and a
single Q-band at 557 nm) transition (Figure 7A) upon a
temperature increase to 270 K. The transition occurred in a
temperature range above 200 K. To our surprise, the spectral
changes upon a temperature increase for nNOS�4 were also
observed in the ferric state (Figure 7B) that correspond to a low-
spin (Soret at 418 nm and single Q-band) to high-spin (Soret at

around 400 nm and broadening of the Q-band) transition. The
temperature dependence of the spin-state transition for
nNOS�4 is reversible, which is clearly demonstrated when the
samples are cooled back to 100 K, as shown in Figure 7.
These results indicate that compound 4 is a low-spin heme
ligand at low temperature regardless of the heme oxidation state

Figure 6. The solution (frozen glasses) absorption spectra of nNOS in
complex with compound 1 (A), 3 (B), and 4 (C) at∼110 K. Spectra of
the ferric and ferrous states were taken for each nNOS�thioether
inhibitor complex with different samples. Protein samples at high
concentration of 1.2�1.4 mM in the presence of 0.5 M NaCl and
30% glycerol were scooped with 0.2 mm nylon loop and then flash-
cooled in liquid nitrogen.



8333 dx.doi.org/10.1021/ja201466v |J. Am. Chem. Soc. 2011, 133, 8326–8334

Journal of the American Chemical Society ARTICLE

but is a high-spin ligand above 200 K. In contrast, compound 3
behaves as a low-spin heme ligand for both heme oxidation states
without the temperature dependence as for compound 4.
Spin Crossover. The temperature-dependent spin-state tran-

sition that we observed for nNOS�4 complex is consistent with
the so-called “spin crossover” phenomenon reported for many
transition metal�ligand complexes23,24 and is best explained by
ligand field theory.25 The key concept is the balance between the
spin-pairing energy (electron�electron repulsion) and the li-
gand field strength expressed by a parameter 10Dq, which
measures the gap between two metal d orbital energy levels,
for instance, the eg and t2g levels in octahedral coordination
geometry. When 10Dq is larger than the pairing energy, d
electrons tend to pair up in the low-energy orbitals giving a
low-spin state; if 10Dq is small with a weak field ligand compared
with pairing energy, then d electrons will unpair into d orbitals in
both energy levels leading to a high-spin state. The field strength
parameter, 10Dq, is a function of the metal�ligand distance (r)
as 1/rn (n = 5�6).25,26 Therefore, contraction of the me-
tal�ligand distance (on the order of 0.1�0.2 Å27) at low
temperature will increase the field strength to the extent that
tips the balance between 10Dq and spin-pairing energy, causing
the spin crossover toward the low-spin state. The spin crossover
phenomenon is not caused by the formation or breaking of a

ligation bond, which is different from the commonly observed
spin state shifts in heme proteins that often result from the
changes in heme coordination. For instance, addition of imida-
zole to the L-arginine-bound nNOS will change its penta-
coordinated, high-spin Soret peak at 395 nm to a typical low-
spin Soret peak at 427 nm because of its newly formed Fe�N
ligation bond.
The thioether nNOS inhibitors in this study are S-donating

heme ligands with modest field strength, similar to the S-contain-
ing ligand, dithiocarbamate, first discovered to cause the spin
crossover in Fe(III) complexes.28 The rather weak ligation
strength of these thioethers has been demonstrated by the lack
of heme coordination in the absence of proper hydrophobic
interactions with the protein in the cases of compounds 1 and 2.
The strongest field strength among the series is shown by
compound 3 and is due to the optimal interactions from its ethyl
tail to the hydrophobic pocket defined by Phe584 and Val567. In
comparison, compound 4 has a slightly weaker field strength than
3. At room temperature, it only exists in a high-spin state, both in
solution and in the crystal, even though the thioether S atom is
very likely within a weak ligation distance from the heme iron,
presumably in the range of 2.8�2.9 Å. Upon lowering of the
temperature below ∼200 K, the contraction of the Fe�S
thioether distance causes an increase in the ligand field strength
forcing the pairing of iron d electrons into the lower energy
orbitals, leading to low spin. This spin crossover for nNOS�4
occurs in both the ferric and ferrous states as shown in our
temperature-dependent solution (frozen glasses) spectral data
(Figure 7). By careful inspection of the low-temperature solution
spectra, we have noticed that even for nNOS�3 in the ferrous
state the Soret peak has a small shoulder on the high-energy side.
This shoulder may represent a small population of complex that is
still in the high-spin state (see the spectral features shown by the
high-spin compound 1 in Figure 6A). For nNOS�4, this shoulder
is even more pronounced, indicating that an even higher popula-
tion of high-spin complex existed. A distribution of high- and low-
spin states in nNOS�3 and nNOS�4 is also apparent in the EPR
data in the ferric state (Figure 4). The spin state distribution
should be dependent on the relative field strength of each
thioether inhibitor, while the ligand field strength is, in turn,
controlled by how optimal the hydrophobic interactions are
between the alkyl tail of each inhibitor and protein, as demon-
strated in our nNOS�thioether complex structures.8

One last piece of information missing from this study is the
Fe�S thioether distance in nNOS�thioether complex in crystals
at room temperature. Unfortunately, obtaining room-tempera-
ture ferric structures at the resolution required is not feasible given
the instability of nNOS crystals at room temperature. As a result, it
is not possible to determine whether the S�Fe bond breaks at
room temperature to give a true pentacoordinate complex where
the S�Fe distance is in the 3�4 Å range, although such a large
change appears unlikely given the constraints of the inhibitors in
the active site. It is more likely that the switch in spin-state is due
to a small 0.1�0.2 Å increase in the Fe�S distance that is
associated with the low- to high-spin transition.

’CONCLUSIONS

In summary, we have found that in the absence of very high
resolution, it is difficult to assign a spin state to heme�ligand
complexes based on the Fe�S thioether bond length in the
crystal structure, particularly with inherently weak thioether

Figure 7. The temperature-dependent spin-state transitions observed
for nNOS in complex with compound 4 in either the ferrous state (A) or
the ferric state (B) frozen glasses. To clearly illustrate the spectral
changes at each temperature, all the spectra have been normalized at
600 nm and then offset by 0.1 absorbance unit from each other.
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complexes where a Fe�S thioether bond breaking may not be
involved in the low- to high-spin transition. However, the
apparent inconsistency between cryogenic crystal structures,
single-crystal spectroscopy, and room-temperature UV�visible
spectroscopy now has been resolved by employing several
approaches. The combination of EPR/ENDOR, single-crystal
and solution UV�visible spectroscopy as a function of tempera-
ture, and careful composite X-ray data collection protocols has
resolved these inconsistencies resulting in a picture readily
understood using basic ligand field concepts. The spin crossover
we observed has been rarely reported in proteins but is poten-
tially important, considering current interests in utilizing spin
crossover complexes in material sciences.29 Finally, this effort
underscores the exquisite sensitivity of spectral methods to very
subtle changes in heme�ligand parameters that are often un-
detectable in moderate resolution protein crystal structures.
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