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Nitric Oxide Binding and Crystallization of Recombinant Nitrophorin I, a Nitric
Oxide Transport Protein from the Blood-Sucking Befodnius prolixus
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ABSTRACT: A nitric oxide transport protein (nitrophorin 1) from the salivary glands of the blood-sucking
bug Rhodnius prolixusas been expressed as an insoluble forr&Esoherichia coli reconstituted with

heme, and characterized with respect to NO binding kinetics and equilibria. NO binding and absorption
spectra for recombinant nitrophorin | were indistinguishable from those of the insect-derived protein.
The degree of NO binding, the rate of NO release, and the Soret absorption maxima for nitrophorin |
were all pH dependent. The NO dissociation constant rose 9-fold over the pH range3®,Grom 0.19

x 107%t0 1.71x 1075 The NO dissociation rate rose 2500-fold between pH 5.0 and pH 8.3, from 1.2

x 1073 to 3.0 s1. Thus, the NO association rate must also be pH dependent and reduced at pH 5.0 by
~280-fold. These factors are consistent with nitrophorin function: NO storage in the apparent low pH
of insect salivary glands and NO release into the tissue of the insect’s host, where vasodilation is induced.
The reversible nature of NO binding, which does not occur with most other heme proteins, and the apparent
kinetic control of NO release are discussed. We also report crystals of nitrophorin | that are suitable for
structure determination by X-ray crystallography. The most promising crystal form contains two protein
molecules in the asymmetric unit and diffracts beyond 2.0 A resolution.

Nitric oxide (NO)Y is a messenger molecule that has been Together, these related proteins have been given the name
implicated in an amazingly diverse array of physiological nitrophorins IV, and their sequences show no significant
processes. NO is involved in neurotransmission, cell- similarity to any other known proteins, including the globins
mediated immune response, muscle relaxation, and vasodi{D. Champagne, unpublished data). An apparently unrelated
lation, and probably affects the functioning of most mam- (by sequence similarity) protein with similar properties has
malian cells [reviewed in Bredt and Snyder (1994) and been isolated from the salivary glands of the bedBGirgex
Schmidt and Walter (1994)]. This toxic, gaseous substancelectularius (Valenzuela et al., 1995).
acts in many cases by interacting with heme proteins such  Nitrophorins exist in the ferric staia vivo and display a
as guanylate cyclase and prostaglandin H synthase. NOpH-dependent variable affinity for binding of NO. Binding
binds to ferrous [Fe(ll)] heme proteins with very high s slowly reversible at pH 5.0 and freely reversible at pH
affinity, but unlike carbon monoxide it also binds reasonably 8.0 (Ribeiro et al., 1993). The pH dependence appears to
well to ferric [Fe(ll)] heme. In the case of soluble guanylate be due to a single ionizable group with lqof 6.5, possibly
cyclase, the interaction of NO with the ferrous enzyme is ga histidine residue (Ribeiro et al., 1993). Functionally, NO
thought to induce an activating conformational change in js thought to bind tightly to nitrophorins at the low pH &f
the protein (Traylor & Sharma, 1992; Tsai, 1994; Stone & prolixussaliva but is quickly released upon injection of saliva
Marletta, 1996). into the host, where it induces local vasodilation. Interest-

Saliva of the blood-feeding insed®hodnius prolixus ingly, nitrophorins also facilitate blood feeding by functioning
contains heme proteins whose function appears to be theas anticlotting factors (nitrophorin 1l only) and antihistamines.
transport of nitric oxide into the host skin. Following NO The anticlotting activity is independent of the heme moiety
release, vasodilation facilitates feeding. Four separate hemegRibeiro et al., 1995; Sun et al., 1996), and the antihistamine
proteins have been isolated from the salivary glands of theseactivity is due to coordination of histamine with the heme
insects, and their cDNA sequences have been determinedron (Ribeiro & Walker, 1994).

