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Kinetics of Mutant Forms of Nitrophorin'4
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ABSTRACT: Nitrophorins are ferric heme proteins that transport nitric oxide (NO) from blood-sucking
insects to victims. NO binding is tighter at lower pH values, as found in the insect salivary gland, and
weaker at the pH of the victim’s tissue, facilitating NO release and subsequent vasodilation. Previous
structural analyses of nitrophorin 4 (NP4) frdRhodnius prolixugevealed a substantial NO-induced
conformational change involving the-AB and G-H loops, which rearrange to desolvate the distal pocket

and pack nonpolar residues against the heme-ligated NO. Previous kinetic analyses revealed a slow, biphasic,
and pH-dependent NO release, which was proposed to be associated with loop movements. In this study,
we created NP4 mutants D30A and D30N~HB loop), D129A/L130A (G-H loop), and T121V (distal
pocket). Eight crystal structures were determined, including complexes with Ng),axH imidazole, to
resolutions as high as 1.0 A. The NO-induced conformational change is largely abolished in the loop
mutants, but retained in T121V. Kinetic analyses using stopped-flow spectroscopy revealed the pH
dependence for NO release is eliminated for D129A/L130A, considerably reduced for D30A and D30N,
but retained for T121V. NO association rates were increasesiald for T121V, but were unchanged

in the loop mutants. Taken together, our findings demonstrate that the pH dependency for NO release is
linked to loop dynamics and that solvent reorganization is apparently rate-limiting for formation of the
initial iron—nitrosyl bond. Interestingly, the multiphasic kinetic behavior of rNPs was not affected by
mutations, and its cause remains unclear.

Nitric oxide (NO} is a second-messenger molecule complished without nonproductive side reactions between
produced and detected in most if not all higher eukaryotic heme and NO is not yet understood.

cells. The list of physiological processes that are regulated Nitrophorins are heme proteins found in the saliva of
by NO continues to grow and includes memory formation, certain blood-feeding insects that serve to store NO in the
blood coagulation, maintaining correct blood pressure, salivary gland and transport and release NO to the tissue of
reproduction, and cell death,(2). That NO is central to so  a potential victim, where it induces vasodilation and inhibits
many processes is curious, since it is a reactive compoundplood coagulation, 8). Rhodnius prolixussometimes called
that is toxic at higher concentrations. This property, t0o, is the kissing bug, has six such proteins, four originally
physiologically important and is used in the immune response discovered in the adult insect, which we herein term NP1
by macrophages, for example, to eliminate invading cells. 4, and two recently discovered nitrophorins, NP5 and NP6,
The best characterized NO functions are heme-mediated, yethat appear earlier in developmer, (L0). The Rhodnius
NO is capable of mediating both heme oxidation and nitrophorins are ferric heme proteins that bind NO more
reduction. The compound is produced at the heme center oftightly at the lower pH of the insect saliva (pH5), where
NO synthase and is detected at the heme center of solublgt can be stored on the heme for longer periods without
guanylate cyclase3(-6). How these activities are ac- reducing the heme or reacting with oxygen. They assist in
X : : blood feeding by delivering NO upon dilution and pH
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Heme is ligated to histidine and centered in one end of the
barrel, where numerous van der Waals contacts with nonpolar
amino acids lead to a highly nonplanar, ruffled conformation
that may be important for setting a reduction potential that
favors the ferric (F&) state 22, 26). Ligands bind to the
distal side of the heme.

Of particular interest is the crystal structure of the NP4
NO complex at low pH, where a substantial change in the
protein conformation is observedd). In the absence of NO,
the distal heme pocket is open with the-B loop (residues
31-37) poorly ordered and the-&H loop (residues 125
133) located away from the heme. When NP4 binds NO,
the A—B and G-H loops collapse into the binding pocket,
squeezing out solvent and packing nonpolar side chains
around the NO moiety. During this event, Asp 30 becomes
buried and hydrogen bonded with the Leu 130 carbonyl,
while Glu 32, Asp 35, Asp 129, and the N-terminus come
together and form an unusual network of hydrogen bonds
(Figure 1). NO binding also leads to greater distortion of
the heme porphyrin systen?). The fact that the NO
molecule is packed into a nonpolar pocket and forms no
hydrogen bonds with the protein suggests that the NO-
induced conformational changes are mediated through hy-
drophobic interactions.

In kinetic studies of NP14, we and others demonstrated
that rNPs undergo multiphasic NO interactions. The first
phase displays larger association and dissociation rate
constants that approach those of metmyoglobin, a protein
similar in size and containing the identical heme, while the
second phase displays smaller rate constants that are missing
in metmyoglobin 15, 16). The rate constants for rNPs fall
into two groups that correlate with sequence identity. Rates
for NP1 and NP4 are similar, as are those for NP2 (also
called prolixin-S) and NP3. The data were interpreted as
shown in Scheme 1.
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In this model, there is an initial binding phas&)(
representing nitrosyl complex formation, with second-order
rate constants of2 uM~1 s in NP1 and NP4 (25C) and
~30uM~1s1in NP2 and NP315). This is followed by a
lagging first-order phasek{) that was estimated to be50
s 1in NP2 and suggested to involve protein conformational FIGURE 1: Ribbon diagrams of NP4 indicating loops that move on

change. NO release begins with a biphasic, pH sensitive stegN© binding. (A) Full ribbon drawing of the NP4ANO complex
(ko and kofz), again suggested to involve the protein with the A—B and G-H loops highlighted in red. Heme, NO, and
fil 2] His 59 are shown in gold. (B) Close-up of the distal pocket of the

conformational change described above, followed by a fasternp4—NH; complex (open conformation at pH 7.4). Selected

phase K-1) that was suggested to represent release from theresidues are shown with ball-and-stick representations (oxygen in
Comp|ete|y open conformation. Measured valuesdgr and red, nitrogen in _blue, and carbon n g_reen) and selected hydrogen
kofiz at pH 5 were~0.2 and 0.02 ' for NP1 and NP4 and bonds shown with dashed lines. Residues Glu 32 and Asp 35 are

