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ABSTRACT. The D1A mutant of recombinant NP2 has been prepared and shown to have the expression
initiation methionine-0 cleaved during expressiorEincoli, as is the case for recombinant NP4, where
Ala is the first amino acid for the recombinant protein as well as for the mature native protein. The heme
substituenttH NMR chemical shifts of NP2-D1A and those of its imidazddemethylimidazole, and
cyanide complexes are rather different from those of NP2-MOD1. This difference is likely due to the
much smaller size of the N-terminal amino acid (A) of NP2-D1A, which allows the formation of the
closed loop form of this protein, as it does for NP4 (Weichsel, A., Andersen, J. F., Roberts, S. A., and
Montfort, W. R. (2000)Nature Struct. Biol. 7551-554). The ratio of the two hemin rotational isomers

A andB is different for the two proteins, and the rate at which &@® ratio reaches equilibrium is
strikingly different (NP2-MOD1t;/, for heme rotation~2 h, NP2-D1At;», ~43 h). This difference is
consistent with the high stability of the closed loop form of the NP2-D1A protein and infrequent opening
of the loops that could allow heme to at least partially exit the binding pocket in order to rotate about its
o,y-mesoaxis. Consistent with this, the rates of histamine binding and release to/from NP2-D1A are
significantly slower than those for NP2-MOD1 at pH 7.5. This work suggests that care must be taken in
interpreting data obtained from proteins that carry the expression-initiation MO.

The nitrophorins (nitro= NO?, phorin = carrier) are a  ferriheme Fe centel(3—5). Upon injection into the tissues
group of NO-carrying heme proteins found in the saliva of of the victim, NO dissociates, diffuses through the tissues
at least two species of blood-sucking insed&hodnius to the nearby capillaries to cause vasodilation, and thereby
prolixus the kissing bug, which has four such proteins in allows more blood to be transported to the site of the wound.
the adult insect—5) and at least three additional nitro- At the same time, histamine, whose role is to cause swelling,
phorins in earlier stages of developme6t 7), and Cimex itching, and initiating the immune response, is released by
lectularius the bedbug, which has only one nitrophorin mast cells and platelets of the victim. In the case of the
protein @, 9). These interesting heme proteins sequester nitric Rhodniugproteins, this histamine binds to the heme Fe sites
oxide that is produced by a nitric oxide synthase (NOS) of the nitrophorins, hence preventing the victim’s detection

present in the cells of the salivary glands that is similar to of the insect for a period of time, which allows it to obtain
vertebrate constituitive NO3.0—12). NO is kept stable for 3 sufficient blood meali(3).

long periods of time by binding it as an axial ligand to a TheRhodniugproteins of the adult insect, which have been

named NP*4 in order of their abundances in the insect
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HL54826. saliva, have been investigated by a number of techniques
* To whom correspondence should be addressed. Tel: (520) 621- (1, 3, 14—30), including spectroelectrochemistr§4, 16—
8645. Fax: (520) 626-9300. E-mail: awalker@u.arizona.edu. 18), infrared (L4), resonance Ramai), NMR (14, 17, 19—

1 Abbreviations: NP, nitrophorin; NO, nitric oxide; NMR, nuclear . .
magnetic resonance; EPR, electron paramagnetic resonance; nP221), EPR (, 14, 22), and Mcssbauer Z3) spectroscopies,
MOD1, recombinant NP2 with the expression-initiation methionine and stopped-flow photometryi §, 24), and the solid-state

present before the first amino acid (aspartic acid-1) in the native protein; i
NP2-D1A, recombinant NP2 with the first amino acid of the native structures of more than one I|gand complex of Nip4, 25)’

protein replaced by alanine, which allows removal of Met-0 during NP2 @6) (Weichsel, A., Berry, R. E_-v Zhang, H., Walker,
expression of the recombinant protein; SNARitrosoN-acetylo,L- F. A., and Montfort, W. R., unpublished work), and NP4

penicillamine; ImH, imidazole; Hm, histamineA and B heme (27—32) have been determined by X-ray crystallography.

orientations, defined by looking down on the heme with H59(57) behind . : :
the heme, and the substituents on the periphery of the heme areThe structures are unique for heme proteins, in that the heme

numbered clockwise for isomek from 1-methyl to 8-methyl, with IS located at the open end of an 8-strangelarrel of the
the propionates at positions 6 and 7, and counterclockwise for isomer lipocalin fold (8, 33), rather than in the more commonly

B, as shown in Scheme 4; SHE, standard hydrogen electisde,0 _hali i _ _hali
mV when the fugacity of bi— 1 and the activity of H — 1: Hm, observed largely-helical globin 34—38) or 4-helix bundle

histamine; ImH, imidazole; NMelm, 1-methylimidazole; WEFT- (39—42) folds. The ferriheme molecule is bound to the
NOESY, water-eliminated Fourier transform-nuclear Overhauser ex- protein via a histidine ligand, and the sixth coordination site

change spectroscopy, a 2D homonuclear NMR experiment appropriatejg ayajlable to bind NO or other ligands. In the NO-off form
for samples with paramagnetic metal centers and hence Btdad

signals; HMQC, heteronuclear multiple quantum coherence, a 2D N itro, either water or ammonia, depending on buffer type,
heteronuclear NMR experiment; PDB, Protein Databank. is bound to the sixth site2g, 27).
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Scheme 1
Immature sequences of nitrophorins

Native sequences of mature nitrophorins (underlined)

N-termini of nitrophorins expressed in E. coli

NP4 immature MKDYTSLLAV AILCLFGGVN ..dACTKNAI AQTGFNKDKY
NP4 native ACTKNAI AQTGFNKDKY
NP4 (as expressed in E. coli) ACTEKNAI AQTGFNKDKY
NP1l immature MKSYTALLAV AILCLFAAVG VSGKCTKNAL AQTGFNKDKY
NP1l native KCTKNAL AQTGFNKDKY
NP1-MOK1l (as expressed in E. coli) M:KCTKNAL AQTGFNKDKY
NP2 immature MELYTALLAV TILCLTSTMG VSG:DCSTNIS PKQGLDKAKY
NP2 native DCSTNIS PEKQGLDKAKY
NP2-D1A (as expressed in E. coli) ACSTNIS PKQGLDKAKY
NP2-MOD1 (as expressed in E. coli) MDCSTNIS PKQGLDKAKY
NP2 -GSHMOD1 GSEMEDCSTNIS PKQGLDKAKY
NP3 immature MEPYSALLAV TILCLTSTMG VSGEDCSTNIS PKKGLDKAKY
Np3 native DCSTNIS PKKGLDKAKY
NP3-MOD1 (as expressed in E. coli) MDCSTNIS PKKGLDKAKY

In vivo, the gene for each of the nitrophorins encodes the off when the gene for NP2-D1A was expressedEincoli.
protein including a presequence that targets it for export, As presented in this work, we have characterized NP2-D1A
which is cleaved as the protein matures in the cells of the and its ligand complexes by optical and NMR spectroscopy,
salivary glands of the insect (Scheme 1). For NP4, the first mass spectrometery, spectroelectrochemistry, measurement
amino acid of the mature protein is alanine, whereas for NP1, of ligand binding constants, the kinetics of heme rotation,
it is lysine, and for NP2 and NP3 it is aspartic acid (Scheme and histamine binding and release. We find that although
1) (3—5). Since the report of the first structure of recombinant the reduction potentials of the mutant protein in the absence
NP4-NO @7), it has been known that binding of NO to this and presence of axial ligands are very similar to those of
protein induces closure of the entrance to the distal hemethe wild type protein with the Met-O present, the NMR
pocket, where hydrogen bonds are formed between the sidespectra of the ferriheme mutant protein in the absence and
chains of the A-B and G—-H loops, as shown in Figure 1. presence of axial ligands are rather different, as are the
The N-terminal amino group of Ala-1 also participates in equilibrium ratios of the two heme orientation isoméys
the hydrogen-bonding network that creates the closed loopand B, and the rates of their interconversion are very
conformation of NP4-NO 27—30). However, NP4 is the  different. The rate of histamine release from NP2-M0OD1 and
only recombinant nitrophorin for which the start codon NP2-D1A are also very different. The similarities and
methionine of the truncated gene that encodes the maturedifferences between the recombinant protein NP2-MOD1 and
form of the protein is cleaved as the protein matureg.in  its mutants NP2-D1A and NP2-GSHMOD1 (prepared for a
coli (27—29). Therefore, we wondered what the effect of different purpose and used in this study as a possible partial
the Met-0 of recombinant NP2, hereafter denoted NP2- model of the uncleavedVIELYTALLAVTILCLTST-

MOD1, might be on the ability of the AB and G-H loops MGVSG leader sequence of the immature protein) (in
to close upon binding of nitric oxide and other ligands. We Scheme 1, note that the NP2 sequences discussed in this work
thus prepared the D1A mutant of NP2. As reported earlier are boxed) and the implications for the behavior of native
for NP4 27—29), we found that the Met-O was processed unprocessed and processed NP2 proteins are discussed. It is
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phosphate buffer with 100 mM NacCl) before titration with
heme (dissolved in dimethylsulfoxide) and further purified
by size exclusion chromatography (at pH 5.0 with 200 mM
sodium acetate buffer with 100 mM NacCl). NP2-M0D1 and
NP2-D1A were stored in lyophilized form at80 °C until
use. The mutant protein was preliminarily characterized by
mass spectrometry (MALDITOF).