(Champagne et al., 1995; D. Champagne, unpublished data). Other ferric heme proteins (e.g., metmyoglobin and
methemoglobin) can bind nitric oxide, but the N@eme
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Nevertheless, the ability to reversibly bind NO is crucial to and 5 mM DTT (buffer C). After centrifugation at 100090
the physiological function of nitrophorins as vasodilators for 40 min, the denatured protein was refolded by dropwise
(Ribeiro et al., 1993). addition over a period of 80 min to a 50-fold larger volume

The purification of large quantities of nitrophorins from of 30 mM Tris-HCI, pH 7.4, 0.8 M NaCl, 1 mM EDTA, 10
R. prolixussalivary glands is difficult due to the extremely mM DTT, and 15 mM PMSF (buffer D) at@C. The diluted
small size of the glands. Each gland has to be surgically protein was stirred overnight at°€. After centrifugation,
removed and contains only microgram quantities of the the protein solution was concentrated by ultrafiltration
proteins. Isolation of the individual nitrophorins is further through a 10 kDa MCO membrane (Amicon). The concen-
hampered by their high similarity. In this study we report trated protein (75 mL) was dialyzed against two changes of
the expression and purification of milligram quantities of buffer (100 mM NaHPQ,, pH 7.0), and a solution containing
nitrophorin | and the rate and equilibrium binding constants 10 mM hemin in DMSO was slowly added to the mixture
for NO dissociation from the protein at several pHs. In while being stirred. Full incorporation of heme required
addition, we describe crystals of the protein suitable for high- repeated additions of hemin followed by removal of pre-
resolution X-ray diffraction studies. cipitated excess hemin through centrifugation (10@0@0

30 min). The incorporation of heme was monitored using

MATERIALS AND METHODS the ratio of the Soret absorbance at 404 nm to the absorbance

Plasmid Construction The cDNA for nitrophorin | was at 280. A ratio of approximately 3.0 despite continued
modified for insertion into the expression vector pET17b by addition of hemin indicated full titration of the refolded
PCR mutagenesis. ANdd restriction site and ATG start  protein to its native state.
codon were created immediately &f the codon for the The pH of the refolded heme protein solution was adjusted
N-terminal lysine residue in the native protein, as previously to 5.0 with 1 M acetic acid, and the solution was centrifuged
determined by Edman degradation. The portion of the openat 10000Q9. The supernatant was applied to a 50 mL SP-
reading frame removed in this operation encodes the putativeSepharose column equilibrated at room temperature with 25
signal sequence for secretion to the salivary gland lumen.mM sodium acetate, pH 5.0 (buffer E), the column was
Mutagenesis of the nitrophorin | cDNA in pBluescript Il was washed, and nitrophorin | was eluted using a gradientdf O
accomplished using the oligonucleotidle CGCTCGAGCATAT- M NacCl in buffer E. Fractions containing nitrophorin |
GAAGTGTACAAAAAATGCACTAGC in a PCR reaction (based on absorbance spectra) were pooled, dialyzed, and
along with the T7 sequencing primer TAATACGACTCAC- concentrated.
TATAGGGAGA as the reverse primer. The PCR product  Nitrophorin | was also purified from the salivary glands
was ligated into the plasmid pCR2 using the protocols of R. prolixususing a combination of chromatofocusing and
provided with the TA cloning kit (Invitrogen). After cation-exchange chromatography as described previously
verification of the insert sequence the cloned PCR product (Champagne et al., 1995).
was cut withNdd and Xhd, and the fragment was inserted Spectral Measurements and Nitric Oxide Bindir@ptical
into pET17b (Novagen) to give the plasmid pET17B-NP1. spectra were measured on a Perkin-Elmer lambda-19 spec-
Escherichia coli(INV aF') cells were transformed with the  trophotometer at 25C in either 20 mM sodium acetate, pH

ligation mixture. The plasmid was then moved iftocoli 5.0, or 20 mM sodium phosphate, pH 7.3. Nitric oxide-
(BL21DE3) to give the expression straih coli (0DET17B- saturated water (1.9 mM; Butler & Williams, 1993) was
NP1). prepared by purging a sealed tube containing distilled water

