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In this work we report the assignment of the majority of the ferriheme resonances of low-spin nitrophorins (NP) 1
and 4 and compare them to those of NP2, published previously. It is found that the structure of the ferriheme
complexes of NP1 and NP4, in terms of the orientation of the ligand(s), can be determined with good accuracy by
NMR techniques in the low-spin forms and that angle plots proposed previously (Shokhirev, N. V.; Walker, F. A.
J. Biol. Inorg. Chem. 1998, 3, 581-594) describe the angle of the effective nodal plane of the axial ligands in
solution. The effective nodal plane of low-spin NP1, NP4, and NP2 complexes is in all cases of imidazole and
histamine complexes quite similar to the average of the His-59 or -57 and the exogenous ligand angles seen in the
X-ray crystal structures. For the cyanide complexes of the nitrophorins, however, the effective nodal plane of the
axial ligand does not coincide with the actual histidine-imidazole plane orientation. This appears to be a result of
the contribution of an additional source of asymmetry, the orientation of one of the zero-ruffling lines of the heme.
Probably this effect exists for the imidazole and histamine complexes as well, but because the effect of asymmetry
that occurs from planar exogenous axial ligands is much larger than the effect of heme ruffling the effect of the
zero-ruffling line can only be detected for the cyanide complexes, where the only ligand plane is that of the proximal
histidine. The three-dimensional structures of the three NP-CN complexes, including that of NP2—CN reported
herein, confirm the high degree of ruffling of these complexes. There is an equilibrium between the two heme
orientations (A and B) that depends on the heme cavity shape and changes somewhat with exogenous axial
ligand. The A:B ratio can be much more accurately measured by NMR spectroscopy than by X-ray crystallography.

Introduction victim, NO dissociates and diffuses through the tissues to
The nitrophorins NP£NP4 are a group of NO-carrying the nearby capillaries to cause vasodilation and thereby

heme proteins found in the saliva of the blood-sucking insect &llowing more blood to be transported to the site of the
Rhodnius prolixusthe “kissing bug™5 NO is kept stable wound. At the same time, histamine, whose role is to cause

for long periods of time by binding it as an axial ligand to swelling, itching, and initiation of the immune response, is
a ferriheme centé¥® Upon injection into the tissues of the
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released by mast cells and platelets of the victim. In the
Rhodniugproteins, this histamine binds to the heme sites of
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Of the spectroscopic techniques for characterizing heme
proteins, proton NMR spectroscopy is one of the most

the nitrophorins, hence preventing the insect’s detection for important. Binding of even-electron donors, such as hista-

a period of time®
TheRhodniugproteins of the adult insect, named NPA

mine, imidazoles, pyrazoles, or cyanide, to the NO-free forms
of these proteins produces low-spi® & 1/2) Fe(lll)

in order of their abundances in the insect saliva, have beencomplexed:1%-12 The unpaired electron on the metal acts as

investigated by a number of techniqt&$?° including
spectroelectrochemistii?, 1t NMR,71%12and EPR13 spec-

a “beacon” that “illuminates” the protons in the vicinity of
the metal, by causing shifts (called hyperfine, isotropic, or

troscopies. The solid-state structures of one or more ligandparamagnetic shifts) of the resonances from those observed

complexes of NPI* NP21516 and NP47-22 have been
determined by X-ray crystallography. The structures are

in a diamagnetic protein. The two contributions to the
paramagnetic shift are the contact (through bonds) and

unique for heme proteins, in that the heme is located at theglectron-nuclear dipolar or pseudocontact (through space)

open end of g-barrel?® rather than in the more commonly
observed largelyo-helical globirt* or 4-helix bundlé>28
folds. The ferriheme molecule is bound to the protein via a
histidine ligand, and the sixth coordination site is available
to bind NO or other ligands.
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shifts; these are discussed in considerable detail else#h&re.

The proton NMR spectra of the ferriheme center and
nearby protein residues in the two paramagnetic forms of
the four nitrophorins fronR. prolixushave been investigated
in detail in our laboratory. Early in this investigation it was
found that of the four similarly structured proteins, NP2
provides by far the simplest NMR spectra. This is because
unlike the other three nitrophorins, NP2 exhibits one
predominant heme orientatidfil®>and there are no chemical
exchange cross-peaks observed in the NOESY spectra of this
protein, unlike those of NP1 and NP4. Hence, we recently
reported the assignment of the heme resonances of NP2 in
its low-spin §= 1/2) N-methylimidazole (NMelm), imida-
zole (ImH), and 2-methylimidazole (2MelmH) complexes
as well as those of the ligand-free, high-spl € 5/2)
form 1912 Assignment of the heme resonances in both of these
forms of the protein was made possible by the relative
sharpness of the signals of the low-spin complexes, which
allowed NOE cross-peaks to be detected for all heme
substituents (even those whose resonances are buried in the
large envelope of proton resonances from the protein). The
low-spin Fe(lll) complexes of NP1 and NP4 have only one
heme methyl resonance resolved outside of the diamagnetic
envelope, as shown below in this work. The high-spin
ferriheme forms of these two show almost equal amounts
of the two isomers that result from the two possible heme
orientations, Chart $3 Hence, in this work we have utilized
specifically labeled hemins, where one or two of the methyls
were deuterated, in order to fully assign the heme resonances
of the axial ligand complexes of NP1 and NP4,

In this work we report the assignments of the majority of
the ferriheme proton resonances in the low-spin paramagnetic
forms of NP1 and NP4 as well as those of some previously
unpublished axial ligand complexes of NP2. The pattern of
hyperfine-shifted resonances observed for each of the proteins
as a given ligand complex are then compared. The structure
of NP2—CN has been solved and is compared to those of
NP1-CN and NP4-CN.
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Resonance of Hemoproteins. The Porphyrin HandbogkKadish,
K. M., Smith, K. M., Guilard, R., Eds.; Academic Press: San Diego,
CA, 2000; Chapter 37, Vol. 5, pp 18298.
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Balfour, C. A.; Zhang, H.; Walker, F. Anorg. Chem2007, 46, 170~
178.



Ferriheme Resonances of Low-Spin Nitrophorins 1 and 4
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Experimental Section at X-band using 0.2 mW microwave power, 100 kHz modulation

frequency and 24 G modulation amplitude. A Systron-Donner
frequency counter was used to measure the microwave frequency
for precise calculation og-values.

NMR Data Collection. NMR spectra were collected over the
temperature range 280 °C with the proton chemical shifts
referenced to residual HOD. NOESY and HMQC spectra were
obtained on a Bruker DRX-500 spectrometer operating at 500.03
MHz proton Larmor frequency. Th#H-13C HMQC experiments
were recorded usiha 5 mminverse-detection probe with decou-
pling during acquisition. A recycle delay of 200 ms and refocusing

Especially for the cyanide complexes, it was found to be extremely time _Of 2.5 ms { = 200) were_used. The WEFT-NOESY
important not to add any more ligand than necessary to cause&Xperiments utilized 100 ms relaxation delay and 130 ms recovery-

disappearance of the high-spin resonances, and in fact, less than gelay. The mixing time for the NOE,SY experiments was-28 .
stoichiometric amount of cyanide was found to be necessary for S All 2D spectra were collected with 1024 or 2048 data points

EPR measurements to avoid formation of some of the bis-cyanide

Sample Preparation. The nitrophorin proteins NP1, NP2, and
NP4 were prepared as described previoti&sty® and were stored
in lyophilized form at—80 °C until use. NMR samples consisted
of 1-4 mM solutions of each of the proteins in® containing 30
mM phosphate buffer at pH 7.0 (uncorrected for the deuterium
isotope effect). To obtain the low-spin complexes, each high-spin
NP protein was titrated with the desired ligand (cyanide, histamine,
or imidazole) until the proton NMR signals in the 780 ppm
regior?® had just disappeared. Concomitantly, these signals were
replaced by much sharper signals in the—=30 ppm region.

in t, and with 256-512 blocks int; with 400—-800 scans/block.