- " 1 . extremely mobile in this complex. Thr 121 occupies the back of
0.05 and~0.005 s* for NP2 and NP3, respectively. At the distal pocket and is hydrogen bonded to a water molecule in

pH 8, ko1 andkorrz increased te~2 and 0.6 s for NP1 and  the open conformer. (C) Close-up of the NAMO complex (closed
NP4 and to~0.1 and 0.01¢ for NP2 and NP3, respectively.  conformation at pH 5.6). Residues Asp 30, Asp 129, and Leu 130,

Values fork_; were pH-independent~5 st for NP1 and modified in this study, are involved in an extensive hydrogen bond
NP4 and~40 s for NP2 and NP3 network stabilizing the closed conformer, which includes flipping

S e . f the 136-131 i h A
The fact that NO binding is tighter at low pH and induces gnfj eAss(l}zg?.’ peptide bond and new hydrogen bonds to Asp 30

a closed conformation with a buried carboxylate suggests
that loop dynamics may be related to the pH dependenceFurthermore, little pH dependence is seen in vibrational
and multiple phases observed in the kinetic measurementsspectra for the NPANO complex (7, 18) or in the heme
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reduction potential in NO complexes with NP2 (15), yet for the Soret,a, and § bands at 419, 568, and 532 nm,
the A—B and G-H loops are highly mobile in the crystal, respectively.
making it difficult to imagine how they could impede Kinetics Kinetic measurements were obtained by rapid-
diffusion into and out of the distal pocket. This study was scanning stopped-flow spectrophotometry on an RSM-1000
carried out in part to address this quandary. apparatus (OLIS Inc.). This instrument has a dead time of 2
A second issue arising from the kinetic studies is the basis Ms, has a water bath controlled thermostatically to maintain
for the faster association and slower dissociation of NO with the temperature of the loading syringes and the stopped-flow
NP2 and NP3 than with NP1 and NP4. The distal pocket of cell, and is capable of collecting an absorbance spectrum in
NP2 differs in part from those of NP1 and NP4 in that Thr the visible region every millisecond. In this study, spectra
121, which hydrogen bonds to water in the open conforma- covering a wavelength range of 34575 nm were measured
tion in NP1 and NP4, but becomes desolvated in the closedat 25°C at a rate of 1000 scans/s, or 62 scans/s for reactions
conformation, is an isoleucine in NP2, which leads to a more longer than 3 s. Protein solutions (general§—2 uM for
hydrophobic distal pocketlQ). Since it appears that the association measurements andM for histamine displace-
hydrophobicity of NO is key in inducing the closed ment measurements), in either 40 mM Tris-HCI (pH 8.0) or
conformation 20), distal pocket solvation and desolvation sodium acetate (pH 5.0), were deoxygenated with a stream
might be kinetically limiting, a possibility also explored in  Of oxygen-free argon gas before rapid mixing. For NO
this work. binding rate measurements, saturated NO buffer solutions
Desolvation and protection of a ligand or reaction inter- (1-9 MM at 25°C, 1 atm) were diluted in gastight syringes
mediate, accomplished through conformational changes inv_vlth argpn—s_aturated buffer to produce the desired concentra-
mobile loops, are activities common to many proteins, yet 10nS. Kinetic data for NO release were measured through
the means by which such activities are built into proteins is displacement with excess histamine, as previously described

poorly understood. The rNPs provide an excellent op- 15). . ,
portunity to investigate such behavior, as well as specific  Data analyses were performed using a singular-value
aspects of proteiaNO interactions. In this study, we describe d€composition (SVD) approach and the Global Fitting

the kinetics of the interaction of NO with four mutant forms  Software provided by OLIS27). Selection of the reaction
of NP4: D30N and D30A, which alter the AB loop; mechanism was made from evaluation of the fitting residuals

D129A/L130A, which alters the 6H loop; and T121V and the spectra of reaction intermediates, which are extracted

which alters the hydrophobicity of the distal pocket (Figure N the SVD approach. In general, reactions for NO association
1). Crystal structures of these proteins, eight in total, are @nd dissociation were biphasic, as before.

presented to resolutions as high as 1.0 A. The mutant proteins ASSociation ReactionsAssociation reactions were ana-
display structural and kinetic changes consistent with a model'yz&d according to the reaction illustrated in Scheme 2.

in which loop movement and distal pocket desolvation are

rate-limiting for NO release. Scheme 2

K, k

2

NP-NO === NP"-NO
k
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MATERIALS AND METHODS NP + NO -

Mutagenesis and ExpressiddP4 mutants D30A, D30N,
D129A/L130A, and T121V were created using PCR and site-  In principle, all four rate constants can be obtained from
directed mutagenesis kits, either the BD Transformer kit from the association data through analyses of the concentration
Clontech (D30A and D30N) or the Quick Change kit from dependence for binding28). In practice, measurement of
Stratagene (D129A/L130A and T121V). The following ko is difficult since it is similar in value tdg[NO], and
oligonucleotides purchased from Midland Certified Reagent relatively large. In our analyses, we used an approach that

Co. (Midland, TX) were used as primers!-GAGGTTC- assumes pseudo-first-order conditions for the first step (free
CAAAGCTAGGTAATCTG-3 (D30A), 5-CAGGTTCCAA- ligand concentration unchanging). Where a second phase was
GTTTAGGTAATCTG-3 (D30N), 53-CTTGGGAGAT- indicated, the observed association was fitted to a sequential