Expression of Nitrophorin | in E. cali Nitrophorin | was with argon for at least 30 min followed by bubbling NO
isolated from insoluble inclusion bodies using the following into the water for a period of approximately 5 min. Protein
protocol. Six liters of Luria broth (with 10Qug/mL samples were prepared in sealedi&iOor 0.5 mL cuvettes
ampicillin) in six 2 L Fernbach flasks was inoculated with and purged with argon for at least 30 min. NO-saturated
an overnight culture oE. coli (pET17B-NP1). The flasks water was added to the cuvette with a syringe, and the
were shaken at 37C and 150 rpm until the Ofgo of the binding was measured by quantification of the shift in the
cultures was approximately 0.6. IPTG was added to a Soret absorbance from 404 nm to a position near 420 nm in
concentration of 0.4 mM, and the cultures were shaken atthe visible spectrum.

30 °C for 15-18 h at 150 rpm. The cells were harvested  The concentration dependence of NO binding was mea-
by centrifugation, washed with 50 mM NaPiQ,, pH 7.4, sured from NO-ligated minus unligated difference spectra.
and stored at-70 °C. For lysis, cells were suspended in Small aliquots of NO-saturated water were added to protein
100 mM Tris-HCI, pH 7.4, 20 mM EDTA, 10% sucrose, solutions in sealed 0.5 mL cuvettes that were filled to near
and 20Qug/mL lysozyme (buffer A). After incubation with  completeness and purged with argon. The total addition of
stirring for 60 min at room temperature, the spheroplasts wereNO-saturated water did not in any case exceed 5% of the
collected by centrifugation at 200§9@or 35 min. Lysis was initial volume of the sample.

accomplished with a French press (16 6a® 000 psi), and All nitrophorin | concentrations were determined using an
the lysate was incubated with a mixture of DNase | and extinction coefficient of 169 mM cm™ for the Soret
RNase A (5Qug/mL each) for 60 min. The cell lysate was maximum of oxidized, unligated protein as reported previ-
centrifuged at 20 0a for 30 min, and the pellet was ously (Champagne et al., 1995).

suspended in 30 mM Tris-HCI, pH 7.4, 30 mM NaCl, 1 mM Kinetics of Nitrophorin ReleaseThe kinetics of nitric
EDTA, and 1% (w/v) Triton X-100 (buffer B). The insoluble oxide release from nitrophorin | were studied at°Z5 pH
material was collected by centrifugation at 20 §0énd 8.3, by stopped-flow spectrophotometry. Either insect-
washed two more times with Triton X-100-containing buffer derived or recombinant nitrophorin | (12M in 10 mM

B and two times in buffer B without Triton-X100. sodium acetate, pH 5.0, 100 mM NaCl) was purged with

Inclusion bodies were solubilized in 20 mL of 30 mM argon and loaded with nitric oxide by adding NO-saturated
Tris-HCI, pH 7.4, 1 mM EDTA 6 M guanidine hydrochloide, = water (1.9 mM) to a concentration of 0. One syringe



Characterization of Recombinant Nitrophorin | Biochemistry, Vol. 36, No. 15, 19974425

on the stopped-flow device was filled with this solution and Rec Ins
the other with 100 mM Tris-HCI, pH 8.3. After mixing,
the increase in absorbance at 404 nm was monitored.
The kinetics of release at pH 5.0 were also determined.
One hundred microliters of a 208/ solution of nitrophorin
I in 100 mM sodium acetate, pH 5.0, was placed in a 1.0
mL cuvette, which was sealed and purged with argon. Nitric S <
oxide was added as 10 of a saturated aqueous solution
to a final concentration of 18M. The solution was mixed
and diluted by addition of 1.0 mL of 100 mM sodium acetate,
pH 5.0, that had been purged with argon. The release of

| €1

nitric oxide was measured by monitoring the change in —

absorbance at 404 nm in a Shimadzu UV160U spectropho-

tometer at 25C. Ficure 1: Comparison of recombinant and insect-derived nitro-
Crystallization of Nitrophorin I. Crystallization experi- ~ Phorin | by SDS-polyacrylamide gel electrophoresis. Ree

; ; Aari ; . < purified renatured recombinant nitrophorin I; Issnitrophorin |
ments with both insect-derived and recombinant proteins partially purified from R. prolixus salivary glands. Standards:

have been performed. The hanging-drop vapor-diffusion g_jactalbumin, soybean trypsin inhibitor, carbonic anhydrase,
(McPherson, 1990) and sparse-matrix (Jancarik & Kim, ovalbumin, and bovine serum albumin.