complex, which has lost its protein-provided histidine ligand. ~ Crystallography. Crystals of the NP2ZCN complex were
Specifically labeled protohemin IX-containing protein samples for Obtained using the hanging drop method by combiningl2of
NMR spectroscopy were prepared as described previmm protein solution containing NP2 in 20 mM sodium phosphate pH
then titrated with the desired ligand, as described above. It was 6-7 and 20 mM KCN with 2L of precipitant solution containing
found that typically only about 8090% of the protohemin 89% saturated sodium citrate and 100 mM Hepes pH 7.5 and
originally present in the holoprotein could be removed, and thus €quilibration with the precipitant solution in the well at room
these reconstitution experiments always left some residual proto-temperature. The square platelike crystals were briefly transferred
nated-methyl protohemin present in the samples. Later in this projectto 90% saturated sodium citrate, 2 mM KCN and flash frozen in
it was found that the apoprotein could be refolded and purified in liquid nitrogen. Diffraction data were measured at SSRL, Stanford,
the absence of hemif,and hence a few remaining labeled heme beam-line 9-2 at 100 K temperature using 0.97946 A wavelength
complexes were prepared by titrating the apoprotein with the desiredX-rays and MAR 325 CCD detector. The intensities were processed
labeled hemin dissolved in NaOD as described above. with d*TREK?2* to a maximum resolution of 1.2 A. The structure
EPR SpectroscopyEPR Spectra were obtained on frozen protein was built USir‘Ig difference Fourier methods and PDB entry 1PEE
solutions containing each of the desired ligands, added as described
above, at 4.2 K on a Bruker ESP-300E EPR spectrometer operating(34) Pflugrath, J. WActa Crystallogr.1999 D55, 1718-1725.
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as a starting model. Local rebuilding was done with program than those of the high-spin forms of the same proteins. In
COOT3 Refinement with anisotropic temperature factors at the Figure 1A the NMR spectra of the imidazole, histamine, and
final steps was carried out using program REFMACS from the cyanide complexes of NP1 are shown. All of these shidw

C$P4 packagé: ;he Fe’ﬁN disr:f""”ce was re?tramed during - yesonances from both isomers, all wAtB ratios similar to
refinement to 2.0 A. Crystallographic data and refinement statistics those observed for the high-spin forthef each protein.

for NP2-CN are given in Supporting Information Table S1. The . TheseA:B ratios are summarized in Table 1 for all of the
atomic coordinates and structure factors have been deposited in o . . . .
the Protein Data Bank with identification code 2HYS. protein/ligand complexes investigated in this work, along

with the orientation angles of the His-57, -59 imidazole plane
Results and Discussion for each as determined by X-ray crystallograpfy ° and

: . . the orientation of the effective nodal plane of the axial ligand-
1. EPR Spectra of the Low-Spin Fe(lll) Nitrophorin — . - :
Ligand Con?plexes.The EPR sppectra E)f ?che im?dazole and (s) as determined by NMR spectroscopy in this work and in

histamine complexes of the nitrophorins are all extremely the paper on the high-spin forms of NP1 and NPZhe

similar, and examples of these spectra have been reporte hfge(;?_\:z nZ(rji{tg:%n?aorr'?:tgg?;s;?en%.;hce'gsrgljmt?er;zh'p:;
previously for NP*histamine ¢ = 2.92, 2.24, 1.52% and y cry grapni ' Iscu W

NP4—imidazole ¢ = 3.02, 2.25, 1.46)! The similarity in discussed for the high-spin _for_m_s of the nitrophofhiie

the spectra for a given ligand is highlighted if we compare NMR spectra of the low-spin imidazole c.omplefxe.s.of the
theg-values of NP2 ImH measured in this workg(= 3.03, pair NP1, NP4'as compared to NP2 also differ 5|gn|f|c§1ntly,
2.26, and 1.37) to those of NP4mH mentioned above. In as ShOWU in Figure 18. C(_)nt_rary o our early unpublished
both of these ligand complexes the spectra are typical “B assumption based on preliminary 1D NMR spectra before

Hemicrome” rhombic EPR spect&8 and need no further the heme resonances were assightis NMR spectra of

discussion. On the other hand, the cyanide complexes haVedeuterated methyl-labeled hemins confirm that only one heme

the “largegmax 3° or highly anisotropic low-spin (HALSY .ns]grt:g: Ar\ezr?gaf; € or]; '?Ioprm.g]c::ﬁe%bz?gg 9CatF'25 rpepg] f:r
or Type F* shapes, an example of which is shown in Iresolved outside tphpe diam:a netic envelo é \/I\?hL:Ie th’elother
Supporting Information Figure S1. These “lamggx EPR Co g . Pe,

N . three are buried in the diamagnetic region of the NMR
spectra are also all very similar to each other, with resolved spectrum that is dominated by protein resonanedsto 11
g-values of 3.35, 1.96, and (calculated fr@ig? = 16) 0.97. pm Th K at 13 opm tﬁ/ ?w rier thouaht to b
They are also fairly similar to that of met-Mb-CN reported Ep ): fhplea a bp thab as e?'t e3 OL:g . (t) €a
previously ¢ = 3.45, 1.89, 0.72 (calc®) and measured in eme methyl resonance on the basis of its 3-proton intensity

our laboratory § = 3.45, 1.88, and 0.75 (calc)). The rhombic is not changed i_n intensity upon sqbstitution of any of the
splitting (rhombicity,V/1)*® calculated from the-values is deuterated hemins, as shown in Figure 2, and at other pH

much smaller for the cyanide complex than for the histamine and temperature copdl_tlons th|s_ peak_ splits into several

and imidazole complexe/fi = 1.00 as compared to 1.89 resonances of very similar chemical shift (.not §hown). The

and 1.62, respectively), indicating that the cylindrical cyanide analogogs peak of.NP4mH qlso behaves in this manner.

ligand dominates the splitting between theahd d, metal It is possible to assign essentially all of the heme resonances
y4

. . : . : o of the A and B heme orientational isomers of NPImH
orbitals, in comparison to the planar histamine and imidazole . .
ligands, while the average ligand field strength (tetragonality, and NP4-ImH by WEFT-NOESY techniques, as shown in

AI2)* of all three axial ligands in combination with the Supporting Information Figure S2 for NP4mH. These

protein-provided histidine is surprisingly similakfl = 3.07 aslilgnmehntshgrﬁ |nclu|dgd n Tablel 2. f NP4 and
as compared to 2.96 and 2.85, respectively). rom the high-resolution crystal structures o an

2. Proton NMR Heme Substituent Resonance Assign- seyeral .Of its Iiganq complexeg, itwas foynd that both heme
ments for the Nitrophorin —Imidazole Complexes Addi- or]eljtatlons QX|st, in aA:B estimated ratio of 1.5:T, a}nd
tion of strong-field ligands such as imidazole (ImH), th'sl's approximately th'e case for Nkath on the baS|§ of
histamine (Hm), or CN to the high-spin $= 5/2) Fe(lll) the H. NMR spectra (Figure 1B), which show #aB ratio
centers of the nitrophorificreates the low-spin Fe(lll) state of ~2:1. For_ NP1—I_mH an_d NP2-ImH, whose NMR spectra
(S = 1/2), which is characterized by a smaller range of have been investigated in the greatest detail, one dominant

: heme rotational isomer is observed by X-ray crystallography
NMR— shifts (30-40 ppm) and much sharper resonances . .
fts ( ppm) . P for NP2—ImH,*>6the B isomer, while based on the crystal

(35) Emsley, P.; Cowtan, KActa Crystallogr.2004 D60, 2126-2132. structure of NP4ImH?*° it is the A isomer that is favored

(36) Collaborative Computational Project Number 4. The CCP4 Suite: for that complex. The crystal structure of NPImH has not
Programs for Protein Crystallographfcta Crystallogr 1994 D50,

