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ABSTRACT. Nitrophorins (NPs) are a class of NO-transporting and histamine-sequesteringipeateins

that occur in the saliva of the bloodsucking ins&ttodnius prolixusA detailed study of the newly
described member, NP7, is presented herein. NO association constants foK{{{O)] reveal a
drastic change when the pH is varied from 5.5 (reflecting the insect’s saliva) to slightly above plasma pH
(7.5) >1® M1 — 4.0 x 10° M), thus, the protein promotes the storage of NO in the insect’s saliva
and its release inside the victim’'s tissues. In contrast to the other nitrophorins; AlRistamine
sequestering cannot be accomplished in vivo due to the low binding conlsigiitigtamine)] of 16 M1
compared to the histamine concentration ef1D x 107° M in the blood. A major part of this study
deals with the N-terminug|eu-Pro-Gly-Glu-Cy%of NP7, which is not found in NP24. Since NP7 has

not been isolated from the insects but was recognized in a cDNA library instead, the N-terminal site of
signal peptidase cleavage upon protein secretion was predicted by the progranrPJAndersen, J. F.,
Gudderra, N. P., Francischetti, I. M. B., Valenzuela, J. G., and Ribeiro, J. M. C. (Bd@zhemistry 43
6987-6994]. In marked contrast to wild-type NP7, NRZA(3) exhibits a very high NO affinity at pH

7.5 ﬂ(L'g(NO) ~ 10° M™1], suggesting that the release of NO in the plasma cannot efficiently be
accomplished by the truncated form. Comparison of the reduction potentials of both constructs by
spectroelectrochemistry revealed an average increa$@&ofmV for various distal ligands bound to the
heme iron when thélLeu-Pro-Gly peptide was removed. Howevéll NMR and EPR spectroscopy
show that the electronic properties of the'Feofactor are similar in both wild-type NP7 and NRZA{-

3). Further, thermal denaturation that revealed a higher stability of wild-type NP7 compared to NP7-
(A1-3), in combination with a homology model based on the NP2 crystal structure Gns89 A),
suggests that interaction of thieeu-Pro-Gly peptide with the A-B and/or G-H loops is key for proper
protein function.

The “kissing bug'Rhodnius prolixuss an important vector  led to the careful investigation of the biology and physi-
of Chagas’ disease, one of the world’s most widespread lethalological processes involved in the vecterhost interaction.

diseases transmitted by bloodsucking insedis2). The The nitrophorins (NP8yepresent a group of NO-carrying
insect spreads the protozoa@rypanosoma cruzia parasite  heme proteins found in the saliva Bf prolixus(6), which
living in the insect’s gut, through defecation at the site of in its adult phase expresses at least four nitrophorins,
the bite @). A death toll of 15000 persons per year from designated NP4 in order of their decreasing abundance
this disease was reported in 2004 according to the World in the saliva of adult insectd (7). BeforeR. prolixusreaches
Health Organizatiof,and there are probably many more the adult phase, it develops through five instar nymphal
victims for whom the disease was not diagnosed. The stagesg). Two additional nitrophorins, designated NP5 and
overwhelming majority of infected persons (268 million NP6, have been detected mainly in the five instar nymphal
people) live in South and Central Americ),(but the disease  stages of insect developmes).(Nitrophorins are expressed
has, however, migrated as far north as the southern Unitedin the endothelial cells of the salivary gland where an
States, including California, Arizona, and Texas, which puts N-terminal signal sequence leads them to be secreted before
many more people at risk of infectiod,(5). This situation it is truncated. After the salivary glands are loaded with
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nitrophorins, a nitric oxide synthase (NOS) in the endothe- biological processes such as the assembly of coagulation
lium is turned on and charges the nitrophorin hdnoefactor complexes and the clearance of apoptotic cells by macroph-
with NO (9—11). The low pH of the saliva (56) (12 ages 40, 41). Thus, NP7 recognizes PS-bearing membrane
stabilizes the FE—NO complex (3). In contrast to other  surfaces as an indicator of activation and uses this as a means
heme proteins, e.g., myoglobin (Mb), which are reduced by of targeting the surfaces of activated platelets and degranu-
excess NOZ4), nitrophorins stabilize the Mestate by having lating mast cells. Once bound on an activated platelet, NP7
a number of carboxylates near the heme pocket (R. E. Berry,can release NO to inhibit platelet aggregation and act as an
M. N. Shokhirev, A. Y. W. Ho, H. Zhang, and F. A. Walker, anticoagulant by blocking coagulation factor binding sites.
manuscript to be submitted) and a ruffled heme geometry NO is highly reactive in a biological environmeni} ~
which is induced mainly by two Leu side chains that point 100 ms in blood42)] but is protected from oxidation when
toward the distal side of the hemd5j. This way, the bound to NPs16). Targeted delivery to activated surfaces
reduction potential is established at, for exampi803 mV at the point of feeding may enhance the activity of NP7 as
versus SHE at pH 7.5 for NP1 compared+0 mV versus  a platelet aggregation inhibitor by delivering NO in a
SHE for Mb (L6). This is important for nitrophorin function  protected form to its site of action and preventing its removal
because Fe-NO association constants are too large to allow from the feeding area by diffusion and blood flow.
sufficient NO releaseK;(NO) = 10:-104 M~1] (17). Although NP1-4 have been extensively studied and are
When the bloodsucker feeds on a victim, the insect pumps structurally well-characterized, it remains a matter of debate
the saliva in boluses with a mean frequency of 0.51 Hz into Why R. prolixususes a whole bundle of NPs instead of just
the victim through the saliva canal while pumping out the one, as seems to be the case wilimex lectularius(the
victim’s blood through the feeding canal at the same time bedbug) 43). In addition, it remains unclear why the six
(2, 12). The drastic pH change to that of the blood plasma life stages ofR. prolixus(five instar nymphs and the adult
(~7.4) induces a conformational change in the nitrophorin stage) use different expression patterns of NgPsTo answer
structure that decreases the NO affinity-2 orders of these questions, comparative investigations of all NPs are
magnitude and concomitantly leads, together with the large required. Furthermore, we want to understand the properties
dilution (estimated to be a factor of 100 in the tissues, but of NP7 as a unique NO delivery system to cell surfaces,
would be higher in the blood stream), to the release of NO. and thus, the characterization of NP7 properties in compari-
NO acts as a vasodilator and a platelet aggregation SO" to those of the established NPALis a necessary step.

inhibitor, both of which benefit the insect during feeding.
In addition, the imidazole group of histamine (Hm), which EXPERIMENTAL PROCEDURES
is released from mast cells at the site of the bite as animmune Materials. NP1 and NP2 were expressed and purified as
stimulus (8), binds to the open coordination site of the iron; previously described4d). S-NitrosoN-acetylp,L-penicil-
thus, R. prolixus nitrophorins act as histamine traps and |amine (SNAP) was bought from World Precision Instru-
contribute to the immune response suppressl@ during ments. NO gas (98.5%), methyl viologen dichloride hydrate,
the time of feeding (1830 min) @, 3). anthraquinone-2-sulfonic acid sodium salt, Rug\gls, and
NP1-4 have been investigated by a number of spectro- ferroceneacetic acid were from Sigma-Aldrichd(99.9%
scopic techniqueslp, 16, 20—27), spectroelectrochemistry D) and acetic acidh (99.5% D) were bought from Cam-
(1, 15, 16, 21, 28), and stopped-flow kinetic28—30), and bridge Isotope Laboratories, Inc.
the solid-state structures of several ligand complexes of NP1 Expression and Purification of wt NP7 and NRZ(—3).
(16, 31), NP2 82 A. Weichsel, R. E. Berry, F. A. Walker,  The proteins were expressed and reconstituted with the heme
and W. R. Montfort, manuscript to be submitted), and NP4 cofactor as previously described5j. The proteins were
(30, 33—35) have been determined by X-ray crystallography. judged by SDSPAGE to be~90% pure. Proteins were
The structures are unique for heme proteins, in that the hemesubjected to MALDI-TOF MS to confirm the correct
is located at the open end offabarrel @6), rather than in molecular masses, including an initial Met-0 residue in both
the more commonly observed largedyhelical globin or cases and accounting for two Cy8ys disulfides (calculated
four-helix bundle folds. The ferriheme prosthetic group is for [wt NP7 + H]* 20 969 Da, observed 20 966 Da; cal-
bound to the protein via a His ligand, leaving the sixth culated for [NP741—3) + H]* 20 702 Da, observed 20 698

coordination site available to bind NO or other ligands. Da). Proteins were stored frozen &R0 °C in 200 mM
Another nitrophorin (NP7) has recently been found in a NaGACHOAc and 10% (v/v) glycerol (pH 5.0) until use.
cDNA library generated from salivary glands of"\instar Measurement of Ligand Binding Constants for''Fe