1991) approaches were used to obtain hexagonal rod-shaped ) ) ] o

crystals of the insect-derived protein at room temperature Was incorporated to give native protein as indicated by the

from a 1.7 mg/mL protein stock, pH 6-5.0, with poly- UV —visible spectrum. The renaturation protocol was based
(ethylene glycol) 4000 and 5% isopropyl alcohol as precipi- on that of Matsushima et al. (1994) in which the protein
tating agents. was completely dissolved in concentrated guanidine and

The purified recombinant protein was concentrated by refolded by dilution into a buffer containing high concentra-
ultrafiltration through a 10 kDa MCO Amicon filter to 20 ~ tions of sodium chloride and the reductant DTT. DTT was
mg/mL in 10 mM potassium phosphate buffer, pH 7.0. Two required during refolding, presumably to prohibit the forma-
crystal forms of the recombinant protein have been obtained tion of incorrect disulfide bonds. The success of renaturation
at room temperature, and their crystallization conditions were Was apparent when a solution of hemin in DMSO was added
refined to (1) 0.2 M sodium acetate, 0.1 M sodium cacody- 0 @ dilute solution of refolded protein. Successive additions
late, pH 6.5, and 25% PEG 8000 (thin needles) and (2) 2.6 of hemin led to a concomitant increase in the absorbance of
M ammonium phosphate and 0.1 M potassium cacodylate,the Soret band characteristic of native nitrophorin | (404 nm).
pH 5.3 (plate form). Large crystals of the plate form grew Saturation of the heme binding pocket was indicated by a
after small crystals were seeded intau5 drops composed ~ lack of increase i with successive additions of hemin.
of equal volumes of protein solution and precipitant solution The reconstituted protein was purified to homogeneity by
(2.6 M ammonium phosphate, 0.1 M potassium cacodylate, ¢ation-exchange chromatography (Figure 1), resulting in an

pH 5.3), followed by an increase in the ammonium phosphate ©verall yield from the entire procedure of 360 mg of
concentration over 6 days to 3.0 M. purified protein/L of culture. Edman degradation of the

purified recombinant protein gave the sequence MKCTK,

A single 0.6x 0.6 x 0.06 tal of the plate f L " A ;
sing'e .0 x > mm cry2sa o the p ate form indicating the addition of an initiator methionine residue to

was used for data collection to 1.8 A at room temperature. X : ] . .
Diffraction data were measured using an Enraf Nonius FAST the N-terminus of .the msect-denved protein. Characteriza-
area detector attached to an FR571 rotating Cu anode withtion Of the reconstituted protein (see below) showed that the
a graphite monochromator. Data reduction was performed properties qf the recor_nbmar_ﬁ mater!al were virtually identical

using the software packages MADNES (Messerschmidt & to those o_f_msect—der!veq nltrop_horln | and that th_e presence
Pflugrath, 1987) and PROCOR (Kabsch, 1988). Reflections of an laddltlonal methionine residue at the N-terminus of.th_e
were scaled with Rotavata/Agrovata programs (Collaborative protein had no detectable effect on its function as a nitric

Computational Project, 1994). Patterson self-rotation func- °Xide carrier. _ _ ,
tions were calculated using X-PLOR (Brunger, 1987). Optical Properties of Nitrophorin I.The optical spectrum
of the purified, renatured material in pH 7.0 phosphate and