The recombinant protein NP2-GSHMOD1, which was
prepared by a method designed for efficient isotopic labeling
of the protein for use in 3D structure determination by NMR
spectroscopy, to be discussed elsewhere (Filippov, I., and
Walker, F. A., unpublished work), was expressed as inclusion
bodies and renatured by an oxidative refolding methi3). (
Purification of the apoprotein employed its kitag that was
subsequently removed by thrombin proteolytic cleavage to
leave the uncleaved non-native N-terminus residues GSHM;
because of the disulfide bond involving Cys-2, shorter non-
native fragments did not permit thrombin proteolytic cleavage
of the His tag. Hemin was then titrated into this apoprotein,
and the holoprotein was purified as described above.

NMR Sample PreparatioNMR samples were prepared
as -4 mM solutions of the protein in D containing 30
mM phosphate buffer at pH 7.0 (uncorrected for the
deuterium isotope effect). To obtain the low-spin complexes,
the high-spin NP protein was titrated with the desired ligand
(cyanide N-methylimidazole (NMelm), or imidazole (ImH))
until the proton NMR signals in the B0 ppm region had

Fisure 1: (Top) Ribbon drawing of the NP4-NO structure (pdb just disappeared. _Concomitantly, these sigr_1a|s were r_eplaced
1ERX). The loops that move on NO binding (loop-B, residues by much sharper signals 'r_‘ the-300 ppm region. Especially
31-37, and loop G-H, residues 125132) are colored red, the  for the cyanide complex; it has been found to be extremely
heme is blue (stick representation), the disulfide bonds are yellow, important not to add any more ligand than necessary to cause
and the |itg%grn;\lQrggp&ef;mmgusrgiztf iznsde;end é??#eatf:)d St_iucskt the disappearance of the high-spin resonances, and in fact,
represen . - o : :
berlzore the first disulfide bond. (Bottom) Hydrogen bonding ir?,tl!le less than a stoichiometric amount of cyanlde. was foupd to
mobile loops of NP4. (a) View of the distal pocket in NP4-NO. De necessary for EPR measurements to avoid formation of
(b) View of the N-terminus of NP4-NO. some of the bis-cyanide complex, which had lost its protein-
provided histidine ligand 21). At ambient temperatures,
NMR samples of the cyanide complex were prepared by
adding no more than one equivalent of potassium cyanide
to NP2-D1A at pH 7.0. The binding constant of cyanide to
NP2 and its mutants studied herein is too large to measure,
EXPERIMENTAL PROCEDURES meaning thaky < 1 nM, and thus the concentration of OH
i ) L and HCN produced by hydrolysis of KCN at pH 7.0 was

_Protein Preparation and Characterization of the Recom- 1 - thus. 30 mM phosphate buffer at pH 7.0 is more
binant ProtelnsCIonlng and expression plasmids use_d Were - sufficient to maintain the pH of the NMR sample of
those reported previoushl{, 26). The Asp— Ala site- he cyanide complex
directed mutant gene was prepared according to standarc} y N
genetic engineering methods using the gene encoding the NMR Data CollectionNMR spectra were collected over
wild type NP2 sequence beginning with Asp-1 cloned into (e temperature range 25 to 3Z with the proton chemical
the pET24a expression vector (Novagen). The NP2- shifts referenced to reS|du§I water. WEFT-NOESY and
GSHMOD1 construct was prepared using the gene encodingHMQC spectra were obtained on a Bruker DRX-500
the wild type NP2 sequence cloned into the pET28a SPectrometer operating at 500.03 MHz proton Larmor
expression vector (Novagen) immediately downstream of the frequency and a Bruker DRX-600 spectrometer operating
Hiss-tag containing the thrombin proteolytic cleavage site. at 600.13 MHz. The'H-*C HMQC experiments were
The recombinant proteins NP2-MOD1 and NP2-D1A were recorded usig a 5 mminverse-detection probe with decou-
expressed and purified as described previoukly 24—26) pling during acquisition. A recycle time of 200 ms and a
with the following alterations. All Tris-based buffers where refocusing time of 2.5 ms)(= 200) were used. The WEFT-
substituted with 100 mM sodium phosphate buffers at pH NOESY experiments utilized a 140 ms relaxation delay and
7.5 to eliminate trace ligands found to be present when using130-150 ms recovery delay. The mixing time for the
Tris buffers. The isolated apoprotein was first purified by NOESY experiments was 82 ms. All 2D spectra were
size exclusion chromatography (using a HighPrep 26/60 collected with 1024 or 2048 data points jrand with 256~
Sephacryl S-100 column at pH 7.5 with 100 mM sodium 512 blocks in 1 with 400—-512 scans/block.

found that heme orientation kinetics and thermodynamics,
measured by NMR spectroscopy, are useful monitors of
protein conformational dynamics of nitrophorins.
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Investigation of thed/B Heme Equilibration of NP2-D1A,  insure full complexation of both oxidation states. [Ox] and
NP2MOD1, and NP2GSHMOD1 The NP2-D1A mutantand  [Red] are calculated from the optical spectra using Beer’'s
NP2-MOD1 proteins, prepared with the standard procedureslaw, and fit to the Nernst equation using the nonliner-least-
described above and lyophilized and storee-20 °C, were squares fitting algorithm in the software Origin.
used for this investigation. Th&:B ratio was measured from The shift of the F#/Fe' reduction potential when a ligand
1D NMR spectra by integrating resonances of each hemelL is bound to the iron is a measure of the ratio of the-Ee
orientation that did not overlap with other resonances. For dissociation constants for the two oxidation states because
NP2-MOD1 and NP2-GSHMOD1, thé&\:B heme ratio the Nernst equation (eq 2) can be rewritten as follows:
reached equilibrium within abou6é h following heme
addition, whereas for NP2-D1A, approach to theB E°. — E° = —(RTInF) In (K4'/K ") 2)
equilibrium ratio was very slow. The first spectrum of NP2-

D1A was obtained after the sample had been equilibrated atwhereE®¢ is the measured potential for the nitrophorin fully
room temperature for 30 min. Half of this sample was used complexed to the ligand L in both oxidation states is the

to prepare three low-spin complexes with GNmH, or measured potential for the nitrophorin in the absence of L,
NMelm added (denoted #1), and the NMR spectra of these andKd" andK" are the dissociation constants for ligand L
fresh samples were recorded. The other half of the high- from the Fe(lll) and Fe(ll) states of the complex, respectively.
spin sample and the newly prepared low-spin complexes #1 Ligand Dissociation Constant Measurements for the Fe-
were kept at room temperature for 4 days, and then the NMR (1) Complexes These measurements were carried out by
spectra were recorded again (denoted #2). After recording@dding aliquots of the chosen axial ligand to.2@ solutions
the high-spin spectrum (#2), this sample was split into three Of the air-stable Fe(lll) nitrophorin and recording the optical
parts, and the same axial ligands were added to this partiallyspectra from 300 to 700 nm. Because of the high ligand
equilibrated sample of the high-spin complex. NMR spectra affinities, even under these dilute solution conditions, a
of the resulting low-spin complexes (now denoted #2) were Significant fraction of the added ligand was bound, and
recorded immediately. Thé:B ratios were checked in these therefore a mutually depleting model 46) was used to
low-spin #2 and #1 complexes after another 3 and then ananalyze the data

additional 4 days (11 in all). "