nymphs 87, 38), but the protein has never been isolated from Complexes of the Nitrophorindssociation constants were
the insects. Of all th&R. prolixusNPs discovered, NP7 is  determined by titration experiments at 27 1 °C where
especially interesting since it was found to bind - absorption spectra where recorded between 325 and 800 nm
phosphatidyk-serine (PS) containing phospholipid mem- essentially as described previoustd). In the case of NO
branes which NP44 do not do 88, 39). In platelets and titrations, all solutions were purged with Ar and a SNAP
mast cells, the loss of membrane asymmetry, which leadssolution (20QuM in the presence of 50M Na,EDTA) was

to the display of PS on the outer surface, is rapid and tightly used as the NO source. To release NO from SNA®), (@
coupled with other activation events, making it a highly few crystals of CuCl were added to the Ar-purged buffer
reliable indicator of hemostatic activity and degranulation. solution and filtered. Protein samples were extensively
NP1—4 would, therefore, remain in solution, diffusing away dialyzed (NMWL, 12-14 kDa) against Ar-purged buffer.
from the feeding site while releasing NO over a larger area.  Spectroelectrochemical TitrationShese were carried out
Recognition of PS exposure by proteins is important in using the same instrumentation and the same reference
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electrode (Ag/AgCIE°® = —205 mV versus SHE) at 2% trators (NMWL, 10 kDa) (Millipore). Buffer was exchanged
1 °C as described previousiyL§, 28, 44). Protein samples  through extensive washing (10 times) with 30 mMNBROy/
were rendered essentially, @ee by dialysis (NMWL, 12~ acetic acidd, in D,O (pH* 5.5 or 7.0, respectively) in the
14 kDa) in Ar-purged buffer overnight. Methyl viologen, same ultrafiltration devices. NP1 and NP2 samples were
anthraquinone-2-sulfonic acid, and Ru(N&Cls (in the case prepared from lyophilizates as previously descrilbEs) 23,
where no ligand was added or histamine was bound) or 24, 27). NMR samples finally consisted of-2 mM protein
anthraquinone-2-sulfonic acid, Ru(MiCls, and ferrocene-  solutions. To obtain the low-spin complexes, protein samples
acetic acid (with NO bound which was added as SNAP) were were mixed with excess ImD/acetic aaigsolution in DO
used as electrochemical mediators at concentration00 of either pH* 5.5 or 7.0 (final concentration of 20 mM) prior
uM (16, 28). Measurements were performed with either no to ultrafiltration. NMR data were collected at 2& with
ligand or a sufficiently high concentration of ligand L to the chemical shift referenced to residual water on a Bruker
ensure full complexation of both oxidation states where DRX-500 spectrometer operating at a proton Larmor fre-
SNAP was used as the NO source. quency of 499.58 MHz.
Kinetics of NO Releas&amples ofvt NP7 or NP7A1— Structural Model of NP7Amino acid sequences dR.
3) (~10uM) in 100 MM MOPS/NaOH (pH 7.5) were loaded  prolixus NP1—4 were aligned with NP7 using d4cLE
with a slight excess of sodiunz)-1-(N,N-diethylamino)- version 3.8 (47). On the basis of this alignment, a homology
diazen-1-ium 1,2-diolate (DEA/NO). Excess DEA/NO (or model of NP7(G3-S182) was built using thev8ss-MoDEL
its decomposition products) was washed out using a Cen-servef (48, 49) and Deepview version 3.7 (50). The
tricon-10 (Millipore) ultrafiliration device. To observe kinet-  following X-ray structures were used as modeling tem-
ics, equal volumes of the protetNO complex and 10 MM plates: PDB entry 1T68 (NP2NO), PDB entry 1PEE
imidazole (ImH) dissolved in the same buffer as the protein (NP2—ImH), PDB entry 1IEUO (NP2H,0) (32), and PDB
were rapidly mixed using an Olis stopped-flow RSM 1000 entry 2A3F (NP2-H.,0). Upon superposition of the NP7
instrument equipped with a water bath-thermostated cuvettemodel structure with the NP2H,O crystal structure (PDB
holder which was adjusted to 251 °C. Absorption changes  entry 2A3F), the heme cofactor was manually inserted into
at 423 nm versus time were fitted with a single exponential the NP7 model and modified to 2,4-dimethyldeuteroporphy-
using QriGIN version 7.5 (OriginLab, Inc.). The measure- rin IX (symmetrical heme). Finally, the structure was
ments were repeated a number of times and averaged.  manually refined where the E®mMo96 implementation in
Thermal Stability.Protein samples~5 uM) in 30 mM DeepViEw was used for local energy minimization (200
NaH,POQJ/NaOH (pH 5.5) were placed in a quartz cuvette, cycles of steepest descents followed by 300 cycles of
and the cuvette was placed in a temperature adjustableconjugated gradients). The modeling result was evaluated
cuvette holder in a UV vis spectrophotometer. Temperatures by WHAT_CHeck® (51) and RRocHecK (52).
were adjusted by an external water bath between 20 and Dynamic Light ScatteringThe NMR samples of NP2
70 °C in steps of~5 °C. Temperatures were determined at |mH (~2 mM, pH* 7.0) andwt NP7—ImH (~2 mM, pH*
the cuvette holder and spectra recorded between 300 and 5) were aligned in the sample holder of a BI-2030AT laser
600 nm after the temperature was stable for 5 min. light scattering goniometer (Brookhaven Instruments Inc.,
EPR Spectroscopysamples for EPR spectroscopy were Holtsville, NY), 9C¢° to a 5 mW He/Ne laser (632.8 nm;
concentrated in Biomax ultrafiltration concentrators with a Melles-Griot Corp., Carlsbad, CA). The relative intensity of

NMWL of 10 kDa (Millipore). After the concentration  the Rayleigh scattering was plotted versus the logarithm of
reached~1 mM, buffer was exchanged in the concentrators the apparent hydrodynamic diameter.

with 50 mM MOPS/NaOH (pH 7.5). For the preparation of
the ferroheme NO complex, NP7 in 100 mM Na®/HOAC RESULTS

H 5.0) was first reduced by the addition of 10 mM _ . .
E\IpaQSzO‘l.) The protein was thez separated gsia 5 mL _ Amino Acid Sequ_ence of NP_IT(IP1—4 were prewogsly
HiTrap desalting column (Amersham Biosciences) in 100 |sollated frpm the saliva dR. prohxug and their N-terminal
mM NaCAdHOAC (pH 5.0). The protein fraction was briefly amino acid Sequences were obtalne_d through Edman deg-
subjected to excess NO gas and again separated with thé""dat'On (7)._Compar|son W'.th the coding DNA reveale_d the
HiTrap desalting column in 100 mM Na@/HOAG (pH 5.0). correspondlng S|gnal peptides that are cleaved during the
EPR spectra were recorded at 4.2 K on a Bruker ESP-300ESXPOIt Into the salivary gland lumes3). NP7, however,

EPR spectrometer operating at X-band, using a Systron-WaS_derived solely from a cDNA Iit_)rary, and the signal
Donner frequency counter to measure the microwave fre- PEPtide sequence was computed usingi&LP version 2.0