CTCTACGCTG-3 (D129A/L130A), and 5GCCGC- mechanism, giving rise t&ps; andkops2 Rate constantk;
GGGAGATCTCTACGC-3(T121V). After mutagenesis and ~ andk-; were obtained through fitting to eq 1 using SigmaPlot
confirmation by DNA sequencing (Arizona Research Labo- (SPSS, Inc., Chicago, IL), whelgys; was the average of
ratories, University of Arizona), the mutants were subcloned three to six shots in the stopped-flow instrument:
into a modified pET17b expression plasmid in which the
Ndéd restriction site was inserted at the beginning of the Kopsi= K [NO] + k_; (@D)]
coding sequence for the NP4 gene, as described previously
(23). Plasmids pShep205-1, pShep210-3, pCBP49, and Attempts to obtairk, through similar analyses &fs;were
pCBP11, carrying the D30A, D30N, D129A/L130A, and not satisfactory. Therefore, an estimate Kpwas obtained,
T121V mutations, respectively, were transformed into com- where indicated, through fitting df,psz versus [NOJ to a
petentEscherichia coliBL21(DE3) cells for expression. hyperbolic curve, yielding an apparent maximal raig.9.
Wild-type and mutant proteins were expressed as inclusion Estimated errors fok; and k-; were obtained through
bodies, renatured, and purified as described previodgly (  averaging of multiple experiments. Accurate measurement
20, 23). UV —visible absorption spectra of mutants and their of NO concentrations is difficult due to the reactivity and
NO complexes were identical to those of the wild type (data low solubility of the gas, giving rise to increased variability
not shown); unligated proteins exhibited a maximum for the in the measured values. This is especially truekfar which
Soret band at 404 nm, and NO derivatives displayed maximais obtained from thg-intercept, where small errors produce
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large variances. Errors fd,p, were also estimated, where 0.5 for each conformer, and either refined for a few cycles

possible, from the standard deviation of multiple measure- in SHELXL or left fixed when using REFMAC. After

ments. completion of the refinement, several cycles of full-matrix
Dissociation Reaction&stimates of NO release rates were refinement using SHELXL31) were performed to estimate

obtained through displacement with excess histamine, whichthe errors for the Fedistal ligand distance and angle (Table

binds tightly to NP4, as previously describetl5). The 4). For the full-matrix refinement, the iron coordination

analysis requires the rate constant for histamine bindting, sphere (heme, His 59, and NHNO, or imidazole) was

which was measured for each protein by stopped-flow completely unrestrained, but all other atoms were fixed.

spectrophotometry in an approach analogous to that for theMOLSCRIPT @3), BOBSCRIPT 84), and RASTER3D35)

NO association measurements. As for NO, histamine bindingwere used to prepare figures.

was found to be biphasic in most cases, and was modeled

as such. Measurements were made with an NO concentratiofRESULTS

of 40 uM and a His concentration of 5 mM and averaged To test the role of NP4 AB and G-H loops in NO

over at least four stopped-flow shots. As before, all displace- binding, release, and pH sensitivity, three mutations were

ment reactions were biphasic, giving riseki@s; and Kopsa constructed: D30A and D30N in theAB loop and D129A/

NO dissociation rate constarks; andke, were calculated  L130A in the G-H loop (Figure 1). Asp 30 hydrogen bonds

with eq 2: to the carbonyl of Leu 130 in the closed structure, and we

_ hypothesized that the pH dependency for NO release is
Kops= Kofil (1 + (K [NOJ/ky[His])) )

centered on this interactior2@). The Leu 130 side chain
moves~4 A on binding NO and packs directly against the
We estimated the amplitude of each phase through fitting NO molecule, in an arrangement stabilized in part by a
the absorbance change at a single wavelength to a doubldydrogen bond between Asp 129 and the amino terminus.
exponential, since the Global Fitting software does not By removing these interactions, we sought to uncover the
provide these values. Errors for histamine association, whichrelationship between loop movements and kinetics of NO
is much better behaved than NO association, were estimatedinding and escape.
from the least-squares fit. Errors fégs and ko, were An additional mutation, T121V, was constructed to test
estimated from the average of two independent experiments.the role of distal pocket hydrophobicity in NO binding and
Crystallography Crystals of mutant proteins were grown release. Binding of NO to NP2 is faster than to NP4 and
at room temperature~25 °C) using the hanging drop release slower, leading to tighter overall binding. One
technique in either ammonium phosphate (2.8 M, pH 7.5) difference between the proteins is that NP2 has an isoleucine
or PEG 4000 (22%, pH 5.6). All crystals belonged to the at the position equivalent to Thr 121 in NP4, suggesting distal
C2 space group with cell constants typical of those found pocket desolvation could play a rate-limiting role in NO
for wild-type NP4: a=74.1 A/lb =424 A c =529 A, affinity.
andf = 94.2 (22). The NO complexes were obtained by In what follows, we report the kinetic and structural
equilibration of a single crystal fol h in a precipitant consequences of these mutations. All four mutations lead to
solution saturated with argon followed by soaking for 30 altered structures for ligand complexes and faster NO
min into a similar solution saturated with NO. A change in dissociation.
color from brown to red, consistent with nitrosylation, was  Kinetics for NO Binding and Release by Wild-Type NP4.
observed during soaking with NO. For data collection, Our previous kinetic measurements were obtained through
crystals were retrieved with a cryoloop (Hampton) and flash- monitoring absorption changes at a single wavelength, 404
frozen in liquid nitrogen. or 423 nm, corresponding to the maximum absorption for
All X-ray diffraction data were recorded at 100 K. Data the unligated protein or the NO complex, respectival§) (
were acquired with a Rigaku R-AXIS IV image plate In the study presented here, we used a stopped-flow device
detector associated with a copper rotating anode X-ray sourcewith a shorter dead time42 ms) attached to a rapid-scanning
and Osmic mirrors (D30Nimidazole), on beam line 11-1  spectrophotometer that allowed full spectra (38%5 nm)
of SSRL (Stanford Synchrotron Radiation Laboratory, Palo to be recorded every millisecond. Kinetic rate constants were
Alto, CA) using a ADSC Quantum 315 detector (D129A/ obtained by simultaneously fitting spectra through a singular-
L130A—NHz3), on beam line 9-1 of SSRL with a Mar 345 value decomposition (SVD) approach. The absorption spectra

imaging plate (T121%¥NO and D129A/L130A-NO), or on
beam line 14BM-D (D30N-NH3) or 14BM-C (D30N-NO,
D30A—NO, and T121\*NH3) with a Quantum-4 CCD

for all apparent species in the reaction are extracted in the
SVD approach, which aids in the choice of kinetic mecha-
nism. This device and the SVD approach led to increased

detector of the Advanced Photon Source (Argonne National reliability in our kinetic values, and increased confidence in

Laboratory, Argonne, IL). Data were processed with d*TREK
(29). The initial mutant structures were built using difference
Fourier methods and the modeling software30)( starting
with the equivalent wild-type NP4 models (PDB entries
1D2U, 1IKJ, and 1KOI for the Nk} imidazole, and NO
complexes, respectively). Models were refined initially with
SHELXL (31) and subsequently with REFMAC from the
CCP4 package3@). Certain residues were found to occupy

our choice of kinetic mechanism.