SpectroelectrochemistriMethods used for spectroelec- ANAAG = (P + L+ Ky 7)I(2P) —

trochemical measurements have been described elsewhere {[(P,+ L, +K d'”)2 — (4|_tpt)]°-5} I(2P) (3)
(14, 16—18). Reduction potentials of NP2-MO0OD1 and its NO,
imidazole, and histamine complexes have been reported atwhereAA is the change in absorbance at a given wavelength
pH 5.5 and 7.5 16). For the NP2-D1A mutant, protein  for a specific total ligand concentration, AAna is the
solutions (~100 u«M) for electrochemical studies were change in absorbance of the fully complexed species at the
prepared as described previousiyt,(16—18) in 100 mM same wavelength (determined by extrapolati®nijs the total
phosphate buffer at pH 5.5 and 7.5 by using 1 mM methyl protein concentration, arky"" (= 1/K¢"") is the dissociation
viologen (Aldrich) and 0.2 mM Ru(NkJsCls (Aldrich) as constant (units of fM-mM) for ligand L from the Fe(lll)
electrochemical mediators, except for the measurements inprotein. Nitric oxide dissociation constant measurements
the presence of imidazole (Aldrich) and histamine (Aldrich), were performed using aliquots of a 2@ solution of
which required the more negative potential electrochemical SnitrosoN-acetylo,L-penicillamine (SNAP, at 98% purity,
mediator, 1-methyl-4,4bipyridium (prepared as described obtained from World Precision Instruments) in ultrapure
by Yamaguchi et al.44)), to be used instead of the dimethyl ~water (18 n§2) containing EDTA (5QuM) prepared freshly
analogue typically called methyl viologen. Electrochemical on the day of use. The protein solutions were prepared in
titrations were carried out using the same instrumentation degassed buffer containing CuCk1 mM, Aldrich) and
and the same type of Ag/AgCl reference electrod@@5 titrated anaerobically with SNAP, a fairly stable compound
mV vs SHE), as described previously( 16-18). Ina series  that decomposes stoichiometrically and rapidly in the pres-
of steps, the potential was set at a chosen vélgfor a ence of Cu(l) to generate NO and a disulfide product,
period of 5-10 min until the optical spectrum did not change allowing a much more accurate titration than that from
further with time. The optical spectrum was then recorded working with gaseous NOA4({).
and saved, a new potential,,was set, and the process was  Kinetics of Histamine Binding and Releaséethods used
repeated, and so forth. The temperature of the measurementfor stopped-flow measurements have been described else-
was 27+ 1 °C. The data were analyzed in terms of the where, and rate constants for binding and release of NO and
Nernst equation, which describes the effect of applied histamine to/from the ferric form of NP2-MOD1 have been
potential on the ratio of the concentrations of oxidized and reported at pH 5 and 8.6). Stopped-flow measurements of
reduced forms of the complex and the standard reduction histamine (Hm) binding were performed on an Olis Stopped-
potential,E° Flow RSM 1000 instrument. Protein solutionsg M) in

100 mM phosphate buffer at pH 7.5 were rapidly mixed with

Eapp= E° + 2.303RTnF)log([Ox]/[Red]) (1)  an equal volume of the same buffer containing various

concentrations of histamine. Using the Olis software, the
where Eqpp is the applied potentialE® is the reduction absorbance changes were fit with a single exponential to
potential determined from these data, and [Ox] and [Red] obtain the observed rated constarksin s at different
are the equilibrium concentrations of the protein in the Fe- histamine concentrations (2 to 4@/) for a large number
(1) and Fe(ll) states, respectively, in the presence of either of repeated measurements. According to the histamine
no ligand or a high enough concentration of ligand L to binding reaction described in Scheme 2, plottiag against
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Scheme 2 1.1-
Foon 1 0.85-
1.0 1 ‘
NP + Hm NP"Hm 1
0.9
Kogr 1 0.75
0.8 - !
Scheme 3 < 0.7 1 | o070
koy K ' ‘ “ 0.65-

NP"-Hm + NO NP + Hm + NO NP'NO + Hm

Kon 400 -300 -200 -100 0

histamine concentration will give a slope kf, (second-

order rate constant for histamine binding in~Ms™) 03 4t+————— : —
according to the equation 350 400 450 500 550 600
Wavelength (nm)
Kons = Kon [HM] + Kyt ) FIGURE 2: Spectroelectrochemical titration of the NO complex of
NP2-D1A at pH 7.5 at 27C. The fit of the data to eq 1 is shown
where [Hm] is the histamine concentration, dad is the in the inset.

reverse rate constant (or dissociation rate constant). However, . . .
the dissociation rate constant determined by this experiment"’,IS It dogs for .NP418)’ which natura!ly has alanine as the
for systems with very large binding constants<d/ = K" first amino acid of the'mature protein. .

= ko/korr) @re unreliable. Rather, the dissociation rate constant Speptroelect.rochemlca'l Studies of N'P2-D1¥k=.dgct|on

(kort) for the release of histamine from the-Hdm complex p_otentlals_ are important in the m_echanlsm of_actlo_n of the
was determined independently by measuring the rate of theirophorins because these proteins are stabilized in the Fe-
displacement reaction by NO. Protein solutiong (M) in (1) state, in distinction to most other heme proteins, wh|ch
100 mM phosphate buffer at pH 5.5 and 7.5 were titrated are qutoreduced to Fe(ll) by any excess NO present in the
with histamine until fully complexed~20 M), then rapidly solution @8). The NO binding constants for the Fe(lll)

i %
mixed in a cuvette with an equal volume of the same buffer, Protein are a factor of £6-10" smaller than those for the
degassed with argon, and saturated with NE.9 mM). Fe(ll) protein at the pH of the tissues into which the insect

The displacement reaction was followed at 417 nm using aspits its saliva{7.5) (16). The corresponding dissociation

11 i
Perkin-Elmer UV/vis Lambda 19 spectrophotometer. The CONStantsd" are in the one to tens of nM rangeg, and

displacement reaction shown in Scheme 3 can be describeahe !nsect s thus lable to have' this NO released .to aid in
by the following equation wherks is the observed first- dilating the capillaries near the site of the wound. This would
not be the case if the Fe(HNO complex were the stable

. NO oxidation stateK4" ~tens to hundreds of fM1, 18)). Thus,
Kobs = Kori/[1 + (ko[HMIK™[NO])] ®) any stabilization of the Fe(lll) over the Fe(ll) state (as

) _ ) ) measured by a negative shift of the'#Eée' reduction
order displacement rate constarikq is the histamine  hniential) is important in allowing the insect to obtain a better
dissociation rate constark, is the bimolecular rate constant 509 meal, and conversely, any destabilization of the Fe-

for histamine binding (eq 4), [Hm] is the histamine concen- (y)) state (positive shift of the F&/Fe! reduction potential)
tration,kN? is the bimolecular rate constant for NO binding, o.1d prevent the insect from being able to remain long

and [NO] is nitric oxideNcooncentration. In this experiment, anough at the site of the bite to obtain a sufficient blood
[Hm] < [NO]J(kon[HMJ/K™I[NO] ~ 0.01; thus, histamine  mea| Because Met-0 is not present in the mature form of
displacement is the rate-determining step, and eq 5 simplifiesihe native NP2 protein, any difference in the''fee!

t0 kobs = kott. The measurements were repeated a number of oy ction potential between NP2-MOD1 and NP2-D1A must
times and averaged. Binding constants determined by equi-pe determined and its effects understood.