quency. Instrument settings included a microwave power of (38). From Fhese caI_cuIatiqns, N.P7 was predicted to contain
0.2 mW. a field modulation of 100 kHz. and a modulation three additional amino acid residuékeu-Pro-Gly, at the
amplitude of 4 G. ’ N-terminus, whereas NP4 are all cleaved one residue
NMR SpectroscopyFor the buffered NMR solution, b¢f°re Cys-2. An amino acid sequence ahgnme_nt of NP7
exchangeable protons in MO, and ImH were exchanged W'tg NPl—e;l Wa; per;qrmled “ds”.‘g Lhe MC"E V(Iars,lon 3.6
against deuterons by three solvaticneeze-dry cycles with WED server an dls f'shp ay?\l In .|gl|Jrfe ' nf ﬁlprgqem
D,0. The pH was then adjusted through titration with acetic comparative study of three N-terminal forms o 1€
acid-d, using a standard pH electrode,(®); therefore, the
buffers are not corrected for the deuterium effect (designated * hitp://phylogenomics.berkeley.edu/cgi-bin/muscle/input_muscle.
PH"). ™ pswissmodel /
wt NP7 and NP741-3) in 100 mM NaGAdHOAG (pH 5 http-//swissmodel expasy. org/spdbui.
5.0) were concentrated using Biomax ultrafiltration concen- ¢ http:/swissmodel.expasy.org/workspace/.
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10 20 30 40 50 60
NP1l : MKSYTALLAV AILCLFAAVG VSGKCTKNAL AQTGFNKDKY FNGDVWYVTD YLDLEPDDVP (37)
NP2 : MELYTALLAV TILCLTSTMG VSGDCSTNIS PKQGLDK&EE FSG-KWYVTH FLDKDP-QVT (35)
oy Ba | -AB-loop
NP3 : MEPYSALLAV TILCLTSTMG VSGDCSTNIS PKKGLDKAKY FSG-TWYVTH YLDKDP-QVT (35)
NP4 : MESYTSLLAV AILCLF--GG VNGACTKNAI AQTGFNKDKY FNGDVWYVTD YLDLEPDDVP (37)
NP7 : MELYTALLAV TILSPSSIVG LPGECSVNVI PKKNLDKAKF FSG-TWYETH YLDMDP-QAT (38)
oy Ba |AB-loop
70 80 * 90 100 110 120
NP1l : KRYCAALAAG TASGKLKEAL YHYDPKTQDT FYDVSELQEE SPG-KYTANF KKVEKNGNVK (96)
NP2 : DQYCSSFTPR ESDGTVKEAL YHYNANKKTS FYNIGEGKLE SSGLQYTAKY KTVDKKKAVL (95)
il P Bc Bo Pe Be’
NP3 : DPYCSSFTPK ESGGTVKEAL YHFNSKKKTS FYNIGEGKLG SSGVQYTAKY NTVDKKRKEI (95)
NP4 : KRYCAALAAG TASGKLKEAL YHYDPKTQDT FYDVSELQVE SLG-KYTANF KKVDKNGNVK (96)
NP7 : EKFCFSFAPR ESGGTVKEAL YHFNVDSKVS FYNTGTGPLE SNGAKYTAKF NTVDKKGKEI (98)
'| Bs Be Bo Be Be"
130 140 150 160 170 180
NP1l : VDVTSGNYYT FTVMYADDSS ALIHTCLHKG NKDLGDLYAV LNRNKDTNAG DKVKGAVTAA (156)
NP2 : KEADEKNSYT LTVLEADDSS ALVHICLREG SKDLGDLYTV LTHQKDAEPS AKVKSAVTQA (155)
Br Be |GH-loop|  Bx o
NP3 : EPADPKDSYT LTVLEADDSS ALVHICLREG PKDLGDLYTV LSHQKTGEPS ATVEKNAVAQA (155)
NP4 : VAVTAGNYYT FTVMYADDSS ALIHTCLHKG NKDLGDLYAV LNRNKDAAAG DKVKSAVSAA (156)
NP7 : KPADEKYSYT VTVIEAAKQS ALIHICLQED GKDIGDLYSV LNRNKNALPN KKIKKALNKV (158)
Br B | GH-1oo0p | B o
190 200 calculated pI:
NP1l : SLKFSDFIST KDNKCEYDNV SLKSLLTK (184) | 6.35
NP2 : GLQLSQFVGT KDLGCQYD-D QFTSL (179) | 6.11
as  Pu’ oy
NP3 : GLKLNDFVDT KTLSCTYD-D QFTSM (179) | 6.48
NP4 : TLEFSKFIST KENNCAYDND SLKSLLTK (184) | 6.35
NP7 : SLVLTKFVVT KDLDCKYD-D KFLSSWQK (185) | 9.21
a3 Pu’ Oy

Ficure 1: Amino acid sequence alignment Rf prolixusNP1 (Swiss-Prot entry Q26239), NP2 (Swiss-Prot entry Q26241), NP3 (Swiss-
Prot entry Q94733), NP4 (Swiss-Prot entry Q94734), and NP7 (TrEMBL entry Q6PQK?2). Signal sequences for secretion are colored gray.
The amino acid residue numbering at the end of each line is for the truncated forms throughout this article. The proximal His is indicated
with an asterisk. The secondary structure elementselices () andj3-sheets £), are given on the basis of the crystal structure of NP2

(PDB entry 1IEUO) 82) and the homology model of NP7 and were derived usiagi¥iew version 3.7 (this work; compare Figure 7). The
theoretical p values of the mature proteins (i.e., with truncated signal peptides), taking the two disulfides into account, were calculated at
http://www.expasy.ch/tools/pi_tool.html/.

Scheme 1: N-Terminal Amino Acid Sequences of Native
and RecombinanR. prolixus NP2, NP4, and NP7 and Their
N-Terminal Mutant®

56). In parallel, the signal peptides of NP4 were also
predicted as a benchmark for the accuracy of the method
for R. prolixusnitrophorins (Table 1). The neuronal network

native: NP2 DC...(2)* (D) (NN) approach of &NALP version 3.0 predicted the highest
NP4 AC...(2) @) probability with a sufficienD score b5) for the actual sites

recombinant: NP2 MDC. .. (2) (44) of NP1—-4. For NP1 and NP4, the correct cleavage site was
GSHM-NP2 :GSHMDC... (2) 44 also predicted by the hidden Markov model (HMM) ap-
NP2 (D1A) AC...(2) (49 proach; however, for NP2 and NP3, the HMM predicted the
NP4 : AC...(2) (39 maximum probability at different sites (Table 1 and Figure
wt NP7 :MLPGEC...(5)  this work 1). Furthermore, the probability of the presence of the
NP7 (A1-3) : MEC. .. (5) this work

) s _ cleavage sites was below the threshold of significard®Xg).
' aThe numbers_ in parentr_]eses r_efer to the positions of the last reS|dL'1es1_|owever for NP7, the signal peptidase cleavage site
displayed here in the amino acid sequences of the mature proteins ’ . ! . .
(compare to Figure 1). calculated previously with IBNALP version 2.0 §8) could

] be verified with good scoring by applying both the NN and

Met-NP2, NP2(D1A), and*Gly-Ser-His-Mef-NP2 (com- MM approaches (Table 1 and Figure 1). Overaiga.P
pare Figure 1 and Scheme 1), it was found that even smallyersion 3.0 was able to predict the correct signal peptide
changes in the N-terminal sequence Rf prolixus nitro- cleavage site oR. prolixus nitrophorins with reasonable
phorins can have major effects on the protein properdids ( reliability (total accuracy of 75%) for NP4, which is close

We revisited the prediction of the signal peptidase cleavagetg the proposed accuracy (79.0% for NN and 75.7% for
site using the BNALP web servef the new version (3.0) of

which was recently released with improved accurgsd—

" http://www.cbs.dtu.dk/services/SignalP/.
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Table 1: Computational Prediction of the Signal Peptide Cleavage
Site of R prolixus Nitrophorins Using $NALP Version 3.0
(Program Described in Refs4—56)

NP1 NP2 NP3 NP4 NP7

NN2 0.840 0.783 0.776 0.930 0.609
HMMP 0.814 0.339 0.339 0.980 0.845
cleavage VSG?| VSG®B| VSG®| VNGZ| VG2

site? K2CT D?CS D2‘CS AZCT L2PG

a D score for the predicted cleavage site using the neuronal network
(NN) approach? Maximum cleavage site probability for the hidden
Markov model (HMM) approactt. In this case, the highest probability
(0.473) was determined for the cleavage at TRIGV2SG. 9 In this

Knipp et al.

values are summarized in Table 2 in comparison to the
reported values for NP14 and several NP2 mutant proteins
relevant to this study2(1, 28). Like the otherR. prolixus
nitrophorins,wt NP7 binds NO at low pH very tightly and
switches to a lower affinity at serum pH. In fact, in the case
of wt NP7, this switch of the association constant is the
largest observed among the nitrophorins-8orders of
magnitude). This difference is a prerequisite for nitrophorin
function. It is, however, the largest difference Kif,(NO)
between the two pH values observed for any nitrophorin. In
marked contrast, NPA(L—3) exhibited the largedt,(NO)

case, the highest probability (0.468) was determined for the cleavageat plasma pH, suggesting that this protein would not be

at TMG® | V2SG.©The part of the amino acid sequence where the
cleavage was proposed to occur. In contrast to the rest of the article,
the numbering of residues in this table refers to the start of translation
of the genes in the insect (compare to Figure 1).

0.5

0.4

420 nm

03 <

402

300

400 500
Wavelength (nm)

Ficure 2: Titration ofwt NP7 fromR. prolixusin 100 mM MOPS/
NaOH (pH 7.5) with NO at 25t 1 °C. SNAP was used as an NO
donor, and the presence of Cions catalyzed the immediate
decomposition of th&nitrosothiol SNAP according to the reaction
2R-S-N=0 — R-S-S-R+ 2NO.

