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ABSTRACT. Oxygenase and reductase domains in nitric oxide synthase are linked by a peptide region that
binds calmodulin. Here we study the effects of modifying the length of the interdomain linker in a deletion
mutant lacking 15 amino acids (residues 5@37) in bovine eNOS. The kinetics of CO ligation with the
mutant were determined in the presence and absence of tetrahydrobiopterin and arginine and compared
with the CO binding kinetics of wild-type eNOS and the eNOS oxygenase domain. In the mutant, electron
flow is interrupted. The association kinetics of CO with both mutant and wild-type eNOS can be
approximated with two kinetic phases, but the relative proportions change in the mutant. Both the abrogation
of electron flow in the mutant and the differences in CO binding may be explained by an alteration in the
docking of the FMN domain to the heme domain. We propose that the calmodulin binding residues form
a helix that is critical for the proper alignment of the adjacent reductase and oxygenase domains within
the active eNOS dimer in achieving proper electron transfer between them.

Members of the nitric oxide synthase (NO$amily of Recently, evidence has been presented, for iINCBp &nd
proteins catalyze the conversionweérginine to nitric oxide NnNOS (@4), which shows that electron transfer occurs
andL-citrulline using NADPH and @(1). The enzymeisa  between reductase and oxygenase domains located on
dimer, each half of which is composed of two distinct adjacent subunits in the dimer. The same is expected to
domains 2—7). Each half has an oxygenase domain contain- happen in eNOS.
ing heme along with binding sites for tetrahydrobiopterin ~ Binding CaM in a C&"-dependent or -independent manner
(BH,) as a cofactor and-Arg as a substrate, as well as a has been assumed to be a property solely dependent on a
reductase domain with binding sites for NADPH, FAD, and canonical CaM binding site involving20—25 amino acids
FMN (8—10). These two domains are linked by a peptide that are highly conserved in NOS. However, chimeric eNOS
region that binds calmodulirb( 7). and nNOS, which have had their CaM binding sequences

Three isoforms of NOS have been identified. The neuronal replaced with the corresponding sequence from iNOS, still
(nNOS) and endothelial (eNOS) isoforms are both consti- required C&" for full activity (12, 15).
tutively expressed and €4dcalmodulin-dependent, but in- Deletion of residues 493512 in eNOS 12) resulted in a
ducible NOS (iNOS) is immunostimulated at the transcrip- complete loss of CaM binding capacity and produced a
tional level with CaM binding occurring at such extremely mutant with no capacity to catalyze the conversion-éfrg
low C&* concentrations that it is essentially irreversitié, ( to L-citrulline. Further experimental evidence that residues
12). All three are homodimers in their physiological states. 493-512 in eNOS act as CaM binding regions comes from
a study that synthesized modified peptide®) @nd identified
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CO Binding to theA(503—517) Mutant of eNOS
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ENOS BOVINE 498 FKEVANAVKISASLMGTLMAKRVKAT 523

* oo o * K L
CP450-BM3 _BM 450 SKKIPLGGIPSPSTEQSAKKVRKKAE 475
Ficure 1: Alignment of the sequence of peptides linking FMN
and oxygenase domains in eNOS (bovine) and in cytochrome P450
BM-3 (B. megateriurj) with the truncated region (residues 503
517 in bovine eNOS) noted, as obtained using ClustalX (version
1.81).

and oxygenase domains is critical for correctly orienting the

reductase and heme domains and in achieving efficient
electron transfer from the FMN domain to the heme domain.

Interestingly, a best local sequence alignment reveals that
P450 BM-3 and eNOS are homologous in this region (Figure
1). It is also noteworthy that two of three residues that are
important for CaM binding (Phe-498 and Leu-511 in eNOS)

are not present in P450 BM-3 and that the latter enzyme
does not bind CaMn vivo.

All this motivated us to prepare an eNOS protein mutant
lacking 15 amino acids in the calmodulin binding region
(residues 503517 in bovine) (Figure 1).