760-763. been reported, but that of NPhistamine has; only thé&
(37) Blumberg, W. E.; Peisach, Adv. Chem. Ser1971, 100,271-291. orientation was reported for that complgalthough NMR
(38) Peisach, - Blumberg, W. E.; Adler, A. Ban. N. Y. Acad. Scl973 spectra reported in this work show that theB ratio in
(39) Walker, F. A.; Huynh, B. H.; Scheidt, W. R.; Osvath, S.JRAm. solution is~1:1.
(40) %Ari]gi?;, Scéc%fﬁsvigﬁvnffsﬁ‘fzgé' Chem. Sod981 103 4378 For compllete assignment of the heme resonances of NP2
4381, ImH?*2 the situation was much more favorable than it is for
(41) Walker, F. A.Coord. Chem. Re 1999 185-186, 471-534. the NP1 and NP4 complexes because of the three resolved
(“2) Ig;{fi%’;sf' J.; Gadsby, P. M. & Chem. Soc, Dalton Transe9Q heme methyl resonances (Figure 1B) as well as the lack of
(43) Taylor, C. P. SBiochim. Biophys. Actd977 491, 137—149. chemical exchange cross-peaks in the NOESY/EXSY spectra
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A SM 1m]|
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3M |
25 20 15 10 5 0 -5 ppm

Figure 1. A: 1D H NMR spectra of the hyperfine-shifted resonances of three ligand complexes of NP1: topca@iplex at 30°C; middle, Hm
complex at 25°C; bottom, ImH complex at 28C. Note that the chemical shift scales are different in each spectrum. B: Comparison of theNIDR
spectra of the hyperfine-shifted resonances of the ImH complexes of NP1, NP2, and NP4, recorded, B@5MHz.

of this protein. The plot of heme methyl chemical shifts vs the heme, with counter-rotation of ligand axdr y magnetic
histidine imidazole plane orientation for low-spin ferri- axes! Both of these contributions are related to the
heme$* is shown in Figure 3. This angle plot is based on orientation of the nodal plane of the axial ligand, but with
the contact shifts that measure the calculated spin densityan angular dependence of different phase and much smaller
distributions in thee(z) orbital of the ferriheme for which  magnitude for the pseudocontact (9%) than the contact shifts
the nodal plane of that orbital is coincident with the nodal for the heme methyl resonanc®s$:or quantitative separation
plane of the axial ligand($)and the calculated pseudocontact of contact and pseudocontact contributions, subtraction of
shifts that depend on the orientation of the magnetic axes ofthe diamagnetic shifts would be necessary; these ared3.51
0.03 ppnt” a constant to the level of accuracy possible for

(44) It should be noted that this plot is ©@ifferent in phase than shown
in Figure 3 of the paper on the high-spin nitrophoffrisecause the
orbital interactions that give rise to the contact shift are diffetént.  (46) Shokhirev, N. V.; Walker, F. Al. Am. Chem. S0d.998 120, 981—

(45) Shokhirev, N. V.; Walker, F. Al. Biol. Inorg. Chem1998 3, 581— 990.

594, (47) Janson, T. R.; Katz, J. J. Magn. Reson1972 6, 209-220.
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Table 1. Crystallographic and NMR Anglesp of the Histidine Imidazole Plane and Exogenous Ligand for the A (B) Isomer and the Axgfer(
the Ruffling Zero Line Position and A:B Ratio for Some Nitrophorin Complexes

obtained from X-ray crystallography obtained from NMR spectroscopy

protein, ligand Hispa (¢B)? L ¢a (gB8)? av oa (oe)? effective nodal plarfe H or L dom. AB

NP1-NHz 142.3(127.7) | 142.3(127.7) 179.7 (90.3)  139(131) ~1:1
135.9(134.1) Il 135.9(134.1) 179.7 (90.3)  139(131) ~1:1

NP1-CN 139.2(130.8) 139.2(130.8) 179.9(90.1) 155(117) H59+ Ruf 1.2:1
NP1-ImH c c c c 130-133(140-149) H59 dominant  ~1.1:1
NP1-Hm 139.8(130.2) 104.5(165.5)  122.2(147.9) 179.4(90.6) 132-134(156—158) H59 dominant 1:11
NP4—NH3 131.2(138.8) 131.2(138.8)
NP4—H,04 133.1(136.9) 133.1(136.9)' 173.2(96.8y 137(133) 1.1:1
NP4-CN 137.8(132.2) 137.8(132.2) 178.0(92.0) 155(117) H59+ Ruf 1.2:1
NP4—ImH 130.1(139.9) 114.6(155.4)  122.4(147.7) 167.8(102.2)  130-133(140-149) H59 dominant ~2:1
NP4—Hm 134.2(135.8) 104.1(165.9)  119.2(150.9) 173.3(96.7)  132-134(156-158) H59 dominant ~1:1
NP2—NH3(H20) 135.0 @35.0 135.0 35.0 ~136-137 (135 1:8
NP2-CN 137.8(32.9 137.8132.2 178.0 2.0 156-157 (114 H57 + Ruf 1:4
NP2—ImH 134.4135.9 112.5@57.5 123.5 146.9 175.8 04.2 (148-152 ImH dominant 1:6
NP2-Hm c c c c 125-132 (156-157) Hm dominant 1:4

aMeasured from the N-Fe—N,y axis, with positive numbers representing counterclockwise rotation. Taken from ref9land their corresponding
PDB files (INP1, 2NP1, 3NP1, 1X8P, 1D3S, 1IKJ, 1IKE, 1IEQD, 1EUO, 2HYS, 1PEE, 1PMparent nodal plane as measured from tHeNMR
shifts of the heme methyl§.Structure not reported.Crystallographic orientation inconsistent witH methyl shifts.

Table 2. Proton Chemical Shifts (in ppm) of the Imidazole Complexes
of NP1 and NP4 and Comparison to Those of NP2, Measured &30

pH 7.0
NP1, NP1, NP4, NP4, NP2,
isomerA isomerB isomerA isomerB isomerB
1Me ~2a 8.9 1711 94 11.5
3Me 25.1 17.0 25.7 16.4 15.6
NP1(1,5 CD;)-ImH 5Me ~52 9.4 ~52 10.3 12.5
8Me 9.9 ~12 10.9 0.2 1.9
2V a (13.3p 22.8 13.0 23.5 218
2V B -58,-6.2 -5.0,-53 -55,-59 —53,-49 —59,-59%
FAVE (8.9p 9.4 (6.1p¢
av (1.2,0.7%¢
6P 115,45 16.3,7.9 11.1,4.4 15.7, 8.6 12.9,11.8
. 6Pf -3.8,-25 (-2.1,0.0y -27,-3.7 —2.0,0.1 -12,-2.8&
NP1(5’8 CD3) ImH TPo 15.8,7.6 (11.2,4.6) 15.1,8.2 10.9,5.1 94,49
7P 0.0,—-1.9 -3.8,-25 —2.6,—3.7 —2.8,-3.3
meseo. —3.5 -3.1 —-3.5 —-3.0 -1.9
mesef 7.7
mesey —2.8 —-2.9 —2.6 —3.¢
mesed 5.6 6.0 5.1 9.9
av Me® ~9.1 ~10.8 9.1 10.4
NP1-ImH AMe'  ~23 ~16 24.0 16.2 13.7
aNot assigned; approximate expected shift listedissignment at 20
* °C. ¢ Taken from ref 129 Corrected assignments for the 2-vinyl group (this
IM/A IM/B work). ¢ Average methyl resonance shifSpread of methyl resonances.
T T T T T T T T

26 24 22 20 18 16 14 ppm

Figure 2. 1D 'H NMR spectra of the high-frequency hyperfine-shifted  in the solid state by X-ray crystallograpfyThe complete
resonances (_)f native NPImH (t_)ottom) and its 5,8—(05)_2— and 1,3-(CR)2- assignment of théH heme resonances of the NPEnH
hemin-substituted analogs (middle and top, respectively), measured at 30
°C, pH 7.0. With the assumption that the 1-methyl resonance should always complex has been reporté?dl'he three resolved heme methyl
have a smaller chemical shift than the 5-metfhthe 3-CH resonance is ~ resonances of NP2mH are found at 14.9 (3Me), 13.5
the only A isomer resonance resolved outside the protein envelope. (5Me), and 12.4 ppm (1Me) at 2, Figure 1B; from the
HMQC spectrum reported previously, the 8Me resonance is
the chemical shifts of paramagnetic heme proteins. However,at —0.1 ppm?*?
it should be noted that Figure 3 does not carry numbers on According to the deuterated hemin spectra of Figure 2,
the chemical shift axis, because the aim of this work is not the single resolved heme methyl resonance of NIFiH is
to separate contact and pseudocontact shifts quantitativelynot the 5Me or the 8Me but rather is either the 1Me or 3Me,
but ratherto consider the order and relat spacings of the ~ and using the rule of thumb that 5Me should have a larger
heme methyl resonancesince these alone are sufficient to  chemical shift than 1M€ as well as the prediction of methyl
define the approximate angle of the nodal plane of the resonance order as a function of the histidine imidazole plane
histidine imidazole ligand. The plot of Figure 3 has been orientation, Figure 3, which is known from X-ray structural
shown to be useful for analyzing the chemical shifts of the data;*we can conclude that this is the 3Me resonance. The
low-spin ferriheme resonances of a large number of heme .
proteinsi24548 most recently to show that the solution ©“® Q.'F“é’ghégns"lgh?'.‘oéS'e;r;e?\;lggt'ﬁe}fn“igf&%&;Ig%‘g%’&%ﬁ;ang'
structure of mouse neuroglobin is not the same as that seern49) walker, F. AJ. Biol. Inorg. Chem2006 11, 391-397.
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Figure 3. Relative chemical shift of the heme methyls vs ligand plane

angle or effective ligand plane angle if two planar ligands are present, as

calculated for low-spin ferrihemés.