700

HMM) (55). Thus, the prediction of the cleavage site for
NP7 by both the NN and HMM approaches with rather high
scoring in both cases (Table 1) seems reliable but not totally
without doubt. In view of the previous results on the
differences in N-terminal NP2 variantd4), we decided to
characterize NP7 with the first three amino acids (designated
wt NP7) and the truncated form [designated NFTH 3)].
The recombinant expression of both proteins was a
complished in good yield iftscherichia colicells. As for
NP1-3, due to the recombinant expression of nitrophorins
in E. coli, a Met-0 residue was added to the amino acid
sequence in the case of NP7 and NFRIT{3) that results
from the translation of the start codohrATG-3' (Scheme

1). The presence of Met-0 was affirmed by mass spectrom-
etry.

Association Constants of NO and Histamihéke NP1
(13), NP7 released NO at pH 7.5 when Ar was blown over
the sample surface while the oxidation state was maintained
at +3 (45). To compare the affinity of NP7 for NO with
those of the other nitrophorins, association consta}
for binding of NO to ferricwt NP7 and NP741—3) were
determined by titrations at pH 5.5 and 74&4). Figure 2
gives an example of the titration @ft NP7 with NO at pH
7.5, which shows good isosbestic behavior. The resulting

C_

capable of releasing NO in blood plasma, while opposite to
the general trend, thK'El;(NO) at pH 5.5 drops approxi-
mately 1 order of magnitude.

NP1-4 aid the insect not only by NO release but also by
trapping histamine at the open "Fecoordination site to
suppress the victim’s immune respond®)( Because the
human plasma concentration of histamine is relatively small
(1-10 x 109 M) (57), the K ,(Hm) values of NP4 at
pH 7.5 are in the range of10° M1 (Table 2), to trap
significant amounts of histamin21, 28). In marked contrast,
NP7 exhibis a 3 order of magnitude smaller association
constant (Table 2), suggesting that this protein is not able to
sequester histamine in vivo. To investigate further if the
lower histamine affinity is a matter of the specific heme
properties of NP7 and/or the NP7 polypeptide chzlli(ﬂ{1
was also determined for ImH. It turned out that ImH binds
with a similar affinity towt NP7" and NP1:4"" (Table 2);
therefore, it is concluded that the difference between ImH
and histamine is caused by the additional ethylammonium
moiety of histamine. In fact, in the NP£Hm X-ray structure
at pH 5.6 (PDB entry 1IKE)35) and the NP+-Hm X-ray
structure at pH 7.5 (PDB ebtry 1INP131), histamine:NH"
was hydrogen bonded to Asp-30@0O- and the backbone
C=0 group of Gly-131. In the case of the NPHmM
complex, further hydrogen bonding to the backboreGC
groups of Glu-32 and Leu-130 occurred. Mutation of Asp-
30 in NP4 to Asn or Ala significantly decreased histamine
association constant8@). Likewise, mutation of the equiva-
lent residue Asp-29 to Ala in NP2(D1A) also decreased the
histamine association constant at pH 7.5 by-410° M1,
whereas the ImH association constants remained nearly
unchanged (R. E. Berry, M. N. Shokhirev, A. Y. W. Ho, H.
Zhang, and F. A. Walker, manuscript to be submitted) (Table
2). Moreover, X-ray crystallography of NP4 showed that
those residues involved in histamine:NHbinding are
embedded in a larger hydrogen bonding network in which
the N-terminal C-NHz"™ group (Ala-1) is strongly involved
(30). Consequently, elongation of the N-terminus could have
an influence on the histamine binding affinity. This hypoth-
esis is supported by the fact that NRZ(-3), in contrast,
resulted in an increaseldg'q(Hm) comparable to those of
NP1-4 (Table 2), thus indicating that the opening of the
heme pocket is indeed influenced by the N-terminus.
However, in contrast to NP7, the N-terminal variants of NP2
did not show significant differences regarding histamine
binding, which supports the idea that the N-terminusvof
NP7 is somewhat unique in that ability to decrease histamine
affinity.
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Table 2: Association Constant&¢;) of the Distal Heme Ligands & NO, Histamine, and ImH for Binding test NP7 and NP741—-3) at 25
4+ 1 °C in Comparison to the Data Reported fr prolixusNP1—-4

10010 Kg:q (logio Mfl)a 10010 Kgq (logio Mfl)b
NO histamine ImH NO histamine

pH7.5 pH5.5 pH7.5 pH 7.5 pH 7.5 pH5.5 pH 7.5
NP1 6.1+ 0.1° 6.9 8.0+ 0.4 6.85! 13.3 14.1¢ 6.36
NP2 8.3+ 0.1¢ ~9.0¢F 8.0+ 0.1¢ 7.440.1¢ 13.6 ~14.6 5.4
NP2(D1A) 8.3+ 0.1¢ 8.0+ 0.2 7.4+0.1° 13.# 6.0°
GSHM-NP2 8.4£ 0.1¢ 8.0+£0.1¢ 7.2+£0.1¢ 13.¢ 6.5°
NP2(D1A,D29A) 8.0£ 0.7 55+ 0.4 6.8+ 0.1 13.3
NP3 7.0£ 0.2 7.60 7.69 6.46
NP4 6.92 7.30¢ 8.18 6.85 — 13.23 6.06
wt NP7 6.6+ 0.1 >9 5.0+0.1 6.0+ 0.1 13.0 >14 4.1
NP7(A1-3) ~9.0 8.2+ 0.1 7.1+£0.1 7.5+ 0.1 >15 12.7 5.9

a Association constants of the ferric state of the indicated nitroph®Association constants of the ferrous state of the indicated nitrophorin.
These values were calculated frdﬁﬂ'q in combination with the reduction potentials reported in Table 3 according to é&ram ref 28;
determined in 40 mM Tris/HCI (pH 8.0) or 40 mM N&@HOAc (pH 5.0).9 From ref21; determined in 100 mM NajPQy/NaOH (pH 7.5 or 5.5).

e From ref44; determined in 100 mM NaPQ/NaOH (pH 7.5 or 5.5)f R. E. Berry, M. N. Shokhirev, A. Y. W. Ho, H. Zhang, and F. A. Walker,
manuscript to be submitted; determined in 100 mM BREWNaOH (pH 7.5 or 5.5)¢ This work; determined in 100 mM NaRQO/NaOH (pH 7.5
or 5.5)." This work; determined in 100 mM MOPS/NaOH (pH 7.5) or 100 mM NMa&y/NaOH (pH 5.5).

Table 3: Standard Reduction Potentigis)(of R. prolixus wtNP7 and NP741—3) at 27+ 1 °C in Complex with the Distal Heme Ligand L,
in Comparison to the Data Reported for NP

Ec (MV versus SHE) B — EE'ZO (mvV)
H,OP NO histamine NO histamine
NP1 pH5.5 —2744 2¢ +154+ 5° —3394 2d +428 —65
pH7.5 —303+ 4° +127+ 4° —403+ 14 +430 —100
NP2 pH5.5 —2874+ 5 +49 4 3 —410+ 3¢ +336 —-123
pH7.5 —3104+ 5¢ +8 4 3d —4744 5° +318 —142
NP2(D1A) pH 5.5 —3184+ 2 +48 4 2f —408+ 2 4366 —-90
pH7.5 —325+ 4f —204 2f —4404 3 +305 —115
GSHM-NP2 pH7.5 —360+ 5 —15+ 3 —451+ 3 +345 —-91
NP3 pH5.5 —3214+ 5d +73+1° —339+ 2¢ +394 —-18
pH 7.5 —335+ 1d +134+1¢ —403+ 1° +348 —68
NP4 pH5.5 —2594 2d +94 + 5d —3934 2 +353 —134
pH 7.5 —2784+ 44 —9 —404+ 19 - —126
wtNP7 pH5.5 —253+5 +94+5 —254+5 +346 -1
pH7.5 —268+ 4 +109+ 7 —319+8 +377 —51
NP7(A1-3)" pH5.5 —109+ 6 +157+ 3 —225+ 6 +266 —-116
pH7.5 —-182+5 +228+ 4 —254+ 6 +410 72
Epran—sy — Eoenpr pH 5.5 +144 +63 +29
pH7.5 +86 +119 +65

aExcept where noted, all were measured in 100 mM pRM®INaOH (pH 5.5 or 7.5)° No ligand added® From ref16. ¢ From ref28. ¢ From
ref 21 fFrom ref44. 9 This value could not be measured because of facile dissociation o280"(This work; determined in 100 mM MOPS/
NaOH (pH 7.5) or 100 mM NakPO/NaOH (pH 5.5).

Because of the high affinity of NO for Fecenters,  andE{ (see the next section) together wiii(L) allowed
Kgq(NO) is difficult to measure directly. However, the shift the calculation ofKL'q(L) values, which are reported in
of the Fé'/Fé' reduction potential when a ligand L is bound Table 2 as well. The low histamine affinity aft NP7"

to the iron is a measure of the ratio of the-Rebinding compared to that of NPA(1—3)" and the other ferric
constants for the two oxidation states, since the Nernstnitrophorins is reflected also by an extraordinarily low
equation (eq 2, see below) can be rewritten as Kg {Hm).