We have previously shown in the nNOGEO systemZ0),
that the kinetics of rebinding of CO are sensitive to the
presence or absence of the reductase domains. Therefore,
is a plausible hypothesis that CO kinetics should prove to
be sensitive to any alteration in the relative positions of the
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FiGure 2: UV—visible spectra oiA\(503—-517) eNOS (Cal Del) in
puffer containing -Arg and BH, and saturated with CO alone or
ith additives as noted. Spectra of NADPH-reduced WT-eNOS
(L-Arg and BH, repleted) have been added for comparison.

oxygenase and reductase domains, as they are likely to be

introduced by truncation of the interdomain linker. To assess
this hypothesis, we compared the eNOS (residues-503)
mutant’s bimolecular CO binding kinetics, associated with
ligand entry from the solvent into the heme pocket, with
kinetics in the wild-type protein and in the heme domain
fragment.

MATERIALS AND METHODS

The heme domain of bovine WT-eNOS (eNOS HD) was
prepared as follows. We first purified bovine holo WT-eNOS
as described previousl®1). The peak fractions consisting
of the dimeric form were collected. Subsequent trypsinolysis
(22) yielded HD in the same amounts and purity as described
previously 3). HD was purified using a sizing column, and
the peak dimeric fractions were used in the study.

A variant of bovine holo WT-eNOS missing 15 amino
acids (residues 56317) in its calmodulin (CaM) binding
region and designated @g503—517) eNOS was obtained
as follows. Bovine WT-eNOS cDNA in the pCWerivector
was digested byall (two restriction sites encompass the
sequence for CaM binding), gel-purified, and religated. This
led to in-frame deletion of eNOS amino acids 5@.7 from
the CaM binding area. Then tg503—-517) eNOS variant
protein was purified in the manner described previously for
the purification of bovine WT-eNOS2().

Carbon monoxide (99.8%), high-purity argon, and mix-
tures of CO (+100%) diluted in argon were from Matheson.
Buffers [20 mM Tris-HCI (pH 7.8), 100 mM EDTA, and
100 mM NaCl] were prepared in a septum-sealed 10 mm
fused silica optical cell (Hellma QS 105.250) and deoxy-
genated by bubbling with argon for 40 min. Then, CO or a
CO/Ar mixture was bubbled through the cell for at least
10 min. When indicated, buffers contained 2&0 BH,
and/or 10 mML-Arg. Meanwhile, deoxygenated protein

solutions were reduced using 1 part in 50 of a 1% sodium
dithionite solution degassed with argon. Last, protein was
added to cells prepared with the desired ligand concentration.
The final concentration of the protein samples w&suM.

Flash photolysis was carried out at 22 using procedures
described previously2Q, 24). Kinetics were monitored at
several wavelengths showing both transient absorption and
initial state bleaching. Transients for kinetic analyses were
recorded mostly at 445 or 420 nm.

RESULTS

The A(503-517) eNOS mutant protein was first tested
for its ability to bind CaM. The mutant exhibited a sharply
diminished binding affinity for CaM, as will be described
in detail elsewhere. We should note that calmodulin binding
experiments show that other sites are also important in
binding. Deletion of residues 493513 of eNOS results in
the complete loss of CaM bindind §), so those other sites
could well be located within residues 49302 of eNOS.

Next we tested whether reduction of the heme iron with
NADPH could still occur in the mutant by electron transfer
from the reductase domain. The NADPH concentration was
varied over a range of [NADPH]/[heme] ratios from 10 to
30. As judged by UV-visible spectra, reduction does not
occur. Data are shown in Figure 2 for spectra recorded in
the presence af-Arg and BH, monitored over the course
of 30 min. The same result was obtained even for much
longer incubation times. The results were the same in the
absence of-Arg and BH,. Addition of dithionite, however,

did reduce the heme as manifested by the appearance of a
characteristic band centered around 445 nm. So it seems clear
that electron transfer was blocked in the mutant. We verified
that under the same protocol NADPH-mediated reduction
of the heme iron was observed for WT-eNOS (Figure 2).
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PSIpred: Code: H=Helix, C=Coil, E=Strand
62021699898999999999887515782
CCEECHHHHHHHHHHHHHHHHHHHCCCCC

Table 1: Rate Constants for CO Binding to the eNOS Holoenzyme,
Deletion Mutant, and Heme Domain