5-, 8-, and 1-methyl resonances of NAnH are difficult

structures of NP4 and its ImH compléX!® Table 1, for
which the His-59 imidazole plane is oriented 130cbun-
terclockwise of the N-Fe—N axis connecting pyrrole rings

Il and IV for isomerA (the major isomer for the imidazole
complex), with the ImH plane oriented 15.6lockwise of
that, at 114.61° The average of these two is 122.4s
compared to the effective nodal plane orientation determined
from the NMR spectra, 130133. This is close to the
orientation of the H59 imidazole plane of tieisomer of
NP4—ImH,*® suggesting that H59 plays a more important
role in determining the effective nodal plane orientation than
does the ImH exogenous ligand.

For NP2, the orientation of histidine and ImH imidazole
planes is somewhat different, as summarized in Table 1. The
nodal plane of His-57 has been shown by NMR studies of
the high-spin protein to lie exactly along tfe-mesoaxis,
with the B isomer most abundant in both high- and low-
spin NP2%233 The structure of NP2ImH is in agreement
with this, with the H57 imidazole plane lying at 135 f8om
the N,—Fe—Nyy axis for theB isomer, and the imidazole
plane lying at 157 .5from that same axis (PDB file 1PEB),

to locate from the HMQC spectra of that protein because of a dihedral angle between axial ligand planes of 21The
the chemical exchange phenomena observed for this proteirangular plot (Figure 3) for the ImH complex suggests an
complex, to be discussed elsewhere, but it is clear that theyeffective nodal plane orientation of the two ligands oriented

are all buried in the diamagnetic protein envelope.
The 1D 'H NMR spectrum of NP4ImH is almost
identical to that of NPZImH, although the chemical shifts

at 148-152 clockwise from the N-Fe—N axis connecting
pyrrole rings Il and IV for theB isomer (Chart 1}? This is
similar to the 146.6 average angle observed in the crystal

are not exactly the same, as shown in Table 2 and in Figurestructures?

1B. The major difference between thd NMR spectra of
NP1-ImH and NP4-ImH is the intensity of the resonances
that are assigned to the minor species, i.e., Bhbeme

3. Proton NMR Heme Substituent Resonance Assign-
ments for the Nitrophorin —Histamine (Hm) Complexes.
Addition of histamine to NP1 and NP4 produces low-spin

orientational isomer. As can be seen in Figure 1B, the ratio complexes having qualitatively simildH NMR spectra to

of the heme orientation&:B is ~2:1 for NP4-ImH and
~1:1 for NPE-ImH. In comparison to these two, theB
heme orientation ratio for NP2mH is ~1:812On the basis

those of the imidazole complexes, except that the 3Me
resonance is shifted to larger chemical shift (29.5 ppm as
compared to 25.5 ppm for the imidazole complex, both at

of the WEFT-NOESY cross-peaks observed for the 8Me and 25 °C), Figure 1A. Furthermore, thB heme orientation is

1Me to themesed-H (6.9 ppm), Supporting Information
Figure S2, we assign the 8Me resonance ofAheomer at

slightly more abundant for NP4Hm, A:B = 1:1.1. The
complete NOESY/EXSY and HMQC spectra of NPHEm

30 °C to the resonance at 10.9 ppm and the 1M resonanceare shown in Supporting Information Figure S3. From the
to that at 1.7 ppm. It was not possible to assign the 5Me expanded region of the HMQC spectrum of NAm,
resonance unambiguously, but it must be at a chemical shiftshown in Figure 4, the order of heme methyl resonances for
intermediate between those of the 8Me and 1Me resonancessomerA is 3Me > 8Me > 5Me > 1Me, while that for heme

listed in Table 2.

rotational isomeB is 3Me > 5Me > 1Me > 8Me. These

The chemical shift of the single resolved 3Me heme orders and the relative spacings of the heme methyl

resonance of NPAImH and NP4-ImH, with the other three

resonances observed place the effective nodal plane angle

methyl resonances buried in the protein envelope of the near 132-134° for isomerA and near 156158 for isomer

diamagnetic region of the spectrum having the order B

B. From the X-ray crystal structure, the imidazole plane of

> 1, places the orientation of the effective nodal plane of His-59 of NPt-Hm is oriented 139.8counterclockwise of

the two axial ligands at about 13033 from the heme
N—Fe—N axis connecting pyrrole rings C and A (crystal-
lographic notation) or Il and IV (NMR notation). This is

the Nj—Fe—Ny axis, while the imidazole plane of the
histamine ligand in molecule | is oriented 104 &unter-
clockwise of the N—Fe—N,y axis (average angle 122)24

because, according to the predictions of the effect of ligand Because this average angle is smaller than that of the
plane orientation on the chemical shifts of the heme effective nodal plane angle (134234°) we conclude that

methyls?® Figure 3, it is only in the range of angles of about

His-59 plays a somewhat more important role in determining

128—-134 that the other three methyl resonances should lie the orientation of the nodal plane of tk¢r) orbital that is

at chemical shifts small enough that they would not be found involved in spin delocalization to the porphyrin ring than
outside the protein resonance envelope. This is indeed closaloes the histamine ligand. The same conclusion was reached
to the expected range of angles, as shown by the crystalin the ESEEM investigation of NPAHmM.22 (The reason for
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firmed by the WEFT-NOESY and HMQC spectra shown in
Figure 5. The X-ray crystal structure of NPBIm has not
yet been reported, but it appears that as for the NRtH
complex, this is likely the angle of the histamine imidazole
nodal plane. In comparison, the angles obtained forBhe
isomers of NP+Hm and NP4Hm by X-ray crystal-
lography have this ligand at 165.% and 165.9,'° respec-
tively. If this is the case, then the histamine imidazole ligand
of NP2—Hm contributes more strongly to determining the
effective nodal plane orientation than is the case for NP1
Hm and NP4Hm. The chemical shifts of NPAHm and

ppm ! ! ; NP2—Hm at pH 7.0 are summarized in Table 3.
—40—4 —T' ————— }- : 4. Structure of the NP2-Cyanide Complex. This

J' 'L : structure is discussed before the presentation of the NMR
e I ' data for the NP-CN complexes, in order that the structural
e 4o b NS q-——— e characteristics may be used in the discussion of the NMR

l ! ! ! ! results. The asymmetric unit of the crystal contains one
‘3“‘L“‘:”"" -t----- it Sl bl e protein molecule and 171 water molecules, PDB file name
S e o A N 2HYS. All of the residues in the protein model are ordered

I [ [ ! I except the N-terminal Met-0, part of the loop containing GIn-
I S r--sA-I- -~ -~ 4-—==- LR 33 and Val-34, and the C-terminal Leu-179. The overall