Similarly, the large difference ifK{(NO) of wt NP7
(1) between pH 5.5 and 7.5 is also reflected in the corresponding
KL'q(NO). Remarkably, the caIcuIateId';q(NO) values for
NP7A1—-3) resemble not only the lowest NO affinity at
whereE? is the measured potential for the nitrophorin fully pH 5.5 but also the highest NO affinity at pH 7.5 among
complexed to the ligand L in both oxidation statE8 js the all NP' species reported, indicating that other factors
measured potential for the nitrophorin in the absence of L, besides the iron oxidation state strongly influence the-Fe
Ris the gas constant, is the temperature) is the number NO bond.
of electrons involved=1), F is the Faraday constant, and Spectroelectrochemical TitrationSpectroelectrochemical
KL_”q(L) andK! (L) are the association constants for associa- titrations of NP7 and NP71—3) were performed at low
tion of ligand L with the F& and Fé states, respectively. and high pH with HO, NO, and histamine as ligands (Table
Thus, the combination of the two reduction potentigfs 3). Figure 3 shows the measurement of the reduction potential

11}
g2~ o= RTjp NelD)
i " KeL)
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of thewt NP7—Hm complex at pH 7.5 as an example. The
reduction potentialsi°®) were derived from the fitting of 06 kL l [ 014
the spectroscopic change at a single wavelength according ’ / I
to the Nernst equation L logs £
T, [NP"] 04} T <
Eopp=E°+ 23087 log,g—— ) < /// 0.12
nkF [NP“] —

350 300 250
WhereEgppis the applied potential and [N and [NP'] are 02} E° vs. SHE (mV)

the equilibrium concentrations of ferric and ferrous NP, Vo
respectively, which can be determined from the absorption I -
spectra at each applied potential by using Beer’s law. The 0.0 . , ‘ , .
resulting values are summarized and compared to those of ' 400 500 600

NP1-4in Table_3. Overall, the values obtained farNP7 Wavelength (nm)

are generally higher, but still close to those of the other FiGure 3: Electrochemical titration of thest NP7—Hm complex
'SOf‘?r,mS- quever, NP#H,O and NP7Hm complexes in 100 mM MOPS/NaOH (pH 7.5) at 2% 1 °C in the presence of
exhibit the highesE® at both pH values, and these values the electrochemical mediators methyl viologen, anthraquinone-2-
are topped only by those of NPNO complexes (by+60 sulfonic acid, and Ru(NgJeCls (each~200 uM).

mV at pH 5.5 and+18 mV at pH 7.5). Thus, the He
oxidation state tends to be less stabilized in NP7 than in
NP1-4.

The picture is more dramatic for NRY{—3) where all
reduction potentials were found to be positively shifted on
averaget+85 mV as compared to that of thvet (Table 3). Scheme 3
This is an unprecedented shift resulting from a seemingly Kot o
mild modification. For comparison?Gly-Ser-His-Met-NP2 NP"—NO + ImH =——= NP"' + NO + ImH — NP"'—ImH + NO
exhibited an only marginaH{23 mV) change compared to on
wt NP2 @4). This again points to an important role of the association constant&d; = ko/korr) are unreliable, and the
N-terminal sequence of NP7 for its functionality. reverse rate constant that is obtained represents the dissocia-

Whereas the reduction of the NPRO complex at pH tion of NO from the unstabilized pre-equilibrated'FeNO
7.5 resulted in a slight shift of the Soret band from 414 nm complex @8). Rather, the dissociation rate constdgi for
(NP7'—NO) to 411 nm (NP7—NO) and reduction of the  the release of NO from the equilibrated"FeNO complex
NP7—NO complex at pH 5.5 in the spectroelectrochemical was determined independently by measuring the rate of the
cell resulted in a broad Soret band maximum~&80 nm  displacement reaction by ImH according to Scheme 3.
(Figure 4A), which is indicative of a switch to a five- For this purposewt NP7 or NP7A1-3) (~10 uM) was
coordinate (protein ligand off) nitrosyl complex. Upon loaded with NO as described in Experimental Procedures
reoxidation, the Soret maximum was restored to the initial and then rapidly mixed in a quartz cuvette with an equal
value of 419 nm; i.e., the six-coordinateFeNO complex volume of buffer containing 10 mM ImH. The displacement
was re-formed. To prove that indeed a five-coordinateFe  reaction was followed at 423 nm using a stopped-flow
NO species was formed at low pH, the EPR spectrum of a Spectrophotometer for which a representative experiment is
NP7—NO sample reduced with N&O, at pH 5.0 was shown in Figure 5. The displacement reaction shown in

Scheme 2

K,
NP+ NO — NP'—NO
Kot

recorded (Figure 4B). The resulting spectrum withsg of Scheme 3 can be described by the following equation
2.01 and thé“N hyperfine splitting [ = 1) is typical for a K,

five-coordinate ferroheme nitrosyb®—60). In contrast to Kyps = . of (4)

wt NP7, NP7A1-3) showed the formation of a five- Ko NOJ

coordiante F&~NO species upon reduction at pH 7.5 (Figure k'mH[ImH]

4C), but not at pH 5.5. This reverse pH behavior has not ) ] .

previously been observed for any othRr prolixus nitro- where kops is the observed first-order displacement rate
phorin. constantky is the NO dissociation rate constaky, is the

Kinetics of NO ReleaseThe reaction between ferric  bimolecular rate constant for NO binding, [ImH] is the
nitrophorins and NO can be described by the equilibrium imidazole concentratios™" is the bimolecular rate constant

reaction depicted in Scheme 2. for ImH binding, and [NO] is the NO concentration. In this
The reaction is described by the simple equation NO displacement experiment, [N&} [ImH]. Thus, the rate
of NO association is insignificant, and NO displacement is
Kobs = KonlNOJ + Kot (3) rate-determining. Under these conditions, eq 4 simplifies to

bs = Ko. The resulting absorption traces were fit with a
where [NO] is the NO concentratioke is the reverse rate  single exponential that resulted in a good fit for both proteins
constant (or dissociation constant), akg is the second-  (as shown by the residuals in Figure 5 fot NP7). The
order rate constant for NO binding. Baitk: andk,, can be averagek, values from a number of repeated experiments
determined from the association reaction by measupg are given in Table 4 together with the correspondikyg
at various NO concentrations. Howevég values deter-  values which were calculated from the association constants
mined by this experiment for systems with very large given in Table 2 Keq = Kon/Kofr).
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FiGure 4: Spectroelectrochemistry and EPR spectroscopy of NRJ complexes. (A) UV-visible spectra of thavt NP7—NO complex

in 100 mM NaHPQy/NaOH (pH 5.5) as a function of applied potential300, —180, —160, —140,—120,—100, —80, —60, —40, —20,

and 0 mV versus Ag/AgCl; add 205 mV for potential versus SHE). The inset shows a fit of the spectroelectrochemical data. (B) EPR
spectrum of thevt NP7'—NO complex in 50 mM Na®@c<HOAc (pH 5.0) recorded at 4.2 K at X-band. Other than a small amount of
high-spin F&' (g, = 5.95) originating from unligated NP7, the signal is characteristic of five-coordindte @ heme centersgg, =

2.01; see the inset for detailed resolutiosy,(59). (C) UV—visible spectra of the NPA1L—3)—NO complex in 100 mM MOPS/NaOH

(pH 7.5) as a function of applied potentiat 140, —120, —100, —80, —60, —40, —20, 0, +20, +40, +60, +80, and+100 mV versus
Ag/AgCl; add 205 mV for potential versus SHE). The inset shows a fit of the spectroelectrochemical data.