librium titration were compared to those calculated from the Figure 2 shows an example of a spectroelectrochemical
kinetic data (at pH 7.5) vvjth very good agreement. Calculated tjtration of the NO complex of NP2-D1A at pH 7.5. As can
kon values were determined from the measukegvalues e seen, the overlapped spectra have good isosbestic points,
and the binding constants to give somewhat less preciseyn the absorbance change at any wavelength can be fit well
values at pH 5.5. Th&, values for NP2-MOD1 at pH 5.5 4 the Nernst equation (eq 1) for a 1-electron reduction with
and 7.5 were of magnitudes similar to those previously gnE° of —20 mv (&2 mV vs SHE). The spectral changes
reported at pH 5 and 816). during the titration are identical to those observed for wild
type recombinant NP2 (-MOD1) published earli#6), and
RESULTS AND DISCUSSION thus the D1A mutation does not cause any change in the
Mass Spectrometryi.he masses of the molecular ions of optical spectra compared to those observed for NP2-MOD1.
NP2-M0OD1 and NP2-D1A, 20,053 and 19,878 amu, respec- The Fé¢!/Fe' reduction potentials of the D1A mutant in the
tively, were exactly as calculated. The mass of the D1A absence and presence of enough added axial ligand (NO,
mutant is 175 amu less than that of NP2-MOD1, a combina- histamine, imidazole) to completely form the NP2-D1A(L)
tion of the loss of Met-0 and the change of Asp-1 to Ala-1. complexes are summarized in Table 1, together with the data
ThuskE. coliis capable of cleaving Met-0 for this NP2 mutant already reported for wild type recombinant NP2-M0OD1 and
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Table 1: Reduction Potentials and Binding Constants of NP2 and NP2-D1A and Their Complexes at pH 5.5 and 7.5 Measuf&d at 27

protein L E°(5.5) E°(7.5) Kd"(5.5) K4"(5.5) K" (7.5) Kd"(7.5) ref
NP2-M0D1 HO —287+5 —310+5 a
NO 494+ 3 8+ 3 b b 5.0+ 1.0nM 25+ 5fM ad Tye
Hm —410+£3  —47445 250+ 50 nM 32+ 6uM 10+ 2nM 6.3+ 1.3uM de
ImH —423+ 3 —454+4 2 3.2+ 0.6uM 630+ 130uM 40+ 8 nM 10+ 2uM €
NP2-GSHMOD1 HO —360+5 Twe
NO —-15+3 b b 4.0+ 0.8nM 6.3+ 1.3fM Twe
Hm —451+ 3 1604 30 nM — 10£2nM 320+ 60 nM TWe
ImH —436+ 2 630+ 130uM - 63+ 13 nivr 1.3+ 0.3uM TW¢
NP2-D1A HO —318+2 —325+4 TWe
NO 48+ 2 —-20+2 b b 5.0+ 1.0nM 40+ 8 fM TWe
Hm —408+ 2 —440+ 3 250+ 50 nM 10+ 2 uM 10+ 4 nM 1.0+ 0.4uM Twe¢
ImH —400+4  —453+3 2.0+ 0.4uM 50+ 10uM 404+ 8 nM 5.0+ 1.0uM TwWe
NMelm 27+ 10 nM TWe
aFrom refl14. P Too small to measuré. TW = this work. 9 From ref16. € From ref18.
0.50+ Scheme 4
0.5 E ,
; Ile-120 Leu-132 " Ile-120
< 045 o /' x Leu-132
0.4 0.40 <
< 0.35-
0.31 |
- - u 5 /II
72 Leuw-122 / | 2 -
0.2 V. - /L" Leu-122 H._:J
oy " o e’
0.1 Ligand planc angle = 145° Ligand planc angle = 125°
, A B
L) 1 ) T T
350 400 450 500 550 600

utilized to calculate the values &' from eq 2, which are
also included in this Table. (In the Supporting Information,
Table S1, the corresponding formation constants and values
of log K" and logK{" (= pK4" and K4'') are given in units
of log Mt for the benefit of those who prefer this
its same ligand complexes at pH 5.5 and 718, (16, 18), presentation of the results.) As can be seen, the dissociation
and those measured in this work for the mutant NP2- constants for the Fe(lll) complexes are very similar or within
GSHMOD1 at pH 7.5. As can be seen, the NP2-D1A experimental error for NP2-MOD1, NP2-GSHMOD1, and the
mutation has only very minor effects on the "Fee! NP2-D1A mutant. Nevertheless, because of the small dif-
reduction potentials of the protein in the absence of addedferences in th&® values for the NP2-D1A mutant (relative
ligands and in the presence of each of the three ligandsto NP2-M0D1) and larger differences for NP2-GSHMO0D1,
studied. The NP2-GSHMOD1 construct has more significant the calculated lod4" values are slightly different. This is
differences in F&/F€e' reduction potential, most notably, a most apparent for the histamine and imidazole complexes
significantly more negative reduction potential without added for the D1A mutant, where we see that the Fe(Il) complexes
ligand. The presence of the uncleaved residues at theare slightly more stable at both pH 5.5 and 7.5; thus, the
N-terminus (GSHM) in this case stabilizes the ferric state D1A mutation stabilizes the histamine and imidazole com-
because of the proximity of these residues at the entrance tgplexes of the Fe(ll) form. However, this is not the physi-
the heme binding pocket, where it is possible that the ologically relevant oxidation state of this protein or the one
histidine of the GSHM extension may interact by H-bonding that would be present in the tissues when the platelets and
to one of the heme carboxylates that protrudes from the mast cells of the victim of the bite begin to secrete histamine.
mouth of the heme binding pocket (Figure 1 top). Thus, this increase in complex stability probably has no
Ligand Binding ConstantsAs reported previously1g), significant effect on the physiological mechanism of action
it is convenient to measure the ligand dissociation constantsof NP2-D1A.
of the Fe(lll) protein,K4", and then use eq 2 and the NMR Spectroscopyrhe NMR spectra of both high-spin
reduction potential for the ligand-bound complex to calculate and low-spin complexes of NP2-M0OD1 and NP2-D1A differ
the binding constant for the Fe(ll) proteily", because of ~ markedly, both in the ratio of heme orientational isomers
the oxygen sensitivity of the Fe(ll) protein, and, in the case A:B (Scheme 4) and also in the pattern of shifts observed,
of L = NO, the extreme stability of the Fe(HNO complex. and hence in the H57 imidazole plane orientation for high-
An example of the data obtained for NQ"" measurement  spin NP2, and both axial ligand plane orientations for low-
at pH 7.5 is shown in Figure 3. The results of the dissociation spin NP2. Figure 4A and B shows the 1B NMR spectra
constant measurements for NP2-D1A complexes are sum-of high-spin NP2-MOD1 and NP2-D1A, recorded at pH 7.0
marized in Table 1, where the values K§" and E°; are at 25°C, which had each been equilibrated for several hours.

Wavelength (nm)

FiGure 3: Spectrophotometric titration of NP2-D1A with NO at
pH 7.5 and 27C. The fit of the data to eq 3 is shown in the inset.
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Ficure 4: (A) NMR spectra of the high-spin form of NP2-M0OD1
at pH 7.5 and 25C as compared to (B) that of NP2-D1A under
the same conditions. (C) WEFT-NOESY spectrum of the high-
spin form of NP2-D1A, showing the NOEs for propionate and vinyl
groups within each vinyl and to the heme methyl groups, and from
methyls 5 and 8 to propionates 6 and 7, respectively, and from
methyls 1 and 3 to vinyl$ 2 and 4, respectively. Note that
assignments to isomers andB are marked below the peaks for
NP2-D1A, and methyls, propionates, and vinyls are labeled M, 6H
7Ha, 2Ha, and 4Hy for both isomers above the peaks.

Supporting Information, Figure S1 shows a comparison of
the 1D'H NMR spectra of high-spin NP2-M0OD1 and NP2-
GSHMODL1 recorded at 30C at 600 MHz after 1 day’s
equilibration in 90% HO and 10% DO, where it can be
seen that although the chemical shifts are slightly different,

Berry et al.