493 TRKKTFKEVANAVKISASLMGTLMAKRVK 521 system ki (mMM~ts™?) ks(mM~tst)
) holo 800+ 15 6.5+ 0.4
PHD: Code: H=Helix holo and A 170+ 15 6.5+ 0.5
65416999999999999999999999423 holo and B 830G+ 15 7.0+ 05
HHHHHHHHHHHHHHHHHHHHHHH holo, A, and B 120 10 7.5+ 0.6
493 TRKKTFKEVANAVKISASLMGTLMAKRVK 521 A(503-517) 1170+ 30 6.5+ 0.5
A(503-517) and A 170+ 10 6.5+ 0.5
SSpro2: Code: H=Helix, E=Strand, C=Other A(503-517) and B 125Gt 25 7.5+ 0.4
A(503-517), A,and B 1306t 10 7.5+ 0.5
CCCHHHHHHHHHHHHHHHHHHHHHHHCCE Hm Dm 1150+ 10 5.8+ 0.4
493 TRKKTFKEVANAVKISASIMGTLMAKRVK 521 Hm Dm and A 1100+ 10 5.3+0.3
. _ ‘i Hm Dm and B 120Gt 15 6.1+ 0.4
Ficure 3: Three secondary structure-predicting programs all agree Hm Dm, A, and B 1230¢ 20 56403

that residues 503517 should be part of an-helix. For the top
two programs, the numbers above the predictions are levels of
confidence (9 being the highest) supplied by the programs.

The Region Deleted he peptide region of residues 503 100

517 in eNOS (bovine) is certainly involved in the interface %
between the reductase and oxygenase domains. It is thought 80
to be part of aro-helix. Since a helical segment would be 70
likely to enforce a rather well-defined relation between 60
domains, its deletion should have consequences for domain  so0-
orientations. To provide some specific justification for this 40|
starting point, it is useful to see what secondary structure 30!
might be predicted for the fragment by structure-predicting 20
computer software. We analyzed the amino acid sequence 10!
of the deleted peptide using three different secondary 0t
structure prediction programs, namely, PSiprés, (26),
PHD (25, 26), and SSpro2247, 28). All three agreed that
there is a high probability of a helical conformation. In Figure
3, we display the three predictions.

With those matters settled, we explored the question of

whether theA(503-517) deletion has any effect on the FIGURE 4: Percentage of amplitude in the fast phase for CO
association with various eNOS preparations: results for the heme

kinetics of ligation at the iron binding site. domain (HD) of the WT enzyme (front row)}(503-517) eNOS
Association Kinetics of Carbon MonoxidAfter flash (Cal Del) (middle row), and WT holoenzyme (Wt) (back row).

photolysis of an Fe CO bond, some amount of CO escapes Along each row, data labeled N have neither Bitbr L-Arg, A

into the solvent, leaving behind reactive iron sites ready to have 10 mML-Arg, B have 25QuM BH,4, and A&B have both.

bond to CO. Over the micro- to millisecond time range, a ] )

CO molecule from the reservoir of excess CO in the solvent changes had to be fit to a sum of two exponential terms,

re-enters the protein, moves as necessary through the proteiﬁ‘amed here the fast and sI_ow phases. The characterlstlc rates

matrix, and ultimately binds to the heme iron. for the two processes obtained from the best fl'_[s were plotted
The kinetics of CO binding were characterized for three Separately versus CO concentration to obtain the second-

species: (1) the\(503-517) eNOS mutant of interest, (2) order, b|mo[ecular rate constants for the fast and. slow

the wild-type eNOS holoenzyme, and (3) the heme domain Processes discussed below. The rate constants are displayed

of eNOS. We used three or four different sample preparations'" Table 1. N

of each and found results to be highly reproducible. For each Under the different (N, A, B, or A&B) buffer conditions

species, data were collected under four conditions: (N) in for €ach protein, there were sizable differences in the

the absence of botivArg and BH, (A) in the presence of fractional amounts of the fast and slow components. A

by

L-Arg but not BH, (B) in the presence of Bibut notL-Arg pictorial representation of the fraction contributed by the fast
and (A&B) in the presence of bothArg and BH, For each phaseT appears in Figure 4. In gll cases, the ra}e constant
of the three protein species and for any combination-Afg describing the slow phase remained near 7 Thst™. The

and BH, flash photolysis led to transient absorbance changesfast rate changed. The ratio of fast to slow rate constants,
in the visible spectral region that were consistent with the K/ks in different preparations ranged from 16 to 203.
dissociation of CO from the protein followed by return of