Binding rates were obtained through mixing of NP4 and
NO at defined concentrations and monitoring spectral
changes. As before, we found the wild-type protein exhibited
biphasic NO association (Figure 2). However, unlike in the
previous study where the second rate constant could be
estimated only for NP2165, 16), the approach presented here
allowed detection of botk; andk, for NP4 and its mutant

more than one conformation and were built and refined as forms, although only an apparent value fior could be
such. In such cases, the occupancies were generally set toeliably obtained (termel.,; see Materials and Methods).
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have absorption spectra that are apparently indistinguishable
from those of the final complexes, based on the appearance
of isosbestic points in the stopped-flow measurements. Slight
nonoverlap in the isosbestic point may indicate a small shift
in the intermediate spectra, however.

Kinetics for NO Binding and Release by NP4 Proteins with
Loop MutationsMutant proteins D30A, D30N, and D129A/
L130A, like the wild-type protein, displayed multiphasic
kinetics in both the forward and reverse directions, with
amplitudes for each phase that were similar to those of the
wild type (Tables 1 and 2). Slight increases kn were
observed for all three proteins at both pH values that were

0 10 20 30 40 examined (Figure 3), whereas values Kof, Kappa and Ko
[NOJ (uM) (pH 8.0) were unperturbed.
Ficure 2: Binding of NO to wild-type NP4 detected by rapid In contrast, bottk,s phases were larger at pH 5.0 in all

mixing at pH 8.0. (A) SVD global fitting of two phases. The residual three mutant proteins. The wild-type protein displays-@&i-
errors for the fit are shown at the bottom, illustrating good fold increase irko; between the low and high pH (Table 2).
agreement with a biphasic model. (B) NO concentration dependenceThe mutant proteins displal values at pH 8.0 that are

of kobs Shown are the average and standard deviation for three : : .
measurements dg,,s at each NO concentration. Data for the first approximately the same as those of the wild type; however,

phase Q) were fitted to eq 1, yieldind; andk_;. Data for the D30A and D30N retain only a slight pH dependence- (2
second phase®) were fitted to a hyperbolic curve, yielding a  4-fold), and D129A/L130A shows no pH dependence. Thus,

maximal value for the apparent rate constdap.. the pH dependence for NO release apparently involves the
A—B and G-H loop transitions, but the source of multi-
Dissociation rates were estimated from either the concentra-phasic behavior remains unknown.
tion dependence Okops (k-1; see Methods) or histamine Interestingly, histamine binding was also biphasic, which
displacementiGin andksiz), which, as before, were biphasic.  may stem from a stabilization of the histamine complex after
Association rate constants for all proteins are shown in Table formation of four additional hydrogen bonds between the
1 and dissociation rate constants in Table 2. protein and the distal ligandl§, 22). The association rate
NO binding to wild-type NP4 revealed three kinetically constants, terme#;y and kon, were similar for the wild-
distinguishable species (Figure 2A), as previously reported type protein and mutants D129A/L130A and T121V. How-
for NP2 (15, 16). The first phaselq) exhibited a linear  ever, for D30A and D30Nk is 4—5-fold smaller than that
dependence on NO concentration (Figure 2B) and no pH of the wild type at pH 8 andk, 2—3-fold smaller at both
dependence and was in good agreement with previouspH values. This is likely due to the fact that Asp 30 directly
measurementdp). The second phase was saturable and pH- hydrogen bonds to histamine in the complex.
independent and yielded an apparent rate constant similar Kinetics for NO Binding and Release by Distal Pocket
to those previously measured for NP2 and NEg (Figure Mutation T121VReplacing Thr 121, which hydrogen bonds
2B). to a distal pocket water in the open conformation, with a
NO dissociation from wild-type NP4 displayed three valine affected both association and dissociation reactions
kinetically distinguishable species. The faster phlsg (vas (Tables 1 and 2). The value f&g increased 3- and 5-fold
obtained from the binding analyses (eq 1, Figure 2B) and relative to that of the wild type at pH 5 and 8, respectively,
was 3-6-fold larger in this study than in the previous study. and k_; increased~2-fold. In NP2, k; and k_; increase
As before k_; was pH-independent. The slower phadeg: ( between 5- and 20-fold with respect to that of wild-type NP4.
and koz) were pH-dependent and similar in value to the Somewhat surprisingly, however, the pH dependenckdor
previous measurements. was reduced slightly te-7-fold in T121V, displaying slightly
The multiphasic kinetic behavior of NP4 indicates the smaller rate constants at pH 8.0 but larger rate constants at
occurrence of intermediate species; however, these speciepH 5.0. Thus, the initial association and dissociation rates
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Table 1: NO and Histamine Association Rate Constants for Wild-Type NP4 and NP4 Mutants
pH 5.0 pH 8.0
ki® ka? KarP karP ki@ ka? karP kot
wild-type NP4 2.5+ 0.6 33+ 12 0.011+ 0.003 10+ 3 25+04 32+ 14 4.7+0.2 20+ 2
D30A 5.2+ 0.2 21 0.019% 0.0003 nm 6.4+0.9 nnt 1.13+0.06 13+ 2
D30N 6.5+ 0.9 18 0.022+ 0.002 3.3:05 5.5+ 0.8 nnt 0.97+ 0.05 18+5
D129A/L130A 4.0+ 15 15+ 1 0.088+ 0.004 13+ 7 45+0.9 19+ 5 3.8+0.3 25+ 3
T121V 8.1+ 0.2 27 0.12£ 0.01 11+ 2 12.0+ 4.5 18+ 0.5 7.9+ 0.2 28+ 3

2 Rate constant for NOk( in uM~* s~ andk; in s%). Standard errors were obtained from two or three replicated sets of measurehiatts.
constant for histaminek(y in uM™ s7* andky in s71). Standard deviations were derived from data fittihljot measurable.