Table 2: Proton Chemical Shifts (ppm) of the High-Spin Form of
NP2-D1A as Compared to NP2-MOD1 at 26, pH 7.0

NP2-D1A A:B=1:2F NP2-MOD1 A:B=1:8)
chemical shift, ppm chemical shift, ppm

A B A B
1Me 59.4 58.1 (55.8F 58.8
3Me 53.3 48.2 £53pc  49.9
5Me 68.9 65.1 6738 64.P
8Me 68.9 64.7 684 64.1
2Ha - 46.5 44.%
2HpB - —6.2,—7.3 —4.8,—7.9
4Ha - 33.6 34.0
4HpB - —12.8,—14.1 -9.8,—13.2
6Ho 46.5,25.9 39.2,28.0 41.2,32.1
6Hp 2.7,—¢ 2.7,—de
THa 41.0,27.1 44.9,25.9 50.6, 28.4
THB 31 3.5—¢ 3.1,—de
average Me 62.6 59.0 ~61.22 59.p
spreadA 15.6 16.9 158 14.@

aRatio at the time the spectrum was recordellleasured at 25C
(20). ¢ Tentative assignment2@). ¢ Measured at 20C (19). ¢ Could
not be assigned.

spectrum of the high-spin complex itself, as shown in Figure
4B and C. The assignments are summarized in Table 2. From
these assignments and the plot of expected heme methyl shift
versus angle of the H57 imidazole plar®9) (Supporting
Information, Figure S2), which is based on the effect of that
imidazole plane on the orientation of theorbital of the
heme that is involved in spin delocalization from the high-
spin Fe(lll) center to the porphyrin ring, as well as the much
smaller effect of the pseudocontact shift, which is determined
by the orientation of the heme magnetic ax&8, £0), it is
possible to estimate the orientation of that ligand plane for
the two isomers as 185or A and 136 for B. Those same
values were found to be slightly larger,137 for A and
exactly 138 for B of NP2-M0OD1 Q). (It should be noted
that because the chemical shifts of 5Me and 8Me are co-
incident forA of NP2-D1A andB of NP2-M0OD1, we know
that the angle is 135in both cases because at this angle,
the 5Me and 8Me lines of Supporting Information Figure
S2 cross each other. And if the chemical shift of 5Me is
greater than 8Me, as is the case Bof NP2-D1A, but the
reverse folA of NP2-MOD1, then the angle is less than 135
for the former, and greater than X36r the latter.) Although

the pattern of heme resonances is extremely similar for thethe differences are small, they are measureable and lead to

two proteins and that th&:B heme orientation ratio is also
very similar for the two.

Thus, the 1D'*H NMR spectra of NP2-M0OD1 and NP2-
GSHMOD1 (Supporting Information, Figure S1) are ex-
tremely similar, whereas that of NP2-D1A is markedly
different (Figure 4B as compared to 4A). Furthermore, NP2-
D1A readjusts itsA:B heme orientation ratio very slowly.
And because it does not show any changeshemical shifts
with time, the changes ipeak intensitiegprovide a good
opportunity for studying both isomers in the same protein

somewhat different chemical shifts for the NP2-D1A mutant
protein (Table 2).

The 1D, WEFT-NOESY, and HMQC spectra of the
NMelm complex of NP2-D1A at pH 7.0 and the tempera-
tures listed are shown in Figure 5. Both and B heme
orientational isomers are observed, and the resonances of
both can be assigned, except foeses-H of the A isomer.

The ligand N-Me resonances observed at 16.0 and 16.5 ppm
clearly show that thé:B ratio (Scheme 4) is approximately
1:3 for this complex at this point in time. On the basis of

environment. Using saturation transfer techniques and thethese well-separated N-Me resonances for the NP2-D1A

assignment of the low-spin NMelm complek and B
isomers discussed below, as we have shown previoliSJy (

complex, we can conclude that the two N-Me, 6,7 Cahd
other resonances observed for the NMelm complex of NP2-

it is possible to assign the heme methyl resonances of theM0D1 reported previouslyl®) were due to the presence of

high-spin NP2-D1A complex (not shown), which are labeled
in Figure 4A. The 6,7-propionates and 2,4-vinyl groups of
both theA andB heme rotational isomers of the high-spin

the two heme orientational isomers, in an approximate ratio
of 1:3. At the time of publication of that work, we did not
realize that thé\:B ratio changed as a function of both axial

complex (Scheme 4) can be assigned from a NOESY ligand and time. The assignments are presented in Table 3.
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Ficure 5: WEFT-NOESY and HMQC spectra of the NMelm complex of NP2-D1A at pH 7.0 and 32 afi@,2&spectively. The spectra
were recorded at 500 MHz. Note that assignments to isohersdB are marked below the peaks for NP2-D1A, and methyls, propionates,
and vinyls are labeled M, 64 7Ha, 2Ha, and 4Hx for both isomers above the peaks in the 1D spectra. As can be seen, two methyl
resonances of isomé (3 and 8M) and three methyl resonances of isoBgiM, 3M, and 5M) are resolved outside the diamagnetic
envelope. In the WEFT-NOESY spectrum, the cross-peaks faB tisemer between 3M anahesea, between 2ld. andmeseo, between

1M and 2Hx, and between 2& and 2H3 are marked. In the HMQC spectrum, the proton chemical shifts of the methyl groups buried in
the diamagnetic envelope, 1M and 5M of isordeand 8M of isomeiB, the two 6Hx of isomerA, as well as the two 6Bland 7Hp for

both A andB isomers are marked.

Table 3: NP2-D1A-NMelm Comple¥H Heme Assignments in
D,O at pH 7.0, as Compared to Those of NP2-MOD1-NMelm, at

the Listed Temperatures

NP2-D1A-NMelm

NP2-MOD1-NMelri®

(A:B=1:2y (A:B=1:3f
chemical shift, ppm chemical shift, ppm

A H (32) B H (32°) B H (25°)
N-Me 16.5(16.8)  16.0 (16.4) 16.1
M -0.2 13.6 13.8
3M 26.6 13.8 134
5M 1.1 15.0 15.4
8M 14.8 1.65 1.0
2Ha 12.0 22.6 229
2HpB —5.4,—-4.3 -5.3,-5.3 —-5.6,—5.7
4Ha 10.6 6.4 6.1
4HpB 1.2,0.9 1.2,0.8 1.0,0.4
6Ha 12.9,12.1 13.0,13.5 13.8,12.5
6HpB -2.1,-0.9 —2.0,—0.6 —-0.9,—24
THo 9.7,5.1 8.7,4.4 8.0,4.1
THB —2.4,-2.9 —-25,-3.1 -3.0,—3.7
mesea 2.1 -1.5
mesep 7.3 6.7
mesey —2.7 -31 —3.8
mesed 7.5 9.9 9.5

2Measured at 28C. ° Taken from ref19 with corrections to the
2-vinyl shifts. ¢ Ratio at the time the spectrum was recorded, not at
thermodynamic equilibrium.

Using these assignments at 32 and the plot of the relative

the plane of the axial ligand(s49, 50) shown in Supporting
Information Figure S3, the nodal plane (orientation of the
exogenous NMelm plane) appears to be 1582 for the

B isomer of NP2-D1A, as compared to 2G8r theB isomer

of NP2-MOD1 (9). (It should be noted that because the 3Me
resonance crosses the 5Me and 1Me resonances at the angles
158.5 and 162, respectively (Supporting Information,
Figure S3), it is possible to be quite precise about the ligand
orientation in this region of the plot; the same would not be
true at other angles.) Thus, the histidine and exogenous
imidazole planes of th® rotational isomer are similarly
oriented but are not exactly the same for the NMelm
complexes of the two proteins.

In like manner, the 1D and 2D NMR spectra of NP2-D1A-
ImH (A:B ratio 1:2 at this point in time (Scheme 4)) were
investigated by WEFT-NOESY and HMQC spectroscopy,
as shown in Supporting Information Figure S4. The chemical
shifts of the A and B isomers are listed in Supporting
Information Table S2. For these complexes, the average
nodal plane of the 3a{ orbital involved in spin delocal-
ization (found for NP2-MOD1-ImH to be the average angle
of the H57 and exogenous ImH pland®)) appears to be
~151-15% for the B rotational isomer, as compared to
149.6 from the crystal structure of thB rotational isomer
of NP2-D1A-ImH (PDB file 2ASN) (Weichsel, A., Berry,

R. E., Zhang, H., Walker, F. A., and Montfort, W. R.,

heme methyl resonances as a function of the orientation ofunpublished work), and-110-118 for the A rotational
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isomer, a larger range because the resonances are widelwild type recombinant protein and the GSHMOD1 mutant
spaced and far from crossover points (Supporting Informa- protein. After axial ligand addition, a new equilibrium
tion, Figure S3). The calculated average nodal plane anglecondition (equilibra 1) is reached after some time. (This time
for the A isomer based on the crystal structure (wherehe to reach equilibrium depends on a number of factors
isomer was actually not detected) is expected to be 220.4 including the concentration of ligand, its binding constant,
Taking the NMelm and ImH ligand complexes together, we and the heme dissociation rate for the protein.)

conclude from the NMR data that the heme seating is slightly
different for theA andB heme orientational isomers of both
complexes of NP2-M0OD1 and NP2-D1A.