CO from the surrounding solution to the heme. The reaction DISCUSSION
is highly reversible; hundreds of photolyses produce no The mostimportant inference we draw from the CO kinetic
permanent changes. That this represented a bimoleculastudies depends simply on the fact that there are substantial
association reaction was proven by repeating the measuredifferences in behavior in th&(503—517) mutant and WT-
ment with different concentrations of CO in the solution. eNOS enzyme and the eNOS oxygenase domain. Exactly
The observed reaction course became faster at higher CChow structural features correlate with kinetic rate constants
concentrations. In no case could the bimolecular combinationis a very difficult question, the answer to which is beyond
be interpreted as a single-exponential process. Absorbancehe current state of the art even for proteins that are simpler
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Ficure 5: Electrostatic potential mapped onto the surface of the
eNOS heme domain dimer (PDB entry 4NSE). The calculation was
performed using Swiss PDB viewer 3.7 (b2) (dielectric constant
of the protein= 4.00, dielectric constant of the solvent80.00,
employed in PoissonBoltzmann calculations). Positively charged

regions are darker, and negatively charged regions are lighter.

Arrows mark entry channels (1A and 1B) to the heme pocket. A
dashed ellipse marks region of positive electrostatic potential

surrounding the exposed edge of heme, a possible FMN docking

site.
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the nNOS reductase domain made a substantial change in
CO binding kinetics, converting what was essentially a fast
reacting oxygenase domain into a holoenzyme system in
which the amplitude of the slow phase was around 90%. In
eNOS, we saw an opposite effect; that is, the oxygenase
domain exhibited CO binding kinetics dominated by the slow
phase, whereas the intact WT-eNOS with the reductase
domain present produced kinetics with comparable fractions
in each phase (Figure 4). Another dramatic difference is that
eNOS exhibits heme reduction that is 10 thousand times
slower than in nNOS: 5 10 “ s ! for eNOS compared to

4 s 1 for nNOS @2). Experiments with chimeras comprised

of swapped oxygenase and reductase domains of nNOS and
eNOS B3, 34) show that the reductase domain of eNOS
contains structural elements that are distinct from those in
iINOS and nNOS. The eNOS investigations reported here
revealed that eNOS does exhibit geminate recombination on
the nanosecond time scale, as did nN@3;(however, that
behavior shed no light on the issues addressed herein, and
we do not wish to speculate about the implications of
geminate rebinding until we can treat the behavior on all
time scales from sub-picosecond to microsecond. Since the
various NOS forms do differ, and since we think it is

and have been studied far longer than the NOS family haspremature to try to compare them, we believe the appropriate

been. As explained above, all systems exhibited CO com-

thing to do is to try to work within the framework of an

bination comprised of two phases, one termed fast and thealready published model for eNOS.

other slow, with the feature of interest being the relative
proportions of the two phases.

The Reductase Domain Inhibits Kinetic Rat&be fact
that CO binding kinetics are different for the heme domain
and for WT-eNOS implies some influence of the reductase
domain on the distribution of amplitudes of the fast and slow

Heterogeneity of Heme Centers Probed by Binding of CO
to WT-eNOSWe tested the applicability of a model advanced
by Berka et al. 85), who proposed that the two heme centers
in the eNOS dimer may be functionally distinct and exhibit
different ligand binding kinetics. The heterogeneity they
report was observed while NO binding to eNOS withrg

phases in WT-eNOS. That in turn suggests that changes abound was being investigated. Since CO shows a richer

the domain interface, as are likely to be induced in Ake
(503-517) deletion mutant, might well be reflected in CO
binding.

A recently reported structur@®) for the complex between

binding behavior than NO does, it is of interest to test
whether their conjecture can offer a plausible interpretation
of CO ligation kinetics.