Table 2: NO Dissociation Rate Constants for Wild-Type NP4 and NP4 Mutants

pH 5.0 pH 8.0
k-12 Kofr2® Kofr2® fast k-2 Koff2® Koft2® fast
wild-type NP4 214+ 4 0.15+ 0.03 0.02+ 0.0 53 154+ 7 1.8+ 0.7 0.6+ 0.3 59
D30A 17+ 9 1.3 0.22 58 22t 17 2.7+ 0.3 0.8+ 0.2 62
D30N 11+ 10 1.2+ 0.7 0.14+ 0.03 56 28+ 9 2.72+ 0.03 0.77+£0.01 63
D129A/L130A 27+ 9 1.5+0.3 0.59+ 0.02 59 27+ 14 1.9 0.6 58
T121V 444 13 0.39 0.05 56 3% 20 1.524+ 0.09 0.51+ 0.03 56

2 |ntercept from association data {& Standard errors were obtained from two or three replicated sets of experifEass.phase, histamine
displacement data (4. ¢ Slow phase, histamine displacement datd)(sStandard deviations for the rate constants obtained from the histamine
displacement method were derived from two replicated sets of experinddtascentage of release in the fast phase estimated from fitting single-

wavelength £ = 420 nm) data to a double-exponential equation.

Table 3: X-ray Diffraction Data for NP4 Mutants and Their Complexes

D129A/ D129A/
D30N— D30N— D30N— D30A— L130A— L130A— T121V— T121V—
NH; Im NO NO NH3 NO NH3 NO
pH 7.5 5.6 5.6 5.6 7.0 5.6 7.5 5.6
wavelength (A) 0.90 1.54 0.90 0.90 0.98 0.75 0.90 0.75
resolution (A) 26-1.07 19-1.36 11+-1.0 22-1.05 26-1.0 31-1.0 21-1.15 3+1.0
total no. of reflections 364789 85068 441539 216051 402050 333593 174365 295229
no. of unique reflections 67346 33304 85604 71942 85962 80684 54132 83307
completeness (%) 98/97 99/96 95/99 98/99 99/99 97/89 97/98 96/89
meanl/g? 24.2/9.1 20.3/7.7 17.2/13.5 12.3/2.2 27.3/7.7 18.5/5.2 20.8/6.0 16.6/6.2
Roynt® 0.06/0.20 0.034/0.07 0.07/0.12 0.06/0.26 0.05/0.16 0.05/0.24 0.05/0.13 0.04/0.17
aQverall/outermost shelP. Rym = (nlln — OO)/Ynln, wherelis the mean intensity of all symmetry-related reflectidins
Table 4: Crystallographic Refinement Statistics and Structural Features
resolution (A) Ruys/Rre Fe—ligand distance (&) Fe-ligand angle (deg) comments
D30N—NH3 1.07 0.15/0.17 2.04 (2) rfla similar to wild type, more solvated
D30N—Im 1.36 0.14/0.18 2.03 (4) rffla more open
D30N—NO 1.0 0.14/0.16 1.78 (2) 132 (2) more open and solvated, ferrous
D30A—NO 1.05 0.15/0.18 1.71(3) 139 (2) more open and solvated, ferrous
D129A/L130A—NHj; 1.0 0.16/0.17 2.02 (2) nfa similar to wild type, more solvated
D129A/L130A-NO 1.0 0.14/0.15 1.60 (2) 155 (2) more open and solvated
T121V—NH; 1.15 0.14/0.17 2.03(5) rfa distal pocket water gone
T121V—NO 1.0 0.13/0.14 1.62(2) 158 (2) similar to wild type

3 Reryst = (3 |Fobs — Feaid)/ZFobs Riree as for Rerysi, Using a random subset of the data (5%) not included in the refinefbigtance or angle

between the heme iron and ligand. Numbers in parentheses are estimated standard deviations calculated after full-matrix refinement of the heme

without restraints (see Materials and Methods$)ot available.

in T121V, as in NP2, are larger than in wild-type NP4,
consistent with solvent reorganization playing a central role

L130A, and T121V and their complexes with water, am-
monia, imidazole, or NO have also been examined by X-ray

in binding and release of NO. The reason for a reduced pH crystallography, to resolutions between 1.4 and 1.0 A, and
dependence in the mutant protein is not yet clear, but may refined toRye values between 0.14 and 0.18 (Tables 3 and

have to do with a steric clash at low pH (described below).
Crystal StructuresNP4 is the best structurally character-
ized nitrophorin with crystal structures of complexes with
ammonia, water, cyanide, histamine, imidazole, or NO,
refined to resolutions as high as 0.85 20(22, 23, D. A.
Kondrashov and W. R. Montfort, manuscript in preparation).

4). Each mutant structure was analyzed with respect to the
corresponding wild-type complex, and major changes are
listed in Table 4. In addition, the coordination geometry for

each structure was refined without restraint so that bond
lengths and angles, and their associated errors, could be
independently analyzed (Table 4). Certain residues in each

In the study presented here, mutants D30A, D30N, D129A/ complex displayed more than one conformation in the crystal
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L130

Ficure 4: Stereoviews of the Asp 30 mutant protein structures. (A) In the B3ON; complex (pH 7.5), Asn 30 rotates out of the pocket

and a new water molecule replaces the wild-type hydrogen bond to the Glu 32 amide. Asp 35 becomes better ordered and directly hydrogen
bonded to the Gly 131 amide, which resides in the expected flipped-open conformation. (B) In the-BB0&mplex (pH 5.6), the new

water molecule remains in place, as does Asp 35 and the flipped-open conformer of thE313@eptide bond, despite NO binding and

low pH.

and were modeled as such (up to 11% in the D3OND prevented from flipping into the closed conformation (Figure
complex). The mutant proteins and their complexes all 4B), but Leu 130 is still able to move into the distal pocket.
displayed differences with the wild-type protein. In the D30N-NO complex, Asn 30 is able to partially