! ! AN ! ' geometry of the protein is similar to that found in other NP2
B Bl Qo ‘%@ i e structures? for which the Protein Data Bank file names are
26— - Fe—e - A o included in footnotea of Table 1. The cyanide ligand is

l ! I ! [ bound to heme in a linear arrangement, with the-E&
-24“-—:‘*——‘:‘ ''''' :"——":‘1‘]3‘-—+‘—“ bond and the FeC—N bond angle of 1.99 A and 175
S I oo —— J@y . respectively, with cyanide slightly off the normal to the

| | | | ! average heme plane in the directiomaésep, and it forms
2t —q-—- - R s e T an H-bond with a water molecule in the distal pocket. The

} } } —— } heme group is well ordered in a single orientati@) (ith

145 140 135 130 125 ppm well-defined vinyl and methyl groups. Two major compo-

NP1-Hm 25°C nents of the severely distorted heme plane are ruffling

Figure 4. Expansion of'3C/fH HMQC spectrum of NP+Hm from
Supporting Information Figure S3 showing heme methyl resonances
observed between 12.8 and 13.9 ppm.

one ligand contributing more strongly than the other, when

both are imidazole donors, is that one ligand is engaged in

(—1.066 A) and saddling (0.309 A), which are very similar
to those of the NP2NO complex!é These distortions from
planarity are significantly greater than those found previously
for NP1-CN and NP4-CN, as calculated from the program
“PDBTransform” created in our laboratory and available on

stronger H-bond donation to some basic center than the otherour Web Sité,o shown in Figure 6, in agreement with the
which leaves that imidazole with a partial negative charge, NMR data discussed below. Full description of the crystal
i.e., it is more imidazolate-like than the other, and thus a Structure and comparison to other nitrophorin structures will

strongersr donor.) In comparison to NPiHm, from the
crystal structure of NP4Hm?® the imidazole ring of His-
59 is oriented at 134°2for isomerA, while the histamine
imidazole plane is oriented at 104.fbr the A orientation,
an average of 11922The'H methyl shifts in the 1D NMR
spectrum observed for the NP#HmM complex suggest a
similar effective nodal plane orientation 6f118—-124°, and

be presented elsewhefe.

5. Proton NMR Heme Substituent Resonance Assign-
ments of the Cyanide Complexes of the Nitrophorins.
Both 1- and 2-dimensional NMR techniques (1D NOE
difference spectra, 2D COSY, TOCSY, NOESY, and
ROESY spectra) have been extensively utilized to assign the
hyperfine-shifted resonances of the heme in the cyanide-

thus in this case the axial ligands appear to contribute fairly bound forms of ferriheme proteif{$;>5*%¢ where most, but

equally to the effective nodal plane orientation.
The NMR spectra of NP2Hm have not been reported

(50) Shokhirev, N. V.; Walker, F. A. PDBTransform. http://www.
shokhirev.com/nikolai/programs/prgsciedu.html (accessed June, 2006).

previously. In this case, three heme methyl resonances are51) La Mar, G. N.; Smith, K. M.; Gersonde, K.; Sick, H.; Overkamp, M.

resolved outside the protein envelope, two closely spaced

ones near 14 ppm and one at 13 ppm. Substitution of 5-CD

protohemin removes the first resonance (not shown), and thus>3)

the order of heme methyl resonances is 3 > 1 > 8 for
NP2—-Hm, with very close spacing of the three at-143

ppm. This close spacing suggests an effective ligand nodal

plane orientation of 159160C°. The assignments are con-

2048 Inorganic Chemistry, Vol. 46, No. 6, 2007

J. Biol. Chem198Q 255 66—70.
(52) La Mar, G. N.; de Ropp, J. S.; Smith, K. M.; Langry, K. L.Biol.
Chem.1981 256 237-243.
Peyton, D. H.; La Mar, G. N.; Pande, U.; Ascoli, F.; Smith, K. M.;
Pandey, R. K.; Parish, D. W.; Bolognesi, M.; Brunori, Blochemistry
1989 28, 4880-4887.
(54) Emerson, S. D.; La Mar, G. NBiochemistry199Q 29, 1545-1556.

|(55) De Ropp, J. S.; La Mar, G. N. Am. Chem. S0d.99], 113 4348~

4350.
(56) Alam, S. L.; Satterlee, J. Biochemistryl994 33, 4008-4018.
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Figure 5. Left: Plot of the!H chemical shift range from 32 to 15 ppm for the 500 MHZ/"H HMQC spectrum of NP2Hm recorded at 20C and the
500 MHz WEFT-NOESY spectrum of NPHm recorded at 20C with a mixing time of 30 ms, showing correlations betwereseo,3,y,0 and the
1,3,5,8-methyl, 2,4-vinyl, or 6,7-propionate resonances. Right: Plot of the S@fel HMQC and WEFT-NOESY spectra of NPHm over the+2 to —5
IH ppm region, showing correlations betweem, &5 and between d, 75 protons.

not all, of the heme substituent resonances are found outsideCN~ has been utilized as an even-electron, diamagnetic
the diamagnetic envelope of the protein. In the present work, substitute for NO in order to characterize the nitrophorins
from Rhodnius prolixusn the paramagnetic low-spin ferri-

(57) Banci, L.; Bertini, |.; Pierattelli, R.; Tien, M.; Vila, AJ. Am. Chem. ; i ; ;
Soc 1008 117 8650-8667. heme state. Unlike imidazole and histamine, the other two

(58) Yamamoto, Y.; Suzuki, TBiochim. Biophys. Actd996 1293 129 ligands that we have utilized and have discussed above,
139. _ cyanide is a cylindrical anion that is expected (and f&dnd
(59) Zhang, W.; La Mar, G. N.; Gersonde, Eur. J. Biochem1996 237, .
841853, to bind along or close to the normal to the heme plane, and
(60) Pierattelli, R.; Banci, L.; Turner, D. L1. Biol. Inorg. Chem1996 1, it thus has no ligand plane to affect the magnetic asymmetry
320. of the heme comple$® Thus, in beginning this project, we

(61) Thanabal, V.; de Ropp, J. S.; La Mar, G.NAm. Chem. S0d.997, .
109, 265-272. expected that the cyanide complexes of NP1 and NP4 would
(62) De Ropp, J. S.; Mandal, P.; Brauer, S. L.; LaMar, GINam. Chem.  provide excellent verification of the orientation of the

So0c.1997 119 4732-4739. . . L.
(63) Gorst, C. M.; Wilks, A.; Yeh, D. C.; Ortiz de Montellano, P. R.; La proximal His-59 or -57 imidazole plane. However, we soon

64 l\éa_r, G. N.é. AAm.DChehm. iﬁd%%\/ﬁg 85'27528884. v h 9y found that the cyanide complexes did not behave in manners
algnan, . A, beshmukn, R.; IIKS, A.; Zeng, Y., Auang, H.; H H H H _ H
Monne-Loccoz. P.: Bunce, R. A.: Eastman, M. A.: Rivera, M. predicted on the .ba5|s of the behawqr of the high-spin aquo
Am. Chem. SoQ002 124 14879-14892. and low-spin imidazole and histamine complexes or the
(65) Li, Y.; Syvitski, R. T.; Auclair, K.; Wilks, A.; Ortiz de Montellano, iori i i i
B R LA Mar, G. NJ. Biol. Chem2002 277, 33018. 33031, majority of the ferriheme cyanide protein complexes reported
(66) Du, W.; Syvitski, R.; Dewilde, S.; Moene, L.; La Mar, G. Bl.Am.
Chem. Soc2003 125 8080-8081. (67) This work.
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Table 3. 'H and3C Assignments of Heme Resonances of the Histamine Complexes of NP1 and NP2 at pH 7.0