RESULTS AND DISCUSSION pH 5.0 acetate showed a Soret maximum at 404 nm and a
ratio of the Soret band to the 280 nm absorbance of 3.1
Expression and Purification of Nitrophorin IA modified (Figure 2A). The position of the Soret maximum was

cDNA for nitrophorin I, in which the sequence encoding the identical to the insect-derived protein, and thgsAogo ratio
23-residue signal peptide of the protein (Champagne et al.,indicated that the protein was comparable to the insect-
1995) had been removed using PCR mutagenesis, was clonederived protein in purity and degree of saturation with heme
into the expression vector pET17b and transformed iito  (Figure 2). When nitric oxide was added to the protein under
coli strain pET17B-NP1. Induction of T7 polymerase anaerobic conditions, the Soret maximum shifted to 419 nm
expression resulted in the production of a polypeptide which at pH 7.0 (Figure 2) and 421 nm at pH 5.0 (Figure 3),
had a molecular mass of 20 500 Da and comigrated on-SDS indicating the formation of a nitrosylheme complex. Ni-
PAGE with an authentic sample of nitrophorin | isolated from trosation also resulted in the appearance of promiaearid
the salivary glands oR. prolixus f bands at 569 and 533 nm in both high and low pH spectra
Nitrophorin | could be obtained only in the insoluble (Figure 2). At pH 7.0, purging of the nitrosyl heme protein
fraction of the cell lysate as inclusion bodies, despite solution with argon for 15 min resulted in a return of the
numerous alterations in growth conditions. Inclusion body Soret maximum to 404 nm and a loss of the prominent
preparations were, however, successfully renatured, and hemandg bands. At pH 5.0, however, the position of the Soret
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FiGUrRe 2: Absolute absorption spectra of unligated) @nd NO-
ligated (---) nitrophorin | in sodium phosphate, pH 7: (A)
recombinant protein; (B) insect-derived protein.
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Ficure 3: Normalized spectra of the Soret region of NO-bound
nitrophorin | in sodium phosphate, pH 7.0 (- - -), and sodium acetate,
pH 5.0 &): (A) recombinant protein; (B) insect-derived protein.

¥
380 460

maximum did not completely revert to 404 nm on purging
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Ficure 4: Difference spectra (NO-ligated minus unligated) for
recombinant nitrophorin | in sodium phosphate, pH 6.0. NO
concentrations are 12, 24, 36, 48, 60, anduk2

Table 1: pH Dependence of Spectral Properties for Recombinant
Nitrophorin P

pHP maximunt minimunt Dmax

5.0 423 402 0.76
6.0 423 402 0.76
6.5 423 402 0.77
7.0 422 402 0.66
7.3 422 402 0.68

a All experiments done at a nitrophorin | concentration of AM.
bpH 5.0, 10 mM sodium acetate; pH 6.0, 10 mM sodium acetate; pH
6.5, 10 mM sodium phosphate; pH 7.0, 10 mM sodium phosphate; pH
7.3, 10 mM sodium phosphateAbsorbance maximum (nm) in the
NO-ligated minus unligated difference spectrum (FiguredAbsor-
bance minimum (nm) in the NO-ligated minus unligated difference
spectrum (Figure 4F Maximum value of A4z Or Asz)) — Auoz

those of the insect-derived protein shows the two proteins
to be essentially indistinguishable (Figures 2 and 3).

The pH-dependent changes in the nitrophorin spectra were
guantified by subtracting the spectra of the fully ligated
protein from that of the unligated protein for a series of pHs.
Figure 4 shows the difference spectra at pH 6.0 for increasing
concentrations of NO, and Table 1 lists the maximal
difference in spectra obtained at several pHs. Two major
pH-dependent features of the nitrophorin spectra were
observed: a bathochromic shift in the position of the spectral
maximum (as described above) and a decrease in the
magnitude of the maximal change in the difference spectra
(Table 1). At pH 5.0, 6.0, and 6.5 the difference spectra
were nearly identical. However, at pH 7.0 and 7.3 the
position of the maxima shifted by 1 nm and the maximal
change in the difference spectra decreased-h2% with
respect to the values at lower pH (Table 1). These shifts in
the absorption spectra are likely to reflect a functional change
in the protein, since binding of NO varies with a similar pH
dependency, both for recombinant nitrophorin | (shown
below) and for salivary gland extracts containing nitrophorins
I—IV (Ribeiro et al., 1993).