Structures of Mutants D30A and D30M.the wild type, occupy the wild-type position for Asp 30, leading to partial
one oxygen of the Asp 30 side chain forms a buried hydrogen flipping of the 136-131 peptide and hydrogen bonding to
bond to the Leu 130 carbonyl in the closed conformer, carbonyl 130. However, the arrangement is not as stable as
stabilizing the flipped conformer of the 13031 peptide in the wild-type protein, and multiple positions for the
bond (Figure 1C). The other oxygen forms a hydrogen bond residues are seen (Figure 5A).
to the backbone amide of Glu 32 in both open and closed In both D30A-NO and D30N-NO complexes, the Leu
conformers. Structures of D30N were determined in com- 130 side chain moves into the distal pocket and into van der
plexes with NH (pH 7.5), which is in the open conformation Waals contact with the NO moiety, a shift of several
in the wild-type protein; with NO (pH 5.6), which induces angstroms. The final position for the side chain is very similar
the closed conformation in the wild type; and with imidazole to that in the wild-type complex except that the region at
(pH 5.6), which also induces closure in the wild-type protein. the back of the pocket is slightly larger. The distance between
The structure of the D30ANO complex (pH 5.6) was also  Thr 121 and Leu 123 increases by a few tenths of an
determined. angstrom, which allows the water molecule near Thr 121 in

The D30N-NH; structure is very similar to that of the the open conformation to remain in place in the partially
wild-type complex except that Asn 30 rotates out of the distal closed D30N- and D30A-NO complexes (Figure 5),
pocket with respect to the position of Asp 30 in the wild- whereas this molecule is expelled in the wild-type NO
type protein (Figure 4A). A new water molecule replaces complex (Figure 1). Both NO complexes display geometry
the side of chain of residue 30 in the pocket and hydrogen consistent with a ferrous iron center (Table 4; see below),
bonds to the amide of Glu 32 (2.9 A) and the carboxylate of indicating photoreduction occurred during measurement.
Asp 35 (2.8 A). In this arrangement, Asp 35 and the-130 Structures of Double Mutant D129A/L130W the wild-

131 peptide are stabilized in the open conformation, with type structure, Asp 129 is weakly associated with the
Asp 35 hydrogen bonding to the amide of Gly 131 (2.8 A), N-terminus and the 136131 peptide bond is flipped open
and becoming better ordered than in the wild-type structure. and weakly associated with solvent. When NO binds, the

On binding NO, both D30N and D30A patrtially close. In closed conformation is induced, and the +3B1 peptide
the D30A-NO complex (pH 5.6), the new water molecule bond flips and forms strong hydrogen bonds with Asp 30
remains hydrogen bonded to Glu 32 (2.9 A) and Asp 35 and Asp 129. Asp 129 moves5 A and forms strong
(2.8 A), and Asp 35 remains hydrogen bonded to Gly 131 hydrogen bonds with the N-terminus and the amide of Leu
(2.8 A). In this arrangement, the 13031 peptide bond is 130, and Leu 130 moves4 A into the distal pocket and
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A

Ficure 5: Distal pocket in Asp 30 mutant complexes. (A) Stereoview of the D3R complex. Residues 130 and 131 occupy two
conformations, shown in gray and orange. Leu 130 is in the closed position in both conformers, despite-it818ptide bond adopting

open positions. The more open distal pocket allows the water molecule hydrogen bonded to Thr 121 to remain loosely in place, despite
binding of NO. (B) Stereoview of the distal pocket for the D38WO complex superimposed with electron density fromFg 2 F. map
contoured at 22
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! X | 1
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Ficure 6: Stereoview of the distal pocket of the D129A/L136NO complex (pH 5.6). The 130131 peptide bond is rotated with respect
to the wild-type protein, and four new water molecules reside in the more open pocket.

directly contacts NO. The D129A/L130ANH; structure is When NO binds, there is little change in the mutation site;
similar to the wild type except for local changes near the however, the A-B loop displays a substantial change. In
mutation site. In particular, the 12930 peptide is shifted the binding pocket, the water molecule near the Gly 131
by ~2 A and the Ala 130 side chain is rotated away from amide remains, along with three other water molecules not
the distal pocket, leading to an enlarging of the distal pocket found in the wild-type NO complex (Figure 6). The water
and allowing two or three additional water molecules to bind. molecule attached to Thr 121 is lost, however. At the lower
The 130-131 peptide bond is rotated90° such that it now pH of the NO structure (5.6), the three carboxylates of Asp
forms two new hydrogen bonds, one to the N-terminus (2.6 30, Glu 32, and Asp 35 no longer repel one another and are
A), replacing the hydrogen bond to Asp 129 that was lost to in an arrangement that suggests Asp 30 and Glu 32 are
mutation, and another to a new distal pocket water molecule protonated. Asp 30 hydrogen bonds to Asp 35 in the structure
(3.0 A). (2.6 A), while Glu 32 hydrogen bonds to carbonyl 130 and
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FIGURE 7: Superpositioning of ammonia complexes for the wild type in the B conformation (see the text; green) and T121V (magenta;

stereoview). Electron density £ — F¢, 3.50) is that of the T121V mutant.

is in van der Waals contact with Asp 35 (3.6 A). In this

same closed conformation as the oxidized form (E. M. Maes

arrangement, the N-terminus rotates away from carbonyl 130.and W. R. Montfort, manuscript in preparation). However,

The structure of the D129A/L130ANO complex was also
examined at pH 7.0 to 1.4 A and is similar to that obtained
at pH 5.6 (data not shown).