NP1-Hm, 25°C NP2-Hm, 20°C

H,A H,B 15C, A 15C,B H, A H,B 15C, A 15C,B
M -13 12.9 -16 —21.8 -15 14.6 —2.7 —24.1
3M 29.3 13.9 —64.1 —39.1 30.4 15.0 —63.6 —36.8
5M 13.7 13.4 —27.0 —28.2 ~10.4 15.3 —-30.5
8M 13.8 0.2 —39.1 5.4 16.0 0.2 —-32.0 5.4
2V a 10.7 26.5 111 24.9 22.2
2V 3 —5.3,-55 -6.3,—5.9 175.8 -5.8 —-6.5 176.4
4V a 11.2 6.6 11.7 6.2
av s 0.5,-0.2 21,18 159.4 125.8 12,11 125.7
6Pa 10.2,2.5 17.6,7.7 —29.6 —39.6 10.8, 3.7 14.1,11.8 —43.6
6PS —4.0,—2.7 0.2,-1.9 107.8 —-3.0,—3.8 -1.6,—25 136.7
TPa 16.9,7.5 10.2,2.7 —39.9 —29.2 13.6,11.2 10.9,3.1 —29.5
P 0.3,-1.8 —2.7,—4.0 127.4 —2.3,-1.7 —4.1,-3.1 103.1
meseo —-3.4 -3.0 —-2.1 -1.0
mesop 7.9 6.8 7.2
mesoy —2.7 —2.8 —4.2 -5.0
mesod 6.3 7.0 7.1 11.0
av. M@ 13.8 10.2 ~13.8 11.3
A Me® 30.6 13.7 31.9 15.1

a Approximate chemical shift; resonance not assigned unambiguduslerage methyl resonance shiftSpread of methyl resonances.

previously3245-66 Before discussing the differences in be- 660 MHz), which are much too fast to affect the chemical
havior, however, the NMR results obtained on the nitro- shifts of resonances on the NMR time scale. Thus it is likely
phorin—cyanide complexes will first be presented. that changes in heme “seating”, by just a few degrees, at
In Figure 7 and Supporting Information Figure S4 are frequencies close to the NMR time scale (for example
shown the WEFT-NOESY and HMQC spectra of NFON between~500 and 1500 Hz at 500 MHz fdiH) account

and NP4-CN, respectively. As mentioned above, theB for the dynamics observed.
heme orientation ratio of the low-spin complexes depends  According to the plot derived for the dependence of heme
on which ligand has been added. In the case of NeMl methyl chemical shifts on axial ligand plane orientation,

and NP4-CN, this ratio is close to 1.2:1 for both, and thus  Figure 3, two different sets of methyl resonances are expected
both isomers are present in reasonable concentration and botkor the A andB isomers. Because cyanide binding does not
can be at least partially assigned. The HMQC map of both change the symmetry of the heme complex by introducing
NP1-CN and NP4-CN exhibit six methyl resonances i a nodal plane, we expect that it will also not change
the low shielding region of théH spectrum, three for each  dramatically the histidine plane orientation. Thus, the ratio
isomer. The two most shifted resonances, observed in they, > ¢, deduced for the high-spin complexes should remain
NOESY maps and assigned as 3Me, are not observed in thghe same in the cyanide complexes. On the basis of this
HMQC maps, probably because of their shorter relaxation gpservation and the X-ray crystal structures of both NP1
times that are possibly due to chemical exchange. SomecN4 and NP4-CN 20 we find thatga > ¢g is the case for
dynamics that is incompletely aver.aged for the 3Me reso- both, and thus isomeB has the 3Me resonance at larger
nance of both NPXCN and NP4-CN is suggested, although  chemical shift than isomek (Figure 3). Using the NOESY

no dynqmlcg is evident. The possible types .of dynamics thatspectra of Figure 7 and Supporting Information Figure S4
could give rise to such incomplete averaging for the 3Me \ye have made a full assignment of the methyl resonances
resonance daotinvolve cyanide orroff kinetics (the off- - 3ng most of the other heme substituent resonances of both
rate for cyanide is extremely slow, while the on-rate is jsomers of both NPACN and NP4CN as well as both

extremely fast, which together yield a very large binding jsomers of NP2CN discussed below. The chemical shifts
constant; R. E. Berry, unpublished work) but rather either 5.0 summarized in Table 4.

changes in heme “seating” within the heme binding pocket The effective nodal plane angles for theandB isomers

or changes in the degree of ruffling of the heme. In this . . .
second case changes in the degree of ruffling would thus beof NP1 derived from the order and relative spacings of the
heme methyl resonances are 1%nhd 117, respectively

a heme vibrational mode that is active on the NMR time i .
scale and in order to result in incomplete averaging would gaverage 139, as summarlzed in Table 1. These angles are
have to be somewhat slower than that observed for the'" POO" agreement with the crysta_l structure of ij\i
octaethylchlorin-bigert-butylisocyanide complex, published (%A = 139-Z, ¢ = 130.8, respectively, averagel%‘s&
earlier, where the vibrational frequency was calculated by NP4=CN (¢ = 137.8, gs = 132.2, average 139,” and
ADF methods to be 17 cm for saddling and 22 cnt for NP2-CN (pa = 137.8, s = 132.2, average 139, with
ruffling.®® However, these wavenumber values correspond shifts predicted to be in the order35 > 8 > 1 for A and

to frequencies of 510< 10° and 660x 1CF s (510 and 3 > 8 > 5> 1 for B. Furthermore, the observed order of
resonances > 5 found for isomerB in each NP-CN

(68) Cai, S.: Lichtenberger, D. L.. Walker, F. Morg. Chem 2005 44 complex violates the rule that the chemical shift of the
1890-1903. 5-methyl should always be larger than that of the 1-methyl
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Figure 7. Plot of the'H chemical shift range from 21 to 6 ppm for the
A 500 MHz 13C/*H HMQC spectrum of NP£CN recorded at 20C and the
500 MHz WEFT-NOESY spectrum of NPACN recorded at 20C with a
¥ mixing time of 30 ms. Methyl resonances 3B, 3A, 5A, 8B, and 1A are
resolved outside the diamagnetic envelope in the 1D spectrum, and 1B,
o4 8A, and 5B in the diamagnetic envelope are observed in the HMQC
spectrum. The NOESY spectrum shows correlations anmoespo.,5,y,0
and the 1,3,5,8-methyl, 2,4-vinyl, and 6,7-propionate resonances.
190 o
( .. ) tipping of the cyanide ligand from the heme norrff° For
isomerA the departure from the heme normal would add to
. the difference in chemical shift of the 1Me and 5Me, while

for isomerB it would subtract; thus it would be possible for

_ o _ 1Me to have a slightly larger chemical shift than 5Me. The
Figure 6. Plot of the deviations from the 24-atom mean plane (in 0.01 A) crystal structure of NP4CN indicates that the cyanide ligand
and isodisplacement contours of NP2N as compared to NPACN and . . ; 19
NP1-CN calculated from the program “PDBTransforf® Twenty-one leans slightly toward th@-mesoposition for isomerA,
contou‘{\ colors vary from purple<0.4 A) to dark green (0.0 A) to red and thes-meseH shift is more positive than thé-meseH
(+0.4 A). Positions where the 1,3,5,8-Me groups are bound are marked for opqi ; Ay i indi8?69
the B orientation of NP2-CN and theA orientation of NP4-CN and NP1~ shift, a clear sign of off a>§|s Cyamde .blndlﬁ@. !:OI’ NP2
CN. CN the lean of the cyanide ligand is very slightly toward

pyrrole ring Ill (this work), and thetr- andy-meseH shifts

-380 380

because of the electron-withdrawing effect of the 2-vinyl
substituent on 1M& This 5Me/1Me reversal may result from Eggg grr]]erﬁmkSWD-li( La E/Iir, g- _PtB_iOChemEt&fl'é)\?VQ |t29, 13\?6;1?36?}

. : H H . aro, M. K.; Walker, . A.; Raltsimring, A. IVl.; Vvalters, W. P.; Dolata,
off-axis blndlng'of th_e cyanide, such that there is a departure D. P. Debrunner, P. G.- Scheidt, W. RAm. Chem. S0d994 116
of thezmagnetic axis from the heme normal due to a slight 7760-7770.
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Table 4. 'H and3C Assignments of Heme Resonances of the Cyanide Complexes of NP1, NP4, and NP2 at pH 7.0