NMR Studies of the Rate of NP2-D1A Ferriheme A:B Ratio
Equilibration. The two isomersA andB, Scheme 4) have
different NMR spectra because of (a) different protohemin
orientations (2-vinyl/3-methyl, 1-methyl/4-vinyl, and their
interactions with different protein side chains in the two  If Kgg(L) = Kga(L), thenR.s(L) = [PB:L)/[PA:L] = Rus
isomers) and a possible difference in hemin seating for the becauseKqg(L)/Kaa(L) = Rus/Ris(L) at equilibrium, but if
two, (b) axial ligand orientation(s)17, 19), and (c) heme R (L) # Rus, then Kgg(L) = Kaa(L). This allows us to
ruffling (21). According to all of the crystal structures of explain different ratios for different low-spin complexes, and
NP1 (14, 25), NP4 28—32), and NP2 26) (Weichsel, A., shows thaR can be used as an indicator of the difference in
Berry, R. E., Zhang, H., Walker, F. A., and Montfort, W. binding affinity of hemin for theA and B isomers of the
R., unpublished work), the H59 (H57) imidazole plane of nitrophorins. In general, we have found that for NP1 and
both A and B isomers is oriented close to 13%om the NP4,R s(L) ~ Rys (varying from 1 to 2, thu&gs(L) ~ Kga-
N;-Fe-Ny axis, measured in the direction of the-Re-N;, (L)) (20, 21), whereas for NP2-MOD1R s(L) < Rys is
axis. If the heme is simply turned over, then an angleof observed for some ligands (varying from 8 to 4 for NP2-
135 — A would becomepg = 135+ A, all other things MOD1, thusKgg(L) > Kga(L)) (20); as we will show below,
being equal. Likewise, the bound exogenous ligand is for NP2-D1A,R s(L) > Rys (thusKgg(L) < Kga(L) for NP2-
expected (to first order) to be oriented the same, independeniD1A).
of heme rotational orientation, and thus the average imidazole A freshly prepared sample of NP2 will in theory start with
nodal plane angle is expected to be the same, all other thingsa pre-equilibriumA:B ratio of 1:1 before equilibrating to
being equal. But we see deviations from these predictedthe most stable ratio. Because it takes some time to purify
angles that indicate a small difference in hemin seating for the nitrophorin (after hemin is added to the apoprotein) before
the A andB isomers. measurements can be performed on the sample, we do not

A difference in ferriheme center structure for tAeand observe this initialtp) pre-equilibriumA:B (statistical) ratio.

B (Scheme 4) isomers means first of all that we should expectFor NP2-MOD1 (high spin), the equilibration of tAeB ratio
different physical/chemical properties such as (1)) i~ is so rapid (on the order of just a few hours) that only the
reduction potentials for theA and B isomers and (2) final equilibrated ratio (1:8) is normally observed (even
exogenous ligand binding constants. (1) For the case'®f Fe though the purification is done at lower temperatures). To
Fe' reduction potentials for thed and B isomers, this observe the pre-equilibriud:B ratio, hemin must be titrated
difference is expected to be small and difficult to detect, as into the purified apoprotein so that it is possible to quickly
reported some years ago for tAeandB isomers of bovine  observe the ratios; nevertheless, it is not usually possible to
liver microsomal cytochromdss, where the extrapolated obtain the NMR spectrum until about 30 min after hemin
difference inE° for 100%A and 100%B was calculated to  addition, and by this time, NP2-MOD1 has already equili-
be 27+ 4 mV (51). Such a small contribution from the minor  brated significantly to a ratio of1:4 or more (equilibrium
isomer of NP2-MOD1 €11% A), with small difference in ratio 1:8); the same is true of NP2-GSHMOD1. This is not
reduction potential, would be very difficult to observe. (2) the case for NP2-D1A, which does not reach its equilibrium
For the case of ligand dissociation constants, a very small A:B ratio for many days, and thus pre-equilibridaB ratios
contribution from the minor isomer could explain why we can be (and are) observed.

do not observe a second binding curve, or in the extreme, A freshly prepared sample of NP2-D1A (after heme
the dissociation constant might be so different that it is not addition, purification via FPLC, concentration, and@®
observed over the ligand titration range. To determine what exchange, all at 4C) had anA:B ratio of 1:1.8. After 4
difference in ligand binding we should observe, let us days at RT, the ratio was1:5; after 1 month at 4C, the
consider that there is an equilibrium between ghandB ratio Rys was 1:7.6; and after 3 months, the sample had
isomers in the high-spin proteins that depends on the hemeapparently reached the equilibrivtnB ratio of 1:14 7%
center structure and is characterized by an equilibrium A). With an exogenous ligand bound to produce low-spin
constanKys = Rys = [PB]/[PA], where [RA] and [PB] are NP2-D1A(L), the equilibration rates are even slower because
the equilibrium concentrations of isomeisand B inside of the very small remaining concentration of the high-spin
the heme cavity of the protein (equilibria Kis = Rys thus complex (eq 6), and in some cases, W& ratio was
depends on the relative stabilities of the two isomers in the kinetically trapped 4ide infra). These simple experiments,
heme binding cavity. High-spin NP2-M0D1, NP2-GSHMO0D1, using 1D*H NMR spectroscopy to estimate ti#eB ratio

1l 1
PAL = L +PA =PB+L = PBL ©6)
Ka(L) Kus 1/Ka5(L)
1 Nt

P + AB = free hemin = hemin-L and hemin-L,
(if appreciable excess L is present)

and NP2-D1A have equilibrated hemiB ratios of 1:8, as a measure of protein equilibration in the high- and low-
1:8, and 1:14, respectively (thuBy,s = 8, 8, and 14, spin complexes, are not as precise as the measurement of
respectively). The differenRys values show that thd rate constants by stopped-flow kinetics, for example, but they

isomer is even more stable for the D1A mutant than for the can nevertheless provide some useful qualitative kinetic data.
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Table 4: A:B Ratio for Low-Spin Forms of NP2-D1A as a
Function of Time

NP2-D1A: ImH CN NMelm

#1 #2 #1 #2 #1 #2
fresh 1:1.8 1:1.8 1:1.7
4 days 1:36 1144 1:1.8 153 1:1.7 1.5
7 days 1:45 1.7 1:1.6 1.6 1:2 1:5
11 days 1:8 1:11 1116 17 1:1.9 1:4.8
equilibrium  ~1:22 ~1:23 too slow to determine

(The error in estimating thA:B ratio by NMR integrations
is probably aboutt2—3% in most cases, but could be as
high as £5% when the intensities of the two are very
different.) For the high-spin sample of NP2-D1A discussed
above, fitting the estimated:B ratios (as mole fraction of
A) at RT to a simple first-order decay to the equilibrium
ratio of 1:14, we obtain a half-life of about 43 h or 1.8 days.
Half of the fresh sample of high-spin NP2-D1A prepared
above (with a measured pre-equilibrivinB ratio of 1:1.8)

Biochemistry, Vol. 46, No. 23, 2006839

making it possible for théd and B forms to continue to
exchange and approach equilibrium. Binding of an exogenous
ligand to the hemin provides a significant kinetic barrier to
heme rotation because strong ligand binding contributes
significantly to holoprotein stabilization. (A significattG
would be associated with removing heraied ligand from
the protein pocket to enable heme rotation.) It is therefore
reasonable to assume that tihe and B forms cannot
exchange as low-spin complexes on a relevant time scale.
Thus in the presence of a sufficiently high concentration
of ligand, such that the concentration of high-spin ferriheme
protein is effectively zero, thA:B ratio will be kinetically
trapped at whatever ratio was present before ligand was
added or whatever ratio to which it was driven by pre-
equilibrium kinetics (if the ligand association rate for one
of the isomers were significantly greater). The time required
for the low-spin compleXA:B ratio to reach equilibrium thus
depends on the high-spin complex equilibration rate and will
therefore strongly depend on ligand concentration and the

was used to prepare three exogenous ligand-bound (imida-dissociation constant for the ligand (because these will dictate

zole, cyanide, antl-methylimidazole) low-spin samples, for
which the pre-equilibriumA:B ratios were measured at

the high-spin complex concentration).
The dissociation constant for CNrom NP2-D1A is too

different time intervals (samples hereafter denoted as #1).small to measure, with estimat&g'' (CN) < 3 nM, whereas