Binding Studies. Difference spectra were also used to
guantify the binding of NO to recombinant nitrophorin | at
several pHs. Increasing amounts of NO were added to an
anaerobic solution of nitrophorin | under conditions where
the protein concentration was less than or equal to the lowest
NO concentration, resulting in a series of difference spectra

binding of NO to a mixture of ferric nitrophorins at pH 7.0

NO concentration vs the proportion of the maximum spectral

and the apparent increase in affinity at pH 5.0 have beenchange displayed typical saturation behavior (not shown),

previously described (Ribeiro et al., 1993). Direct compari-
son of spectra obtained from the recombinant protein with

allowing for dissociation constants to be determined from
nonlinear regression analyses of the plots. The resuking
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Table 2: Nitric Oxide Dissociation Constants of Ferric Nitrophorin ~ Table 3: First-Order Rate Constants'jsfor Nitric Oxide

| at Three pH Values Dissociation from Nitrophorin |
pH Kaq (uM £ SE} insect-derived| recombinarft
5.0 0.19+ 0.02 pH 8.3
6.0 0.62+ 0.06 fast 3.9+ 0.3 3.0+ 0.
8.3 1.71+0.17 slow 0.35+ 0.0Z 0.27+ 0.0Z
3
a Calculated by fitting a rectangular hyperbolic function using the pH 5.0 nd (1.21+ 0.09)x 10°°°
program EnZzfitter (Biosoft, Ferguson, MO)pH 5.0 experiment 2 purified fromR. prolixussalivary glands® Purified fromE. coli
performed in 20 mM sodium acetate, pH 6.0 in 20 mM sodium citrate, (PET17b-NP1) extracts.Average of 8-10 replicates£SE). The fast
and pH 8.3 in 20 mM Tris-HCI. phase accounted for approximately 90% of the change in absorbance.

9 Not determinede Average of three replicates=GE).

5

tions (data not shown). As expected, the first-order release
rate was considerably slower at pH 5.0, down approximately
Pl 2500-fold from the fast dissociation rate at pH 8.3 (Table
3). Previous experiments undertaken with whole gland
extracts have shown that purging with argon at low pH does
NP1 not fully restore the protein to the unligated condition within
3t Rec 15—-30 min (Ribeiro et al., 1993).

It is interesting that the dissociation rate at pH 5.0 was
monophasic, while upon rapid dilution into a pH 8.3 solution,

. ‘ ‘ two release rates were observed. A possible explanation for
0 1 2 3 4 the biphasic kinetics would be the involvement of a second
TIME (sec) binding group for NO on the protein at highe_r pHs that could
deliver NO to the heme. The possible involvement of
FiGUrRe 5: Kinetics of NO dissociation from nitrophorin | after  nonheme functional groups in NO binding to a heme protein
gmultaneous 2-fold dilution and increase in pH from 5.0 10 8.3. paq peen recently described for ferrous guanylate cyclase
ec= recombinant protein; NPZ% nitrophorin | isolated fronR. ; -
prolixus salivary glands. (Stone & Marletta, 1996) and hemoglobin (Jia et al., 1996).
Additional experiments are required to resolve this issue.
at pH 5.0 is submicromolar and increases approximately With the K4 and dissociation rate constants known, the
9-fold at pH 8.3 (Table 2). rate constant for association of NO with nitrophorin | can