The general effect of addingArg or BH, to any of our

the heme and FMN binding domains in a structurally related eNOS preparations is, according to Figure 4, a decrease in
heme protein, cytochrome P450 BM-3, reveals “cross talk” the amplitude of the fast phase and an increase in the amount
at the docking interface involving methyl groups of FMN of slow phase, in effect, a conversion of fast to slow. In WT-
positioned toward the heme binding loop. Taking into eNOS, the (N) case exhibits predominately fast kinetics,
account the homology in reductase domains of P450 andwhile for the (A), (B), and (A&B) cases, something ap-
NOS and a similarity in the structures of their heme binding proaching, but definitely less than, 50% of the amplitude
loops @0), one may expect a like interaction in NOS proteins. appears in the slow phase. Since there is already some slow
Figure 5 depicts a possible FMN docking site. A recent paper phase even for the (N) condition, one might interpret that
offers further support for this analogy by describing an small percentage~10%) of slow phase under the (N)
electron transfer-active chimera composed of the oxygenasecondition as a “background” level, which should be ignored
domain of NNOS and the reductase domain of P450 BM-3 in calculating what fraction of the fast phase process is
(3D). converted to slow for each circumstance. We might then

The three known members of the NOS family, despite divide the increase in slow amplitude by the (N)-state fast
many similarities, differ profoundly from each other. It is fractional amplitude to obtain a conversion percentage. The
immediately clear that iINOS differs in its function and in result for WT-eNOS is shown in Figure 6. With this estimate,
the role that CaM and Caplay; however, eNOS and nNOS  slightly more than 50% of the fast phase is converted to the
also differ from each other, particularly in activity at their slow phase. While hardly compelling proof of the model of
iron centers, while NNOS is more similar to INOS in some Berka et al. 85), our data are consistent with their model,
behaviors. A totally different effect of the reductase domain which would assign the fast phase to one heme center and
on CO binding in the oxygenase domain is observed when the slow phase to the second heme center in the eNOS dimer.
one compares eNOS and nNOS. In our earlier CO photolysis Another argument in favor of the two heme centers being
experiments with nNOS2Q), for the nNOS heme domain distinct in eNOS comes from the observation that in the
by itself, the fraction of fast phase was scarcely sensitive to absence of substrate approximately half of the heme in eNOS
eitherL-Arg or BH, alone, although in combination there is reduced by excess NADPH3Z) while in the same
was an effect. For the full-length enzyme, the presence of environment iNOS and nNOS are fully reducéb)(
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100 diminished sensitivity to the presence of a substrate and/or
90 cofactor. With this background, we turn to the behavior of
80 the truncated species.

70 The heme domain (oxygenase domgdiy)itself, exhibits

60 CO binding that can be described by a combination of fast

50 and slow phases, as needed for the holoenzyme. However,

40 almost all the amplitude is converted to the slow phase when

30 eitherL-Arg or BH,4 is bound, providing no evidence at all

2 for two distinguishable sites. In particular, the extremely low

10 percentage+1%) of fast phase when-Arg and BH, are

0 both bound, as seen in Figure 4, shows that, when applying
A B A&B

the Berka model, both CO binding sites are sensitive to

FiGure 6: Percentage of fast phase CO combination in WT-eNOS substrate, suggesting t rg binding is enhanced by B

that is converted to slow phase byArg and BH, after correction (39). Furthermore, what .s.mall gmqunt of fast phase persists
for a background component, as discussed in the text. under the different conditions in Figure 4 shows a very fast
rate constant in all cases (Table 1).

Possible Conformational Changes in thg503—-517)
eNOS MutantOur computer analyses of secondary structure
showed that that the deleted peptide is probably helical in
conformation. Other workd() also suggests that the peptide
sequences recognized by CaM andCare probably helical
while part of an intact protein. Truncation of this region
should not alter the structural conformations of the N-
terminal edge of the FMN binding domain and the C-terminal
edge of the heme domain to which it is immediately adjacent
(17). Therefore, any alteration in positioning of the reductase
domain, such as removing a helix linking it with the
oxygenase domain, is translated into a change in the relative
positions of and distances between the two domains. This
in turn should influence the gating of ligand entry into the
two heme centers. Two possible gating channels present on
both sides of the dimer are marked in Figure 5.