Structures of Mutant T121VTwo structures of T121V

photoreduction in NP4 leads to F&lO bond lengths that
are longer €1.7 A vs ~1.6 A) and more bent}14C vs
~160 (22)], differences that require high resolution for
detection. In wild-type NP4, photoreduction is correlated with

were determined and found to be nearly identical to their more solvated distal pockets and the use of longer-

wild-type counterparts. In both T12EWNH; and T121\-
NO complexes, Val 121 is rotated byl0C®® with respect to
Thr 121, inducing a repacking of Glu 55, Phe 107, and lle

wavelength X-rays, parameters that may affect the generation
and flow of hydrated electrons. Thus, the low-pH NINIO
structures determined with shorter-wavelength X-rays, which

119, the latter of which contacts this group (see below; Figure exhibit stable closed conformers, are fer@2), while the

7). The water molecule that exits on NO complex formation
in the wild-type protein is not found in the mutant protein.
In the wild-type protein, Glu 55, Phe 107, and lle 119

high-pH NP4-NO structure, which exhibits multiple con-
formers, is ferrous (D. A. Kondrashov and W. R. Montfort,
manuscript in preparation). This trend is also seen in the

can occupy two positions, one in which Phe 107 swings to Structures described herein, in which the more open structures

one side, allowing buried Glu 55 to become solvated with
two interior water molecules (conformer A), and one in
which Phe 107 swings into contact with Glu 55, expelling
the two water molecules (conformer B). The A conformation

(D30N and D30A) are photoreduced while the more closed
(T121V) is not. The exception to this trend is the D129A/
L130A—NO structure, which is ferric but exhibits an open
conformer. The lack of photoreduction in this case is possibly

is favored by higher pHs, warmer temperatures, and hydro-related to the very short wavelength X-rays (0.75 A) used

philic ligands, whereas the B conformation is favored by
low pHs, frozen states, and NO ligatiohd( 22, 23; D. A.

Kondrashov and W. R. Montfort, manuscript in preparation;
C. Punchihewa, E. M. Maes, and W. R. Montfort, manuscript

in the structure determination.

DISCUSSION

The primary functions of nitrophorins are to store,

in preparation). No functional consequences have beentransport, and release NO, a small, highly diffusible, and
attributed to these changes to date, and the E55Q mutanteactive molecule. Our previous studies suggest that this is

protein behaves like the wild type (C. Punchihewa, E. M.
Maes, and W. R. Montfort, manuscript in preparation). In
the study presented here, the T121INH; complex com-
pletely resides in the A conformation, which relieves the
steric conflict between lle 119 and Val 121, whereas the wild
type is observed in both A and B conformations. The
T121V—NO complex completely resides in the B conformer,
but is slightly distorted due to steric conflict between lle
119 and Val 121, which leads to arD.2 A distortion in the
closest pyrrole ring of the heme.

Ferric versus Ferrous Nitrosyl Complexddetal centers

accomplished through simple gating using highly mobile
distal pocket loops, a mechanism that is surprising in that
highly mobile loops are generally transparent to small
molecule diffusion. In this study, we test this possibility
through mutation, kinetic, and crystallographic studies. We
also test the role of distal pocket desolvation in kinetic events.
The results confirm that both loop dynamics and distal pocket
solvation are important in NO binding and release.

Role of Binding Site Loops in Regulating NO Releds®
loops, the A-B loop and the G-H loop (Figure 1), undergo
substantial changes in conformation on binding NO, leading

in proteins are prone to photoreduction in the intense X-ray to a structure with a complicated hydrogen bonding arrange-

sources available at synchrotror&6). The wild type and
the mutant forms of NP4 used in this work were all in the
ferric state when crystallized; however, the D30NO and
D30N—NO structures display geometry consistent with

ment near the distal pocket, and a desolvated, hydrophobic
arrangement in the distal pocket. These loops were targeted
for mutation in this study. Mutations D30A and D30N alter

a key hydrogen bond in the closed conformer, and the double

ferrous complexes (Table 4), suggesting photoreduction mutation D129A/L130A alters both a key hydrogen bond

occurred during data measurement. The initial protein

conformation, preserved upon flash-freezing of the crystal,

and a key van der Waals contact with the NO moiety.
Strikingly, all three mutants have lost the high-affinity state

is not altered by photoreduction. More broadly, structures for NO binding that occurs at low pH, displaying almost no

of the chemically reduced NPANO complex display the

pH dependence for release. Yet, to our surprise, all three
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mutant proteins retain the unusual multiphasic binding and (20)], or Glu 55, which is located in the protein interior, is

release kinetics characteristic of tRéodniusnitrophorins, conserved, and displays a pH-dependent change in solvation
and display release rates that are no faster than those of th€23). Glu 55 now appears not to be involved since the mutant
wild type at pH 7.4, which in itself is relatively slow. E55Q is structurally and kinetically identical to the wild-

Ultra-high-resolution crystal structures of the mutant type protein (C. Punchihewa, E. M. Maes, and W. R.
proteins are consistent with the kinetic results. In all three Montfort, manuscript in preparation). However, the work
NO complexes at low pH, the AB and G-H loops adopt presented here is consistent with burial of Asp 30 in the pH
conformations more open than those found in the wild-type sensitive step, since D30A and D30N mutant proteins display
complex. In the D30N-NO and D30A-NO complexes, Leu  minimal pH dependence for NO release, although the residual
130 still moves into the distal pocket and contacts NO, and pH sensitivity for NO releasey4% of that of the wild type,
perhaps this event is somehow pH sensitive and gives risesuggests that other factors are involved in a minor way. The
to the small residual pH dependence for NO release that thedouble mutant D129A/L130A completely lost its pH depen-
D30 mutants retain. However, the D129A/L130A double dence; however, it was locked into a conformation in which
mutant, which has completely lost this van der Waals contactthe Asp 30 hydrogen bond to the Leu 130 carbonyl in the
with NO, has release rates that are no faster than those ofclosed conformer could not occur (Figure 6). The kinetic
the wild type at pH 7.4, suggesting that the Leu 130 side and structural results, taken together, suggest that the pH
chain is not an impediment to release unless stabilized dependency for NO release is due to changes in loop
through the other loop hydrogen bonds. dynamics. The wild-type NP4NO structures at pH 5.&0)

The fact that NO diffusion out of the distal pocket is and pH 7.5 (D. A. Kondrashov and W. R. Montfort,
facilitated in proteins with destabilized loop conformations manuscript in preparation) are consistent with the mutagen-
suggests that binding site loop opening does indeed regulateesis results: at higher pH the hydrogen bonding network
the release of NO, and that rate constémtsandkss, reflect stabilizing the closed conformation (Figure 1) is largely
rates for loop dynamics, as we have previously proposed disrupted.