Interestingly ko values forwt NP7 and NP741—3) are 0.8
similar, butk,, values are significantly different from each
other as a consequence of very differéfy, values. In
comparison to that of NP4 (28) (Table 4), thekq
decreases in the following order: NPI#NP7 > NP2/3.
Thekon for wt NP7 appears to be similar to those of NP1/4, £
but the very fask,, for NP7(A1—3) is very different from g
any of the other nitrophorin values; thus, fihdet-Leu-Pro- <
Gly® N-terminus strongly contributes tq, rather tharkys.
It should be noted that biphasic reaction kinetics were
reported for NP1/4 and for NP2/3 to a lesser ext&d),( L
but in this work, only one phase could be observed for NP7. §§§WWWW\«NWWMW
The two different rates for NP1/4 have been attributed to e . L . ; : '
the two different hemé orientation isomers4d), and since 2 Time (s) 4 6
NP7 is dominated by th& heme orientation (see below), it
is not surprising that the amplitude due to a second, slow FIGURE 5: Stopped-flow kinetic measurement of the ImH displace-

; ; ; ment of NO bound tavt NP7 in 100 mM MOPS/NaOH (pH 7.5)
phase is too small to observe. Therefore, in this study, only at 25°C. Absorption at 423 nm was monitored, and the data (black)

the fast phase, which is the major fraction of the reaction, \yere fitted with a first-order model (gray). The residual is displayed
was used for comparisons. at the bottom.
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Table 4: Kinetic Parameters for Binding of NO to FerRc
prolixus wtNP7 and NP741—3) in Comparison to Those of
NP1-4 at High pH

Koit (57 Kon (x10° M1 571)
NP2 22401 1.5+ 0.1
NP2 0.12+ 0.01 33
NP 0.08+ 0.01 6.7
NP4 2.6+0.1 2.3
WENPF 0.606+ 0.13 2.4
NP7(A1—3) 0.50+ 0.02 ~500¢

aDetermined in 40 mM Tris/HCI (pH 8.0) at 2%&; taken from ref
28, wherekq is termed the fast rat&m and ko, the fast ratek;.
b Determined in 40 mM Tris/HCI (pH 8.0) at I°Z; taken from re8,
where ko is termed the fast ratéom and ko, the fast ratek;.
¢ Determined in 100 mM MOPS/NaOH (pH 7.5) at 251 °C (this
work). ¢ Calculated fromKeq = Ko/kor, Where Ky, was taken from
Table 2.
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Ficure 6: Thermal stability ofwt NP7—ImH () and NP7A1—
3)—ImH (O) complexes in 30 mM NapPO,/NaOH (pH 5.5). The
temperature was increased i¥b °C steps, and then the sample
equilibrated for 5 min after the temperature was reached. Subse-
quently, absorption spectra were recorded between 300 and 60
nm. To account for the formation of precipitate at higher temper-

0
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Scheme 4: Chemical Structure and Numbering ofAhand
B Heme Orientations iR. prolixus NP2

A B
NP7: NP2:
Mainly A Mainly B

aThe view is from above the distal side, with His-57 behind the
heme. Substituents on the periphery of the heme are numbered
clockwise from 1-CH to 8-CH; for the A orientation and counter-
clockwise for theB orientation. Circles denote the position of three
distal side chains that point onto the heme plane in the approximate
positions shown 15, 32).

heart Mb 61) and cytochromése, (62). However, due to
the irreversibility of the process at both pH 7.0 and 5.0,
proper data analysis was not possible.

Homology Model of NP7To examine the structural
properties of the heme cavity as well as to attempt to
rationalize the strong influence of the N-terminus, a homol-
ogy model of NP7 was built. The amino acid sequence of
NP7 is 61% identical to that of NP2 without any gap in the
sequence alignment (Figure 1). This allowed the calculation
of a reliable homology model of NP7(G3182), which was
based on the crystal structures of ferric NB2O, NP2-
NO, and NP2 ImH complexes. Because of the asymmetry
of the hemeb cofactor, it can be inserted in two different
orientationsA andB, into a protein’s heme binding pocket.

atures, the apparent absorption at 600 nm was subtracted from thdn the protohemin IX drawings of Scheme 4, thesomer
absorption at 411 nm and the difference values were plotted versusis defined as having pyrrole ring Il (including 4V) lying

temperature.

Protein Stability.To study the influence of the N-terminus
on the stability of NP7, the temperature dependence on the
fold stabilization ofwt NP7 and NP741—3) was studied.
Increasing light scattering at temperatures>@0 °C (for
wt NP7) and=55 °C [for NP7(A1—3)] indicated protein

above the protein backbone C(O)CN(H) atoms of His-57
(NP2), His-59 (NP1 and NP4), or His-60 (NP7) with that
His ligand lying behind the plane of the heme in the pictures
shown in Scheme 4. The herbecofactor from the NP2
H.O crystal structure was manually inserted into the NPHGS
S182) model structure and then modified into 2,4-dimeth-

aggregation, which did not allow refolding. The Soret Yldeuteroporphyrin IX (symmetrical heme) to allow heme
absorbance at 411 nm was plotted versus temperature fo€ating to be independent of the placement of the vinyl-
both proteins upon subtraction of the absorbance at 600 nmcarbons that account for the hereorientation in the NP2

which partly accounted for the increased light scattering at

structure in contrast to the preferential heAerientation

higher temperatures (Figure 6). The Soret absorbancefound in NP7 (see below). The NP7(63182) model
constantly decreased with an increase in temperature in thestructure had a rmsd of 0.39 A compared to the NF2O

case of NP741—3) until at ~45 °C a marked absorbance
decay occurred and was accompanied by Soret band broad
ening and a shift of the maximum to a shorter wavelength.
wt NP7, in contrast, was comparatively stable and did not
experience a marked signal decrease below@G2Thus, it

can be concluded that the N-terminus of NP7 significantly
stabilizes the protein fold.

Attempts to observe the difference in fold stabilization free
energy AG;) were made by using guanidinium chloride
titration experiments, which have been successfully per-
formed in the case of other henbeproteins such as horse

complex (based on the superposition of 720 atoms) and
showed the same lipocalin type of fold (globular; diameter
of ~40 A) as the otheR. prolixusNPs, as shown in Figure
7A (Ramachandran plot: favored 87.7%, allowed 12.3%,
generally allowed 0.0%, disallowed 0.0%).

In the previous report on NP7, a homology model was
presented that showed the highly positively charged site
opposite the heme pocket due to spatial clustering of a large
number of Lys residues, and that this site accounts for the
recognition of negatively charged membrane surfa8&s (
Because we noticed the strong influence of the N-terminus
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Ficure 7: Homology model of NP7(G3S182) fromR. prolixuswith 2,4-dimethyldeuteroporphyrin (symmetrical heme) based on the
crystal structure of NP2 (rmsg 0.39 A) and on the sequence alignment given in Figure 1. (A) Ribbon diagram of the NP3(B3)
homology model. In agreement with Figure 1, the mpaistrands are designated A to H in bold letters and theBAand G-H loops are
mentioned. The N- and C-termini are designated with italic letters. The four disulfide-forming Cys residues, the heme cofactor, and the
proximal His-60 are displayed as stick models. (B) Surface representations of the heme entrance site of (left) NP2 (PDB ent82LEUO) (
and (right) the homology model of NP7(6%182) (this work). The molecules are oriented @0unterclockwise compared to panel A.

The surface electrostatic potential is colored blue (positive) and red (negative). The heme and the proximal His were left out of the surface
calculation and are displayed individually as stick models. Figures were preparedsgifiBv version 3.7 and rendered with POWR

version 3.6 (http://www.povray.org) (A) or#werLITE version 5.0 (B).

on the NP7 functionality, we were interested in the charge unsymmetrical heme group is strongly favored. This result
distribution of the surface of the heme entrance site that isis consistent with the results of the oth&. prolixus
close to the N-terminus. The surface representation of thenitrophorins where equilibrium was reached betweenAhe
electrostatic potentials of the heme pocket site of NPAG3 and B orientations of hemé, e.g., for the NP+ImH
S182) in comparison to NP2 is displayed in Figure 7B. It complex after 12 h16). The heme resonances of the NP1
shows that the heme pocket site is mostly negatively charged,iImH and NP2-ImH complexes at pH 7.0 were previously
but unlike the case for the site opposite of the heme entrancefully assigned 23), and part of the assignment is given in
(38), no significant surface charge differences between the Figure 8. Recording the spectra of the NRehH complex
two structures were noticed in the area of the N-terminus. at pH 5.5 obviously yielded moderate shifts of some of the
Magnetic Resonance Spectroscoplye NP7 —ImH and resonances, but the relative position of the signals remained
NP7(A1—-3)"—ImH complexes at pH 7.5 exhibited typical similar, allowing the conclusion that the influence of the pH
rhombic EPR spectra witty, gy, andg, values of 1.36, 2.19,  on the ImH and proximal His-57 orientation in NP2 may be
and 3.07 and 1.38, 2.18, and 3.08, respectively, which areonly minor (F. Yang and F. A. Walker, manuscript to be
comparable to those of NP2-ImH [1.37, 2.26, and 3.02  submitted). However, the appearance of small resonances
(15)] and NP4'—ImH [1.46, 2.25, and 3.02()] complexes. at lower shielding was noticed; these may be due to
The comparison of the crystal structures with the EPR spectrareorientation of heme in the pocket to increase the amount
of bis(ligand) ferriporphyrin model compounds, e ppral- of isomerA as compared t@® and/or another ImH plane
[Fe(octamethyltetraphenylporphyrin)(1-methylimidazgle) ~ orientation of isomeB. On the basis of the previous studies
Cl, revealed that such a normal rhombic spectrum is Of NP2 @4), NP1 and NP422, 23), and NP3 27), we know

indicative of an approximately parallel axial ligand orienta- that theB isomer is either equal in abundance to or much
tion (i.e., His-6QImH) (15, 63). more abundant than thReisomer in all these cases (Scheme