The notion that the FMN domain in the mutant is
FIGURE 7: Ferrous human eNOS withArg (PDB entry 1FOL). precluded from docking at its native site is supported by the
Modeled with Swiss PDB viewer 3.7 (b2). The dashed line marks inability of NADPH to reduce theA(503-517) eNOS
o o o i Somes a0 355 A bt s, TUIANLS N 1o P& (demonsirated in Fiure 2) This s a
the ferric form (PDB entry 4NSE), the distances are longer: 0.377 result of s_toppmg eleCtrOn ﬂ(.)W fr.om.the. FMN do.ma'f‘ to
nm in one heme center and 0.436 nm in the other. the heme iron. A schematic visualization is shown in Figure

8B. Moreover, it has been shown for a protein with a similar
domain organization, cytochrome P450 BM-3, that the length

One expects that changes in the kinetics of ligand binding of the linker is important for correctly orienting the reductase
to the holoenzyme should depend primarily on effects and heme domains for electron transf&s,(19).
localized in the oxygenase domain. The crystal structure of  Figure 4 shows that th&(503—-517) mutant behaves in a
the full NOS unit, composed of docked oxygenase and way that is intermediate between those of WT-eNOS and
reductase domains, has not been determined yet, but thehe isolated, but dimeric, heme domain, consistent with a
crystal structure of the eNOS oxygenase (heme) domaindisturbance close to the heme iron and part of the way toward

reveals heme located on a side of the heme don28n3(, removal of the reductase domain altogether. The situation
38), as marked by arrow 1A in Figure 5. It also shawarg can be reconciled with the Berka model. It is, however,
sitting directly above the heme iron, as in Figure22,(37, premature to claim real validation for that model or any other,
38). or to speculate about details. Analysis of CO binding kinetics
Our analyses of the eNOS crystal structures of.teg- in both the A(503-517) mutant and WT-eNOS involves

bound oxygenase domai3q) reveal small, but possibly  complicated proteins, in which the reductase domain docks
significant, differences between the two heme centers with to an oxygenase domain located on an adjacent subunit in
respect to distances from the guanidino nitrogen, NH1, of the dimer. We do not have a crystal structure for anything
L-Arg to the heme iron (0.59 A of the difference in the but one domain; we do not know much about how docking
oxidized form and 0.48 A in the reduced form) (Figure 7). is altered in the mutant, and we do not know how that is
In iNOS, these differences are smaller, less than 0.2 A (PDB translated into effects on kinetic rates. Currently, in our
entry INSI). If docking of the FMN domain involves, as in laboratory, we are trying to define pathways for ligand entry
the P450 BM-3 case, interaction with a heme binding loop, into the heme pocket bin silico modeling techniques and
that could be translated into a longer distance between theplanning to study ligand kinetics on the nano- and picosecond
iron in the heme plane and the substrate in the oxygenasedime scales, which probe more specifically the heme environ-
domain of eNOS, resulting in one CO binding site with ment than do kinetic studies of the overall binding process.
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FIGURE 8: Scheme for hypothesized interdomain electron transfer 1>

mediated by NADPH and the disruption caused by A{B803—

517) deletion: (A) WT-eNOS and (B)A(503-517) eNOS. Red1

and Red2 are reductase domains of subunits 1 and 2, respectively.
Oxyl and Oxy2 are oxygenase domains of subunits 1 and 2,

respectively. Dashed arrows illustrate the interdomain electron flow

pathway. In the absence of direct evidence, but with the need to

make some assumption to draw the figure, electron transfer is shown 18
occurring between the reductase and oxygenase domains located™
on different subunits of the dimer as proposed by Stuehr et al. for 19
iINOS (13) and nNOS 14).

16.

17.

20.
SummaryOur results clearly show an influence on the

distribution of amplitudes of the kinetic phases in eNOS
ligation due to the presence of the reductase domain or to
an alteration in its docking geometry. Removing residues
503-517 of the peptide linking the two domains leads to a  22.
change in the relative orientation of the reductase domain
and the oxygenase domain. Such an alteration in the position
of the reductase domain might influence ligand binding 24
kinetics either by creating or blocking “channels” that lead
from the solution to the heme centers or by causing
conformational changes in the vicinity of the heme binding
loop. Thus, residues 56%17 in eNOS not only play an
essential role in calmodulin binding but also are involved in
maintaining correct docking of the FMN domain to the
oxygenase domain for proper electron transfer between them.
Figure 8 attempts to convey a sense of what we believe is
involved.
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