NP1-CN, 20°C NP4-CN, 20°C NP2-CN, 30°C

H, A H,B 3C,A  1C,B H, A H,B 3C,A 1C,B H,A H,B 13C,A 1C,B
1Me 10.8 8.2 —22.7 -—188 10.2 8.6 —222 -—195 9.3 9.7 —18.2 —19.6
3Me 16.5 19.8 16.9 19.4 15.8 18.4 —349 —34.6
5Me 13.4 7.3 —-279 -21.3 129 7.9 —27.6 —223 14.2 7.8 —-20.5 -—20.2
8Me 7.3 12.9 -21.3 —26.8 7.7 125 —22.8 —26.2 7.9 134 —20.2
2V a 16.9 16.7 16.6 17.3 16.2 16.0
2V B -5.6,-6.1 —-3.4,-3.6 193.7 186.0 —5.6,-6.1 —3.8,—3.5 -2.8,-35 —-19,-21 180.0 178.5
4V a 6.7 6.6 6.6 7.4
AV -0.2,-0.3 146.9 0.53,0.47 125.8
6P 12.9,8.6 10.4, 4.7 12.2,8.9 9.8,5.6 12.1,8.8 7.0,7.5 —21.6
6Pf -1.9,-0.7 -1.9,-0.7 -0.4,-1.1 95.6
7Pa 9.2,4.2 11.6,8.1 8.9,5.1 11.1,8.4 11.4,8.1 —22.5
P —-14,-22 -0.8,-1.7 -19,-0.8 -2.0,—-0.7 -0.8,-1.6 155.5
meseo.  —1.1 -1.1 -1.2 -1.3 1.2 2.3
mesop 6.3 5.9 6.0
mesoy —15 -11 -13 -1.6 -18
mesod 3.3 6.1 3.4 6.3 6.0
avMe  12.0 12.1 11.9 12.1 11.8 12.3
AMeP 9.2 125 9.2 115 7.9 10.6

a Average methyl resonance shiftMethyl resonance spread.

differ from each other by about 4 ppm, while tjfe and nitrophorin complexes; all nitrophorins have nonplanar
0-meseH resonances are at exactly the same chemical shifthemes, with ruffling being the major distortion motfe?°
(6 ppm). Along with the order of heme methyl resonances, We have found that the heme is ruffled differently depending
it is also observed that the chemical shifts are in general on the axial ligand bound to the Fe, not only in the deviations
smaller in magnitude than those of the imidazole and from the mean-plane but also in the orientation of the zero-
histamine complexes as well as other ferriheme protein level ruffling line o for that heme. This zero-level ruffling
cyanide complexe®:4548:566 For jsomerA, the spread of  line is found by considering the deviations of the 24 ring
the heme methyl resonances is 9.4 ppm for NEN, 9.2 atoms from the mean plane and calculating the orientation
ppm for NP4-CN, and 7.9 ppm for NP2CN (Table 4); of the zero-deviation line using the program called “PDB-
the corresponding values for isomiBrare each somewhat transform”, available on our Web sit¢In fact, there are
larger (13.6, 11.5, 10.6 ppm, respectively, Table 4). As will actually two zero-level ruffling lines that are arranged at
be discussed further below, the fact that the NP2 spread ofapproximately 90 to each other, as shown in Figure 6 for
heme resonances is smaller than those of NP1 and NP4 idsNP2—CN, NP4-CN, and NP*CN, the white X-shaped
consistent with the fact that the NP2 complex is the most space in between the green or aqua contours that show the
ruffled of the three. lowest level of deviation from planarity, with the white X
The 1D*H, WEFT-NOESY, and HMQC spectra of NP2 centered fairly near the iron atom. As is evident from the
CN are shown in Figure 8, where it can be seen thaBthe three plots in Figure 6, the NPZN complex has the most
heme rotational isomer again dominates, with AhB ratio symmetricallyruffled heme, with the white X passing closest
being about 1:6. In distinction to the high-spin form of NP2,  to the four porphyrin nitrogens and the Fe in the center.
the apparent orientation of the His 57 imidazole plane is not  Which zero-ruffling line (which arm of the white X) should
along thep,0-mesoaxis, for the two heme orientational we consider? Actually, we should consider both. The white
isomers have different chemical shifts and different effective X-shaped space in between the green or aqua contours in
nodal plane orientations. From the pattern of shifts sum- Figure 6 shows which atoms of the heme are above the mean
marized in Table 4, using the same treatment as describedplane and which are below. For NPZN, 3Me and 5Me
above for NP1+-CN and NP4-CN, it appears that for isomer  are slightly below the mean plane of the heme, while 1Me
A of NP2—CN the effective orientation of the nodal plane is slightly above and 8Me is significantly above the mean
is at an angle of~155-157 counterclockwise from the N~ plane, while for NP4CN and NP1-CN 1Me is significantly
Fe—N,, axis, while for isomeB it is ~114—117 counter- above the mean plane, 3Me is significantly below the mean
clockwise from the same axis. The solid-state structure of plane, and 5Me and 8Me are somewhat above the mean plane
NP2-CN discussed above is indeed consistent with effective of the heme. Although the contact shift may be affected by
nodal plane orientations that are very similar to those of the ruffling of the heme, we cannot be sure about this;
NP1-CN and NP4CN discussed below. however, the pseudocontact shift is certainly affected by the
The observed difference in effective nodal plane orienta- above and below the mean plane of the heme positions of
tion upon binding CN, in spite of the fact that it is a  the methyl groups.
cylindrical ligand, shows that there is an additional factor  Since thez magnetic axis of the heme iron must be fairly
that affects heme complex symmetry in addition to the close to the normal to the mean plane of the heme (but,
orientation of the histidine nodal plane. We have concluded however, shifted from that position by off-axis binding of
that this is heme distortion from planarity, which has been the cyanidef>%°the magnitude and sign of the displacement
observed in the X-ray crystallographic structures of all of each methyl from the mean plane should significantly
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Figure 8. Left: Plot of the'H chemical shift range from 20 to 6 ppm for the 500 MHZ/"H HMQC spectrum of NP2CN recorded at 30C and the

500 MHz WEFT-NOESY spectrum of NPZN also recorded at 3TC with a mixing time of 30 ms, showing NOE correlations betweeseo.,3,y,0 and

the 1,3,5,8-methyl, 2-vinyl, or 6,7-propionate, the NOEs between 2-yimgsonances. Methyl resonances 3B, 3A, 5A, and 8B are resolved outside the
diamagnetic envelope, and 1B, 1A, and 5B are seen in the HMQC spectrum. Right: Plot of thE#GAmMEIMQC and WEFT-NOESY spectra of NP2

CN over the+2 to —4 ppm?*H region, showing correlations between 2-vifiyH, between 8-H, and between #H protons.

affect the pseudocontact shift experienced by each methylnitrophorin. In effect, the “zero ruffling line” adds another
group, for example for NP4, by shifting the 1Me, 5Me, and sin/cos dependence to the chemical shifts of the heme
8Me resonances in the positive chemical shift direction but methyls that has the effect of shifting the phase of all four
the 3Me resonance in the negative chemical shift direction. lines as compared to that shown in Figure 3. This shifting
This is exactly what would be expected if the effective nodal of phase can thus be simulated by averaging the effect of
plane angle were somewhat larger than predicted by thethe nodal plane of the axial ligang, and the orientation of
orientation of the planar axial ligand (Figure 3), and thus by the zero ruffling line as chosen abowg, to yield a larger
averaging the angle predicted by the orientation of the planarapparent angle for th& isomer or a smaller apparent angle
axial ligand with the angle predicted by the zero-ruffling line for the B isomer than would have been expected, based on
that corresponds to the “leg” of the white X that passes the nodal plane orientation of the axial ligand alone.
through the pyrrole rings at the top right and bottom left of  If we consider these two anglegs or g andoa Or ag,
each heme drawing of Figure 6, we obtain a predicted nodalto contribute equally to determining the effective nodal plane
plane orientation that is consistent with the observed anglefor the cyanide complexes, then the calculated order of
(Table 1). This choice corresponds to choosing the zero chemical shifts for thé isomers matches that observed and
ruffling line that passes through pyrrole rings Il and IV for presented in Table 4, while the calculated order for Bhe
isomerA or | and Ill for isomerB. In general we find that  isomers matches for the 3Me and 8Me resonances. However,
the value of the zero ruffling line angle,, chosen in this  this simple treatment cannot explain the reversal in the order
way, is fairly close to © or 18C for isomerA and to 90 of the 1Me and 5Me resonances, and the observation of this
for isomerB, whereas the histidine 57 or 59 imidazole plane reversal is an indication of more complex effects such as
orientation is fairly near 135for both isomers of each  off-axis cyanide binding, discussed above. For NEN and
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Table 5. Methyl Proton Shift Patterns for Histidine/Cyanide-Coordinated Ferriheme Proteins

Shokhireva et al.