The!H hyperfine-shifted resonances of the ImH complex 4).
of wt NP7 and NP741—3) in comparison to NP2 in buffered The'H NMR spectra of thevt NP7—ImH and NP7A1—
D,O are shown in Figure 8. Reasonably sharp resonances3)—ImH complexes are very similar to each other, which
for NP7 could only be obtained at low pH. However, the indicates a very similar chemical environment for the hemes
heme resonances of the other nitrophorins have much smallein the two proteins, and a minimal effect of the N-terminal
average linewidthsAv (23). Figure 8 shows as an example sequence on the shape of the heme binding pocket. The small
the spectra of the NP2mH complex at high and low pH;  differences between the spectra of the NP7—ImH and
i.e., Av =89 Hz at pH 7.0 and 96 Hz at pH 5.5, whereas NP7(A1—3)—ImH complexes are surprising considering the
for wt NP7 Av = 282 Hz and for NP7Z41—3) Av = 179 strong influences of the N-terminal sequence on the protein
Hz. The number of heme resonances indicates that, unlikefunctionality that we are reporting. However, in comparison
many other noncovalently bound heilmeontaining proteins  to the other nitrophorins, the spectra of both are very
such as cytochromebs (64, 65), one orientation of the  different. The shift to lower shielding is the largest observed
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Ficure 9: Dynamic light scattering of the NMR samples &f)(
NP2—ImH (pH* 7.0) and @) wt NP7—ImH (pH* 5.5) complexes
reported in Figure 7. The normalized Rayleigh scattering was plotted
versus the logarithm of the apparent hydrodynamic diameter.

hydrodynamic diameter 6£250—-400 A), whereas NP2 was
essentially free of oligomers (Figure 9).

However, integration of the two resonances at 29.3 and
21.2 ppm [29.7 and 22.1 ppm for NRV{—3)] in comparison
, . : : . : , . to the resonances at 18.3, 15.1, 13.4, 13.0, and 12.5 ppm

30 25 20 15 10 5 0 ppm [18.3, 15.2, 13.2, and 12.6 ppm for NRAZ(—3)] suggest
1H chemical shift that they originate from heme methyl groups, whereas the
FiGURE 8: 'H NMR spectra of the NP2ImH complex at pH* 7.0 latter, in comparison toH NMR spectra of the other
and 5.5, the NPXImH complex at pH* 7.0, and thevt NP7— nitrophorin—ImH complexes, are likely @/, of the vinyl

proteins were dissolved in 30 mM NaPOy/NaOD (pH* 7.0) or brop groups ) Y,

30 mM NaDPQy/acetic acidd, (pH* 5.5) at concentrations of42 orientation of the cofactor results in a large shift of the
mM. ImD/acetic acidd, solution in D,O. titrated to either pH* 7.0 3-methyl resonance to lower shielding, with that of the NP1

or 5.5, was added (final concentration of 20 mM) and spectra were ImH and NP4-ImH complexes appearing at 25.1 and 25.7
recorded at 25C. The chemical shift assignments for the NP2 ppm, respectively, at pH* 7.0 and 3C [compared to 17.0
ImH and NPX-ImH complexes at pH* 7.0 are from previous 5 16.4 ppm, respectively, for tiB orientation 23); see

literature @3, 24) (1M, 3M, 5M, and 8M for heme methyl
hydrogens; 2\ and 2\f3 for heme vinyl @H and CH,, respec- Scheme 4]. The spectrum of the NPIinH complex at pH*

tively; 6o and 7 for the propionate @5; numbering corresponds /-0, which exhibits arA:B ratio of ~1.1:1, is included in

to the pyrrole ringS-carbons according to Scheme A.and B Figure 8 (from re23), where it can be seen that the 3-methyl
designate the two different heme orientations that have beenresonance of isomek is found at 25 ppm, while NP7 shows
assigned for NPImH). its lowest-shielding methyl resonance~a29 ppm. If this is

for any of the nitrophorir ImH complexes23, 24, 27). Until the 3-methyl resonance, then the spectra obtained for the
now, it has not been possible to obtain the assignment of NP7—ImH complex are indicative of tha orientation, and
the resonances by COSY and NOESY techniques, mostlythe B orientation is not observed. Although the latter may
due to the very short spirspin relaxation timesJ,, that be due to line broadening, in all other nitrophorins, e
result in large linewidths, as well as the loss of magnetization orientation has always been found to be less abundant than
before it can be acquired. Unusually severe line broadeningB or similar in abundance tdB (22—24, 27). This is
also appeared in the high-spin spectra (data not shown) inconsistent with the spectra recorded for the high-spinNP7
comparison to those of NP4 (22). The decreased, may H.0 species (data not shown) where chemical shifts, although
be a result of charge> charge interactions between indivi- being very broad, in comparison to those of NFRi-H,0

dual NP7 molecules. As described above, it was previously complexes are indicative of th& orientation. Thus, NP7
reported that the surface opposite to the opening of the hemeappears to be the first nitrophorin that strongly favorsahe
pocket, unlike the other nitrophorins, is highly positively heme orientation. Further assignments of the NMR signals
charged 88). In addition, Figure 7B shows that the heme will be presented elsewhere.

pocket entrance is, like the other nitrophorins, negatively

charged, thus making NP7 a charge dipolar molecule. DISCUSSION

Interactions between NP7 molecules may lead to the transient

formation of larger aggregates of various sizes which tumble ~ The reason why the “kissing bugR. prolixus pumps a
more or less rapidly in the NMR sample solution and, thus, set of seven nitrophorins into its victim’s tissues during
result in the decreaséd or spin—spin relaxation times. This  various life stages still remains a mystery. Moreover, during
hypothesis was supported by dynamic light scattering experi- the six life stages of the insect that all feed on blood, different
ments in whichwt NP7 (apparent hydrodynamic diameter expression patterns of NP5 have been observefl)( NP7

of ~40 A) contained a large fraction of oligomers (apparent has been missed in the isolation from salivary glands,
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probably because of the use of isoelectric focusing chroma-
tography over the pH range of 8:3.0, which is at closest

~1 pH unit below the pl of apo-NP7 [p= 9.21 (Figure 1)].

NP7 was later found in a cDNA library derived from"v
instar nymphs; thus, it is not clear whether the protein is
expressed in any of the other developmental stages. NP7 has
the ability to inhibit prothrombinase activity through interac-
tion with the prothrombinase activatingo.-phosphatidyl-
L-serine (PS). The binding to PS is accomplished through
charge— charge interactions with the positively charged NP7
surface on the site opposite to the heme entrance site, a fact
that contributes mainly to the high palue @9, 45). This
function is unigue among the. prolixusnitrophorins. It may

be noted, however, that NP2 can also inhibit the intrinsic
Factor X activating complex, through binding with Factors
IX and IXs which represents a third functionality of this
protein besides NO delivery and histamine sequestrasig)n (

Nitrophorins are expressed in the endothelial cells of the
salivary glands, and they are secreted into the extracellular
space 10); thus, their as-expressed amino acid sequences
are preceded by an N-terminal leader sequence (Figure 1).
The software &NALP has been developed to predict the
precise site of cleavage for the signal peptidase which was
applied in the preceding study, and which proposed that the
signal peptide should be cleaved three amino acids before
the sites known for NP16 (38). The application of the i
novel, more accuratei&ALP version 3.0 to the sequence
of NP7 led to the NP7 cleavage site being the same as that
previously published (Table 1). To rate the precision of the
program for the prediction of native nitrophorin sequences,
it was applied to NP£4 amino acid sequences showing that
an uncertainty remains. Thus, an NP7 construct, MR
3), lacking theMet-Leu-Pro-Gly sequence was examined ;
parallel towt NP7 (Scheme 1). Ficure 10: Comparison of the structural environment of the