Table 4 summarizes the pre-equilibrium low-spin he/iB
ratios for NP2-D1A-L as a function of time. In the prepara-

it is larger for NMelm K4"(NMelm) = 27 nM, Table 1)
and ImH K{"(ImH) = 40 nM, Table 1). Thus, it is clear

tion of the low-spin hemin complexes, only a small excess that the behavior of samples #1 and #2 of Table 4 does not

of each ligand was used (except for cyanide, for which it

depend on the size &" (L) but rather on thexact ligand

was important not to add any more ligand than necessary toconcentratiorin each sample. For a low-spin sample to reach

observe the disappearance of the high-spin hémiNMR
signals, in order to avoid formation of some of the bis-

equilibrium, there must be insufficient ligand concentration
to cause the ratio to be trapped but not so little that there is

cyanide complex outside the heme binding pocket; absencedetectable high-spin complex present such that the ratio does

of the bis-cyanide complexygax= 3.75 as compared mhax
= 3.35-3.45 for the histidine-cyanide ligand combination
(21) at very low temperatures, whergq" values are

not reflect the true low-spin equilibrated ratio. This appears
to be the case for imidazole-bound low-spin samples in Table
4, in which the concentration of high-spin complex is not

extremely small for both complexes was confirmed by EPR observable in the NMR spectrum, but the herirand B

spectroscopy). The NP2-D1A(CN) NMR spectra and as-

signments for this part of the work are shown in Supporting
Information Figure S5 and Table S3, respectively.

forms still exchange on a reasonable time scale (if not
somewhat slower than the high-spin complex, with a half-
life of 4—5 days) until they reach equilibrium. In the

The other half of the above discussed high-spin sample preparation of the low-spin samples for NMR study, it is

with A:B = 1:1.8 was allowed to equilibrate for 4 days at

difficult to produce exactly the same ligand concentration

room temperature before preparing the same low-spin each time when a ratio of NP:L very close to 1:1 is desired,;

complexes and measuring their pre-equilibridnB ratios
at different time intervals (columns marked #2 in Table 4)
starting from a different initiah\:B ratio. The pre-equilibrium
A:B ratios, column #1, for the ligan8ll-methylimidazole
(NMelm) do not change significantly over the 11 days of

for large equilibrium constants, small differences in the
concentration of free ligand will strongly affect the rate of
A:B interconversion. Thus the half-life for each column of
Table 4 differs (not shown), although the final equilibrated
ratio is the same for both columns. The imidazole and

the experiment. Rather, they remain constant at about 1:1.8,cyanide complexes of NP2-D1A equilibrate (by extrapola-

and likewise, the ratios in column #2 do not change
significantly from their initial ratio on day 4~1:5). Clearly,

tion) to a finalA:B ratio of about 1:22 and 1:23, respectively.
This represents a relatively small difference in the equilib-

the equilibration rate in the presence of a small excess of rium concentratiorof A from that observed for the high spin

NMelm is extremely slow so that effectively the heriirB
ratio is kinetically trapped at a non-equilibrium value by the

form (1:14), and thus the ligand binding constants toAhe
andB isomers appear to be similar, although there is probably

ligand (at the ligand concentration used for these samples).a significant error in these estimates of equilibrium ratios.
For cyanide, the case appears to be the same, with the ratidn the case of these two ligands, the midorsomer would

in column #1 remaining effectively constant at the initial
A:B ratio (about 1:1.8). But for the sample of column #2,

not be observable in the ligand binding titrations discussed
above. For imidazoleR s(L) ~ 22), the calculated dissocia-

although it started at a ratio of about 1:5, the sample thention constant is about 40% larger for tAeisomer than for

continued to equilibrate slowly (half-life 6£14 days). This

is likely due to the presence of a slightly less than
stoichiometric amount of cyanide in this particular sample,
which would result in a small amount of high-spin NP2-

D1A being present, which would allow an escape route,

the majorB isomer, a value close to the experimental error
for measuring thé{"" values by equilibrium spectrophoto-
metric titration (Table 1).

Thus, the rate of heme reorientation, measured by NMR
spectroscopy, provides an excellent means of monitoring the
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openness of the mouth of the heme pocket and the dynamics 809 N-Terminus x
of the loops that form that mouth of the nitrophorins. 704 Methionine *

Histamine Binding and Release Kinetics Measurements.
As discussed above, different equilibration constants for the

X XX

60

A andB forms must result in different ligand kinetics for ~ 504
the two forms (sinceK¢" = koi/kon), and because the 2 0l
exchange rate between formAsandB is slow with respect 8 x N-Terminus Alanine
to the measured ligand on/off kinetics, two independently 301 x (Methionine cleaved)
observable rate constants should existifarandk. If the 204

contribution from theA form is observable (sufficient relative

. . . 104
concentration and not too large or too small a difference in

rate constant), then the observed kinetic data will only be 0 5 10 15 20 25 30 35 40 45
fit with two exponentials; in other words it should be [Hm] (nM)
biphasic. For the histamine kinetics measured in this work 0.32

for NP2-MOD1 and NP2-D1A, we could not observe a 031
second phase distinguishable from the noise. At equilibrium,
NP2-M0OD1 and NP2-D1A havA:B ratios of 1:8 and 1:14,
respectively (at pH 7.5 without added ligand). Thus, ideally <029
we expect contributions of 11% and 7% from thésomer, 0.28
for NP2-MOD1 and NP2-D1A, respectively. We can only
assume that at the conditions we used to measure the
histamine rate constants there was not sufficient difference
between the rates for the two isomers to be able to distinguish

the small contribution from the minor isoform of NP2 (form ; " e pA 0 100 120
A). Thus, the contribution from th& form of NP2-MOD1 Time (s)

and NP2-D1A (for our preparat|0n§ and at_the_pH used) WaS ficure 6: Example of stopped-flow kinetics measurements on the
very small and was not observed in our kinetics or equilib- pistamine complex of NP2-D1Ax) and NP2-MOD1 ¢) at pH
rium titration measurements. Previously reported kinetics for 7.5. (Top) Plot ofkys values obtained from first-order fits of a
the nitrophorins at different pH values observed biphasic humber of histamine binding reactions at various histamine

kinetics, but for NP2-MOD1, the contribution from the second concentrations, fit with a straight line to obtd, from the slope.
’ . ’ (Bottom) Plot of absorbance change with time of a histamine
phase was quite small ).

o ) ) displacement reaction, fit with a first-order decay (with associated
An example of the stopped-flow kinetics of histamine residuals shown) to obtaikys.

binding and release is shown in Figure 6, where histamine
dissociation from NP2-MOD1 and NP2-D1A at pH 7.5 can Table 5: Histamine Stopped-Flow Kinetics Measurement Résults

N-Terminus Alanine
(Methionine cleaved)

N-Terminus
Methionine

Residuals
§99 =)
SRR

each be fit with a single exponential, and histamine binding NP2-MOD1 NP2-D1A
rates at various r_nstamlne concentrations can be plotted to DH 5.5kor (5 1) 0.163% 0.011 0105 0,011
yield a straight line. The histamine kinetics results sum- log kon (log M~1573) 584 0.2 564018
marized in Table 5 clearly show that NP2-D1A releases pH 7.5ky (s 0.056+ 0.003 0.01% 0.001
histamine ko) a factor of 1.6 more slowly than NP2-M0D1 log kon (log M~1s7%) 6.65+0.01 6.25+ 0.01

at pH 5.5, and a factor of 5 more slowly at pH 7.5, where 'lg%K(fr'l"Ngog M) 81-gi (2)-1 ﬁ-gi 2-1
hl_staml_ne would_ be present at the site of the insect bite. kinel:ic logK" (log M) 790+ 0.03 8.19+ 0.04
Histamine also binds to NP2-D1A4) a factor of 1.6 more =109 (Kor/Kofr)

slowly at pH 5.5 and a factor of 2.5 more slowly at pH 7.5.  kineticK4" (nM) 12.6+0.9 6.5+ 0.6