The dissociation constants measured for nitrophorin | are be calculated. The value of 2 10° M~! s found for
2—3 orders of magnitude lower than those of ferric heme nitrophorin | at pH 8.3 (using the fast dissociation rate) is
proteins such as sperm whale myoglotia & 2.6 x 10 closer to that for ferric elephant myoglobin ¢ 10’ M1
M) but are similar to the value obtained with elephant s%) than for ferric sperm whale myoglobin (6 10* M1
myoglobin (1.8x 107% M) (Sharma et al., 1987; Hoshino et s!) (Sharma et al., 1987). As discussed above, a faster
al., 1993). The enhanced binding of NO to ferric elephant association rate is consistent with the presence of a single
myoglobin has been attributed to the absence of a coordinatedhxial histidine residue since no displacement of a bound water
water molecule in the distal heme position, since, if present, molecule is involved in the binding mechanism. It should
such a water molecule must first be dislodged before NO be noted that these comparisons are complicated by the
can bind (Sharma et al., 1987). Axially bound water is tendency for NO to autoreduce ferric myoglobin to the
stabilized in sperm whale myoglobin by a distal histidine ferrous form. However, the autoreduction rate [2:470 4
that is absent in elephant myoglobin (Sharma et al., 1987).s ! for NO-bound ferric myoglobin at 1 atm of NO (Addison
That nitrophorin may also lack a distal histidine is suggested & Stephanos, 1986)] is quite slow relative to the NO
by both its tight binding to NO and its apparent pentacoor- association rate, making it possible to directly compare the
dinate high-spin Fe(lll) heme (Ribeiro et al., 1993). NO association rates for the two proteins.

Kinetic Studies The dissociation rate of NO from At pH 5.0, the first-order rate constant for NO release by
recombinant and insect-derived nitrophorin | was determined nitrophorin | is reduced 3 orders of magnitude while the
at pH 8.3 by monitoring the spectral changes that occur upondissociation constant is reduced only 10-fold. Therefore, the
NO release. To obtain these rates, the protein was firstvalue obtained for the association rate constant ¢(6.10°
loaded with NO at pH 5.0, where binding is more stable, M~1s™1) is 100 times lower than at pH 8.3 and even slower
and then rapidly diluted into a pH 8.3 solution using a than that for sperm whale myoglobin. Thus, both binding
stopped-flow device. NO release was then monitored at 404and release of NO to nitrophorin | are apparently hindered
nm. Both the insect-derived and recombinant nitrophorin | under acidic conditions, possibly due to a pH-dependent
displayed a biphasic increase Aao. (Figure 5), indicating conformational change in the protein.
the presence of two first-order dissociation rate constants Crystallization of Nitrophorin I. Three crystal forms of
that differ by~10-fold (listed as “fast” and “slow” in Table  nitrophorin | have been obtained: (1) hexagonal rod-shaped
3; the fast dissociation accounted for approximately 90% of crystals of the insect-derived protein, (2) needle-shaped
the observed spectral change). The fast-phase NO releaserystals of the recombinant protein, and (3) a monoclinic
rate constants are slightly slower than those for ferric whale plate form of the recombinant protein. A hexagonal rod-
and elephant myoglobins, which are 14 and 4% sespec- shaped crystal measuring approximately .0.1 x 0.05
tively (Sharma et al., 1987). mm diffracted 6 3 A and displayed unit cell parameters of

The release rate for NO at pH 5.0 was also measured fora = b = 80.1 A,c = 64.0 A,a = 8 = 90.0°, andy =
the recombinant protein by dilution under anaerobic condi- 120.0. These parameters are consistent with a hexagonal

In (Normalized 0.D.)
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with the crystals. The occurrence of these disulfide bonds
is most likely the reason reductant is required for successful
renaturation of the recombinant protein.

Conclusions. Studies on the novel nitric oxide binding
protein nitrophorin | have been hampered by the difficulty
in obtaining large amounts &. prolixussalivary gland tissue
as a source of the protein. The development of a heterolo-
gous expression system has allowed the initiation of detailed
structural and mechanistic studies designed to elucidate the
means by which nitrophorin I is able to function as a NO
transport protein while other heme proteins are poisoned by
FiGURE 6: Monoclinic crystals of nitrophorin I. The largest the gas. Toward this end, we have presented here detailed
dimension is about 1 mm. information concerning binding of NO by nitrophorin I, the
space group containing one molecule of protein per asym- effect of pH on this binding, and crystals that should lead to
metric unit (molecular mass 20 378 Da) and a solvent contenta high-resolution structure of the protein.
of about 50% (Matthews, 1968). The monoclinic crystals
grow to 1 mm across, diffract beyond 1.8 A nominal ACKNOWLEDGMENT
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andf = 99.5. These parameters are consistent with tWo Feyereisen for the use of the lambda-19 spectrophotometer.
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