(15). However, since all of the mutants retain multiphasic  Role of Distal Pocket Hydrophobicity in NO Affinifyrom
kinetics, either additional loop movements into and out of the foregoing, it seems clear that the rate-determining step
the pocket are functionally important or some other factor for NO release at low pH involves loop disordering. But what
is at play. One possibility is that Val 36, a residue that packs of the driving force for loop closure? Previous studies have
against NO, and the 13031 peptide bond, which can flip  suggested that it is the hydrophobicity of NO that is sensed
between open and closed conformers, are influencing release(20). Complexes with cyanide and ammonia do not induce
In this study and in structures of wild-type NP4 recently the closed conformer, even at low pH, whereas complexes
determined at 0.85 A resolution (D. A. Kondrashov and with NO (70 times more soluble in hexane than water)
W. R. Montfort, manuscript in preparation), it has become partially induce closure at pH 7.4, and completely induce
clear that Val 36 partially occupies the closed conformation closure at pH 5.6. Added to this is NP2, which binds NO
under all conditions favoring the open conformation (ligand- more tightly than NP4, displays both faster associatigh (
free low-pH, ligand-free high-pH, and NO-bound high-pH and slower dissociationk{) than NP4, and has a more
conditions). Likewise, the 130131 peptide bond can occupy hydrophobic pocket than NP4%, 19). In particular, residue
more than one conformation under a given set of conditions Thr 121, which lies at the back of the distal pocket in NP4
(see, for example, Figure 5). Variability in the structure of and orders a water molecule near the NO binding site, is
the distal pocket may very well cause the NO ligand to be replaced with lle 120 in NP2, with the concomitant loss of
distributed differently as it diffuses through the pocket. An the ordered water molecule.

alternative possibility for the multiphasic kinetics could be  The mutant NP4 protein T121V displays some properties
multiple forms of the nitrosyl complex with multiple Fe similar to those of NP2, and others not. The structure of the
NO bond strengths. This explanation seems unlikely on the T121V—NH; complex has indeed lost the ordered water
basis of Raman spectroscopic measurements with 81 (  molecule near the NO binding site; the only other visible
and NP4 (A. Zareba and R. S. Czernuszewicz, personaleffect is to shift the equilibrium between two possible
communication). However, the facts that two NO stretching conformations for residues Glu 55, Phe 107, and lle 119 to
frequencies are seen for the NPIIO complex (7) and the one with better solvation of Glu 55. Likewise, the T121V
Fe—NO bond in ultra-high-resolution structures of NP4 is NO complex is quite similar to the wild-type complex, except
clearly distorted Z2) suggest multiple cleavage rates of the for the repacking of Phe 107 and lle 119 into a slightly
Fe—NO bond may exist. shifted arrangement. However, in the closed complex of the

Role of Distal Loops in the pH Sensitly. Earlier studies mutant, the heme pyrrole ring nearest the mutation site, which
of insect-derived and recombinant rNPs showed the NO contacts all three residues that move (Val 121, Phe 107, and
release to be slower at the pH of the insect saliv)(than lle 119), is shifted toward the proximal side by0.2 A,
at the physiological pH of the host-{.4), a requirement  giving rise to a slightly more distorted heme than in the wild-
for stable storage of NO in the insect salivary gland and type protein. Kinetically, T121V has larger values for both
release of NO into the victim, yet the relationship between k; andk-,, representing the first binding and last release steps
the release rates and the pH sensitivity had not beenin our kinetic model, respectively. A similar effect also occurs
established. The transition between high and low affinity in NP2, but to an even greater extent-@-fold greater in
follows a path consistent with titration of a single group with NP2 than in T121V). This is consistent with the initial NO
an apparentig, of 6.5 (15). We have previously suggested association and dissociation rates being coupled to desolva-
this group could belong to either Asp 30, which forms a tion rates. However, the values fég« at low pH were
buried hydrogen bond in the closed conformer [Figure 1 slightly larger in T121V than in wild-type NP4, unlike the
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case for NP2. A possible explanation for this is that the release phasé(;) is sensitive to factors that lead to greater
closed conformation is less stable in the mutant protein, duesolvent dynamics, consistent with the model in which it
to the increase in heme distortion near the mutation site. represents release from the open pocket.

Interestingly, NO association is also slightly faster for  Binding of NO and other diatomic ligands to ferric (met)-
mutants D30A, D30N, and D129A/L130A. The distal myoglobin is faster than to the rNPs and monophasic, despite
cavities for these mutants are less encumbered than in thehe blockage of the binding pocket by a histidine. For
wild type, suggesting that greater accessibility of the binding example, k., for NO binding by elephant metmyoglobin
site can also lead to faster NO association. equals 22«M~1 s71, ~10-fold larger than that for NP4, and

Mechanistic Steps bolved in NO Binding and Release k., = 40 s, 20-2000-fold larger than that for NP4,
The linking of protein dynamics to solution kinetics is a depending on pH and phas&9d}. The rNPs and myoglobins
challenging task. Our working model for rNP has NO binding are approximately the same size and contain the same heme
to a relatively open distal pockek,j followed by loop group, yet the rNPs have evolved an ability to regulate NO
closure k;, Scheme 2). NO release proceeds in reverse in diffusion and reduce NO side reactions that is not present in
this model, with loop openingk(,) preceding NO release the globins, and have done so with a large distal pocket and
(k-1). Support for this model comes from the NO-induced two highly mobile loops. The complete understanding of how
conformational change found for NP4; the demonstration of this is accomplished remains to be discovered, but it is
biphasic binding behavior in NP4 under a variety of intricately linked to protein dynamics, solvent dynamics, and
conditions (5, 16), with the second phase ranging in heme distortion, areas of intense investigation for the general
NP4 from 10 to 60% of the total signal; the detection of understanding of protein function.
slower ko) and faster K-;) release phases; and the com-
parison of NO dissociation constants with rate constants, ACKNOWLEDGMENT
which are consistent with the biphasic working model [i.e.,
Kg ~ k_o/k; (15)]. That the first association phase is due to
ligand binding rather than a protein conformation change is
suggested by the open binding pocket in the unliganded
structure, and the different values fég obtained with
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