The histamine dissociation constarttg)(for NP2-M0D1 and 2 All values were measured (at 2€) in this work, except (a) the

NP2-D1A determined by ligand equilibrium titration were ko, value at pH 5.5 that was calculated from thg value andKg'"

the same (within the experimental error for those experi- from Table 1. (b) Kinetically determined" or K4'' values were
ments, Table 1), but the dissociation constants obtained fromc@lculated fromksn/kon at pH 7.5.

the kinetics experiments (froniK¢" = koi/kon) Ccan be

determined with much smaller experimental error and are the region between residue D1 and theB\loop (L28-Y38),
thereby able to reveal that the histamine complex of NP2- with that loop in a conformation that leaves D31 completely
D1A is slightly more stable (factor of2) than that of NP2-  hidden, for example, whereas the latest structure of NP2-
MOD1. The slower on-and-off kinetics observed for hista- D1A of the ammonia complex (PDB file 2EURP2,2;2 space
mine with NP2-D1A as compared to NP2-MOD1 are group) shows the protein with a closed loop with different
consistent with the slower kinetics observed for heme leaving residues (D31-V34) prominently displayed, as shown in
and entering the pocket. It is thus likely that the-B loop Figure 7, middle. This loop conformation of NP2-D1A(KH
(the protein loop between the A and@Bstrands) is able to  is not the same as that of NP4(NO), as shown in Figure 7,
close over the heme binding pocket when the N-terminal bottom @7, 28). (There is no hydrogen bond between the
methionine is not present to hinder it, as is the case for NP4- N-terminal amino group and the glutamate (E32) in theBA

NO (27, 28), and that this slows passage of both heme and loop of NP2-D1A because in NP2, that residue is an aspartate
ligands in and out of the pocket. Consistent with this, the (D31), and the side chain is too short to form the H bond.)
structure of NP2-M0D1 (PDB file 1IEUOP4,2,2 space Nevertheless, it is clear that the opening to the heme pocket
group), shown in Figure 7, top, has the bulky Met-0 blocking is similarly closed compared to that of NP4(NO) and
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significantly more closed than that of NP2-M0OD1, which
would clearly slow the passage of constituents (hemin,
histamine, and possibly also NO) in and out of the heme
pocket.

Implications of the Slow A/B Kinetics of NP2-D1A.
Because none of the native nitrophorin proteins found in the
R. prolixus salivary gland has an N-terminal methionine
(because the mature proteins are produced by proteolysis of
a leader sequence (Scheme 1)), the mixture of proteins
produced in the cells of the salivary glands, bound to heme
and then to NO, and stored there for up to a month between
feedings 8, 4), will likely be trapped with non-equilibrium
A:B ratios. This is because all four of the nitrophorins should
be able to make the closed loop form seen in the crystal
structures of NP4-NO2y7, 28), Figure 1la and b, and the
ammonia complex of NP2-D1A, Figure 7 middle, for which
we find that the NP2-D1A mutant has much slower kinetics
of heme rotation and histamine binding and release than the
recombinant protein containing the Met-0 and an equilibrium
A:B ratio different from 1:1 (native mature NP2 and probably
NP3 as well, although we have not investigated the rates of
heme rotation for NP3). Because of the similarity of NP2-
MOD1 and NP2-GSHMOD1 with regard to their equilibrium
properties K", F€''/Fe' reduction potentials, and heminB
equilibrium ratios) and the rate &f:B equilibration, we can
conclude that the presence of MO has the same or similar
effect as the presence of a longer N-terminal peptide such
as GSHMO, and likely is similar to the unprocessed native
NP2 containing the leader sequence that targets the protein
for export, in that in all of these cases, the N-terminal
aspartate group is blocked by a bulky residue or residues
from helping to stabilize the closed loop form of the protein
(Figure 7, top). Thus, NP2-D1A has given us our first look
at the equilibriumA:B ratio expected for the mature protein
and the time required to reach it, and the rate of heme
reorientation in NP2-D1A as compared to NP2-MOD1
provides an excellent means of monitoring the openness of
the mouth of the heme pocket. NP4, the only nitrophorin
that has an alanine as the first amino acid of the mature native
protein, when expressed i coli has MO cleaved naturally
by enzymes available in the cells of that organism. Unfor-
tunately, NP4 is rather temperamental with respect to
remaining monomeric in solutio®®) (Berry, R. E., Shokhire-
va, T. Kh., and Walker, F. A., unpublished work); among
the NMR spectra of high-spin NP4 recorded over the past
several years, we have noted some variatioiiB ratio,
although we have not investigated this systematically.
However, on the basis of our findings for NP2-D1A, we can
expect that the rate is slow for NP4 as well.

The observed equilibriurA:B ratio for recombinant NP1
FIGURE 7: Space filled surface representations of the mouth of the (With its MOK1 amino acid sequence intact) is close to 1:1
heme pocket. (Top) NP2-MOD1 (PDB 1EUO). (Middle) NP2-D1A for all of its complexes (1.1:1 for NP1-CN by NMR
(PDB 2EU7). (Bottom) NP4 (PDB 1KOI). For NP2-MOD1, the  spectroscopy 41)), but that for NP4 (without Met-0) is
MO side chain takes up quite a bit of space and prevents thB A ¢y mewhat different~2:1 for NP4-CN by NMR spectros-
and G-H loops from closing at the mouth of the heme pocket. As .
evidence of this, the residues at the back of the distal pocket, 1120 copy @1)); in contrast, those for NP2-MOD1(L) and NP3-

and L132, can be seen clearly in the NP2-MOD1 structure, whereasMOD1(L) are quite different from 1:1. The kinetics of NO
in NP2-D1A 1120, it is barely seen, and L132 cannot be seen. As release measured earliet6f (on samples most probably

is also evident, NP2-D1A has quite different side chains protruding gready at the equilibriumd:B heme rotational isomer ratio)

at the front of the heme binding pocket compared to those from : ; ; ;
NP2-MOD1. NP2-D1A and NP4 both have smaller and similar sized V€' © observed to be biphasic for all four of the nitrophorins,

openings compared to the heme binding pocket. The difference in SU9gesting to us a differencelig; for each of the two hemin
surface residues between this closed loop structure of NP2-D1A rotational isomers. The ratio of fast/slow phases (as deter-
and NP4 is also evident (different protein sequences). mined from the % of NO released by the fast phadé) (s
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similar in each case to the equilibrium ratio BfA (50:50

= 1:1 for NP1 (1.1:1 by NMRZ0, 21)), 39:61~ 1:1.56 for
NP4 (1:2 by NMR R0, 21)), 96:4= 24:1 for NP2-M0D1
(8:1 for high-spin 20) and 4:1 for the cyanide complex by
NMR (21)), and 80:20= 4:1 for NP3 (4:1 for the high-spin
complex by NMR 20)). Thus, assuming that tH& isomer
has the faster NO release kinetics (although the opposite
might in principle be true for NP1 and NP4), the differences
in equilibriumA:B ratio and rates of NO release for each of
the isomers of each of the nitrophorins provide kinetic data
that are probably not representative of the nitrophorins in
the salivary glands of the insect, where the proteins are likely
kinetically trapped by NO binding, with non-equilibriutnB
hemin ratios. This non-equilibrium ratio of hemin orientations
likely leads to a different NO time-release profile than
suggested by the kinetics measuredronitro samples with
equilibriumA:B ratios. Because recombinant NP1 and NP3
as produced in this and the Montfort laboratories also both
contain the MO from expression initiation, mutants such as
NP1-K1A and NP3-D1A should be prepared and investigated
by the techniques used in this study. Then the kinetics of
NO and histamine binding and release of all four nitrophor-
ins, both samples freshly reconstituted with hemin, and with
fully equilibratedA:B ratio should be measured and com-
pared. Only then will it be possible to make conclusions as
to the physiological consequences of kinetic trapping of non-
equilibrium hemin ratio on the profiles for release of NO
and binding of histamine by the physiological mixture of
the four nitrophorins.
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