: N-terminus of NP2 (PDB entry 1EUQ) (top) with the homology
Comparison of the results for both constructs clearly shows model of NP7(G35182) (bottom). The residue numbering is

that NP7 needs its isoform-specific N-terminus for proper according to Figure 1. Displayed are the heme cofactor (amber),
protein function. In particular, the higher thermostability of the N-terminus (residues Met-@Cys-2 of NP2 and Gly-3Cys-5
wt NP7 shows that the peptide interacts in a specific way gLN%?,;geo/?—NBplgfpaggstﬁgeg HAlsé)c;H(nggiog glr21azf}5dl_§5p-

i i i i —Thr- , idu - u-
with the rest of the polypeptide Chalr.]' .AISO’ reduction 129 of NP2 and Asp-128lle-132 of NE’?). Figures w)ére prepared
potentials ofwt NP7 were found to be within a reasonable i peepyiew version 3.7 and rendered with POVAR version
range compared to those of the other nitrophorins (Table 3), 3.6 (http://www.povray.org).
whereas NP7{1—3) has markedly more positive reduction
potentials which may make it susceptible to reduction; as a Because Cys-5 in NP7 forms a disulfide bond with Cys-
consequence, NO release could not be accomplished. On the 24, the N-terminus is highly constrained, and therefore, the
other hand, the very similar EPR afld NMR spectra of  relative position of the two residues, Leu-1 and Pro-2ybf
the ImH complexes (Figure 8) suggest that the electronic NP7 can be estimated to good approximation in the homol-
structures of the heme iron, i.e., the heme orientation, the ogy model of NP7(G3S182) (Figure 7). As mentioned
ImH plane orientation, and the degree of macrocycle ruffling, above, the N-terminus of NP4 was found to be involved in
are nearly identical. Also, a mixed heme orientation could the closed loop structure of the#8 and G-H loops which
not be seen, and comparison with the NMR data from were recognized to be of major importance for the NP4
NP1-4 suggests a favored orientation (Scheme 4) in  histamine and NO binding kinetic8). Therefore, a closer
contrast to the otherwise favor&lorientation 22, 23, 27). inspection of the NP7(G3S182) model structure in com-

A single heme orientation is also supported by the fact that parison to the NP2 crystal structure was conducted (Figure
no biphasic kinetics of the NO association and/or dissociation 10). The structure in combination with the sequence align-
(Scheme 2) could be observed, which was recently ascribedment (Figure 1) shows that the-A loops are almost

to the presence of mixed:B isomers with different rate  identical, with the slight difference of Val-34 in NP2 being
constants 44). However, as described in the Results, in represented by Ala-37 in NP7 (see Figure 10). However, the
particular the differences in the histamine association con- much shorter GH loop, which begins in all the other NPs
stants, but not in the association constants of ImH (Table with the motif12512Gly-(GIn/Pro/Ser)-Lys-Asp-Led*1 is

2), indicate differences in the protein structure at the opening predicted to be represented B§Asp-Gly-Lys-Asp-1lé32in

of the heme pocket. NP7 (Figure 1). As a consequence, the formation of a salt
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Scheme 5 reduction potentials of all NP14—NO complexes decrease

NP—His:N*—Fe(ppIX)—NO + H* === NP—His:N°H" + Fe'l(ppIX)—NO by =27 mV (NPE-NO) to —41 mV [NP2-NQ; in the case
of NP2(D1A)}-NO even—68 mV]. Instead, in the case of

bridge between Asp-128 and Lys-130 [Asp:© Lys:Nt = thewt NP7—NO complex, a slight increase 6f15 mV was

2.9 A (Figure 10)] is expected, which would increase the Measured. However, in the case of the NFT{3)—NO
rigidity of the G—H loop. This may account for the different COMPlex, a marked increase 71 mV occurred at pH 7.5,
properties of NP7§1—3) compared to those of NP%. On which |nQ|cates a major change in the heme binding pocket.
the other hand, th&_eu-Pro-GIy tail of wt NP7 is rather ~ COncomitantly, the reduction potential of the NRZ(-3)—
hydrophobic and will be repelled by the mostly polarB NO complex of+228 mV at pH 7.5 is unusually high.
and G-H loops. However, the hydrophobic site of lle-132  While R. prolixusNP2, -3, and -7 and many other His-
could interact with théLeu-Pro-GIy peptide. In agreement  ligated heme proteins form a five-coordinate ' F&lO
with this hypothesis, the corresponding Leu-130 has beencomplexonly at fairly low pH [e.g., cytochroneat pH 2.0
shown to have a major impact on the binding kinetics of (66)], there are a few examples of proteins that break the
NP4 (30). His:N—Fe' bond even around neutral pH. Examples are the
Due to the recombinant expression of nitrophorin€in  cytochromec' forms from various specie$7—69). A very
coli, a Met-0 residue is added in the cases of NB1hat prominent but still little understood example of a mono-His

results from the translation of the start codorAFG-3' heme protein, which loosens the His ligand upon NO binding,
(Scheme 1) 44). In contrast, NP4 was found to have the S the NO sensor soluble guanylate cyclase (sGO)11).
starting Met-0 cleaved off during expressionn coli due In this case, the NO-induced release of the proximal His

to its unique Ala-1 84). Mutation of Asp-1 of NP2 to Ala triggers the activation of the'catalytic center of sGC to form
likewise resulted in the hydrolysis of Met-0 (Scheme 1) and ¢GMP from GTP, which is used as a central second
resulted in a construct with a native length of the N-terminus. messenger in physiology. However, although this process is
Studies of both constructs together with an NP2 construct well-established, the exact molecular mechanism is still a
that includes a four-residue additidr3Gly-Ser-His-Met- matter of debate. Unlike NP7, sGC is a cytosolic protein
NP2 (Scheme 1), revealed a differencéiiNMR chemical ~ and, consequently, exists in the'Herm, whereas the low
shifts for heme resonances and significantly slowed kinetics "éduction potential of the NP7NO complex suggests that
for ligand binding and the equilibration of theB ratio of NP7 maintains the Feform to keep its functionality. The
the heme orientatior#4). This was consistent with the crystal 12 Oxidation state of sGC is very sensitive to air oxidation,
structure of the NP2(D1A) construct (PDB entry 2EU7), and this causes the problem of Iosmg heme upon OX|da.t|on
which shows a significantly more “closed loop” structure (72. We have been unable to find the exact reduction
relative to the extended N-terminal constructs. However, the Potential of sGC in the literature, but it can be assumed that
differences in reduction potentials and association constantst is rather low, since a very mild oxidant such as methylene
between MétNP2 and NP2(D1A) were rather small, sug- Plue [E° = +11 mV at pH 7 73)] readily oxidized the heme
gesting that the Met-0 added to recombinantNP7 and  iron (74). Besides sGC, there are not many examples of
NP7(A1—3) cannot account totally for the large differences Proteins that release their proximal ligand upon NO binding.
between the two constructs reported in this study (Tables 2Human serum albumin (HSA) and the proximal His deletion
and 3). Furthermorent NP7 shows significant thermody- ~Mutant H93G of sperm whale Mb [Mb(H93G)] complexed
namic changes compared to the truncated form, W@7(  to ImH have been used as mode®5) The NP7A1-3)
3). This highlights the important role that the N-terminus Mutant, however, provides a novel model system for studying
plays in the native form of all the NPs. the process that leads to five-coordination since it does not
Similar to NP7, a shift in the absorbance maximum of depend on low pH. Future studies along these lines are
the Soret band to 395 nm upon reduction of the NO complex Planned.
at pH 5.5 was observed and already mentioned for'NP2
and NP3, in contrast to NPfL.and NP4 (28). The NP1 — CONCLUSIONS

NO complex was noticed to be at least in part five-coordinate  oyr study shows that NP7 is a protein-based NO donor
at low temperatures on the basis of EPR spectra at 4.2 Ksystem as are NP#4. However, NP7 has some remarkable
(16), indicating that labilization of the His:N-F€' bond  finctional differences which include (i) the largest difference
occurred due to the strortgans effect of the distal pocket i3 NO association constants between high and low pH, (i)
NO ligand, as reported for a numper of other heme _proteinsa small histamine affinity, suggesting that it will not
(17). However, the fact that the HistNF€' bond of nitro-  contribute to histamine sequestration in vivo, (iii) lafge
phorins is only broken at low pH suggests that the 100-fold NMR chemical shifts for the F& form of the protein, and
increased [H], and thus imidazolium formation, contributes (iv) strong favoring of theA orientation of the heme. Most
signific_antly to the appearance of the five-coordinate speciesof gJI, a unique N-terminal peptidé, eu-Pro-Gly, is present,
according to Scheme 5. which contributes significantly to the protein fold stability.

In this context, the appearance of the five-coordinate noreover, the N-terminus is very important for maintenance
species in the case of the NRAA(—3)"'—NO complex at pH  of NP7 function.

7.5 rather than pH 5.5 is remarkable. As can be derived from
Table 3, when the pH is increased from 5.5 to 7.5 the ACKNOWLEDGMENT
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SUPPORTING INFORMATION AVAILABLE

Angle plot for low-spin ferrihemes (Figure S1). This

material is available free of charge via the Internet at http:// 20.
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