His-imidazole methy! shift spread av shift
protein plane angle®) order methyl shifts (ppm) (ppm) (ppm) ref
sperm whale metMbCN 178 51>8>3 27.0,18.6,12.9,4.8 22.2 15.8 51
elephant metMbCN 178 51>8>3 25.3,16.5,11.8,5.9 19.4 14.9 69
G. japonicametMbCN ~178 5>1>8>3 25.1,16.3,10.5,5.7 19.1 145 58
M. japonicasmetMbCN ~178 5>1>8>3 25.9,16.6,10.2,5.7 20.2 14.6 58
human metHb A CNx 159 5>1>8>3 20.9,15.9,8.7,8.0 129 13.4 72
human metHb A CNg 164 5>1>8>3 20.9,14.7,8.8,8.1 126 13.1 72
GlycerametHbCN 95 83>5>1 19.9,18.8,6.5,0.6 19.2 11.5 56
Chironomus thumi thumi
metHbCN IlI ~85 8>3>5>1 29.5,22.2,7.2,3.4 26.1 15.6 59
metHbCN IV ~85 8>3>5>1 28.9,21.4,75,39 25.0 15.4 59
AplysiametMbCN 145-154 3>5>1>38 17.8,15.7,11.8,9.9 7?9 13.8 51
ScapharcanetHbCN ~142 3>5>1>38 17.1,12.7,12.6,7.8 *3 12.6 72
DolabellametMbCN ~145 3>5>1>8 17.4,15.1,11.8,10.2 R2 13.6 73
HRPCN 95 8>3>5>1 29.9,25.1,6.4,2.9 27.0 16.1 58, 60
LIiPCN 120 3>8>5>1 30.1,20.5,3.3,0.8 29.3 13.6 57, 60
human heme-HOCN 125 38>5>1 19.6, 10.5,9.0,5.0 127 11.0 63
C. diphtheriagheme-HOCN 125 3»8>5>1 19.2,10.6,8.5,5.4 137 10.9 63
P. aeruginosdheme-HOCN 35 51>8>3 27.7,22.7,19.0,4.4 233 18.5 63
P. aeruginoséheme-HOCN alternate seating 105 >38>5>1 24.6,16.3,5.4,1.7 22.8 12.0 63
MB8O0A cytc CN ~45 8>5>1>3 22.5,19.5,154,11.3 1R2 17.2 74
MP8-CN ~45 8>5>1>3 23.2,21.7,16.4,10.6 126 18.0 75
horse cytc CN ~45 5>8>1>3 23.1,21.5,16.6,11.4 1R7 18.2 76
NP1-CNA 139 3>5>1>8 16.7,13.3,10.8, 7.3 ®4 12.1 TWP
B 131 3>8>1>5 20.9,13.0,8.2,7.3 136 12.4 TWP
NP4-CN A 138 3>5>1>38 16.9,12.9,10.2, 7.7 R2 11.9 WP
B 132 3>8>1>5 19.4,125,8.6,7.9 1185 12.1 TWP
NP2-CN A 138 3>5>1>8 15.8,14.2,9.3,7.9 79 11.8 TW
B 132 3>8>1>5 18.4,13.4,9.7,7.8 176 12.3 TWP
protohemin-CN in DMSO &5>3>1 16.3,15.9,12.3,10.3 6.3 13.6 83

aHeme methyl spread less than 15 prithis work.

NP4—CN the average angle of the crystallographic histidine heme and are believed to further encourage the heme to
imidazole plane¢, = 139.2, 137.8, respectively) and the  ruffle, with important consequences in terms of the stability
zero-line position@a = 179.9, 178.0, respectively; average  of the Fe(lll)-NO oxidation staté® As has been pointed
= 160 for A and 110 for B for NP1-CN, and 158 for A out recenthp ruffling of a ferriheme tends to stabilize the
and 112 for B for NP4—CN) are in good agreement with  dy, and g, orbitals of the iron and, in the limit, leads to a
the effective nodal plane angle. The fact that these valueschange in the electron configuration of low-spin Fe(lll) from
are somewhat larger for isomérand smaller for isomeB the more common (g?(dk,dy)° to the less common {gd, ,)*-
than predicted by the effective nodal plane angles {Hstl (dy)? configuration. This change in electron configuration
117, respectively) determined from the heme methyl shifts usually brings about major changes in thealues measured
suggests that the zero-ruffling line position is of slightly by EPR spectroscopy as well as major decreases in the proton
smaller importance than the histidine nodal plane in deter- chemical shifts of the3-pyrrole substituent resonances of
mining the orientation of the effective nodal plane in these the hemé! Both of these effects are aided by overlap
NP1,4-CN complexes or that the degree of ruffling in between the half-filled g orbital of iron and the porphyrin
solution is greater than in the crystalline state. For NP2  2a(;r) molecular orbitaf'7 This orbital has large spin
CN the average angle of the crystallographic histidine density at the nitrogens andesecarbons and very small
imidazole plane ¢g = 132.2) and the zero-line position  spin density at th@-pyrrole carbons. Ruffling of the heme
(ag = 92.0°) is 112.F for B, while the NMR shifts predict  has important functional consequences for the nitric oxide
an effective nodal plane of 114in very good agreement complexes for which the cyanide complex is a model, in
with the calculated angle. that strong ruffling of the heme should help to maintain the
In comparison to the nitrophorins, most of the ferriheme Fe(lll) (dy,d,,)*(dk)* — NOe electron configuration rather
proteins for whose cyanide complexes theNMR spectra than the Fe(ll) (d,0,,)*(dyx)?> — NOT electron configuration,
have been reported are those of myoglobins, hemoglobins,thus helping to facilitate NO relea8e.
and peroxidase¥;*5515266 gmost all of which have the Thus, the spread of the heme methyl proton resonances
histidine imidazole plane aligned along one or the other of of monocyano ferriheme proteins should be a measure of
the No—Fe—Np axes. Such alignment of the imidazole plane the degree of g character of the metal unpaired electron
“discourages” ruffling of the heme, whereas the orientation and thus also of the degree of ruffling of the heme. In Table
of H57(59) over theS- and 6-mesocarbons, as in the 5 are summarized the heme methyl proton chemical shifts
Rhodniusnitrophorins, “encourages” ruffling. In addition, for a number of ferrihemecyanide complexes of heme
the nitrophorins also have two leucine residues in the distal proteins, including the three nitrophorins of this study. As
pocket, L123 and L133 for NP1 and NP4%and L122 and is apparent, there are two classes of ferriheim@nide
L132 for NP2 that are in van der Waals contact with the complexes: those having a spread of the heme methyl
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resonances of 19:129.3 ppm and those having a spread of discussed for those for which structures are available, and
7.2—-14.7 ppm. The group with the larger spread of heme as based on the order of heme methyl resonances for the
methyl resonances includes most of the metmyoglobin other members of the latter group of proteins, have histidine

cyanides, except for those @fplysia and Dolabella the
hemoglobins of Scapharcaand human, but not lower
organism hemoglobin?seudomonas aeruginoseme-

imidazole planes oriented near either {hé- or the a,y-
mesecarbons, which “encourages” rufflif§ The degree of
dxy, unpaired electron contribution does not have to be major,

heme oxygenase-CN in both the normal and alternate and in most cases is not, for all of the members of this second

seatings, but not human @orynebacterium diphtheriae

group of ferriheme cyanides have larger spreads of the methyl

heme-heme oxygenase cyanides. By this criterion of large resonances than does protohemin bis-cyanide in DM§SO-
spread of the heme methyl resonances, we would expect thes€6.3 ppm spread, Table 8)where there is no ligand plane.
ferriheme-cyanide proteins to have planar hemes and pure But an increase in the degree gf dharacter has the effect
(dyy)?(dy0y)® electron configurations in aqueous solution at of yielding a much smaller spread of the heme methyl

ambient temperatures. On the other haAg)ysia® and
Dolabella> metmyoglobin cyanide§capharc& and human
hemoglobiri? cyanides, hum#d and Corynebacterium di-
phtheriaeheme-heme oxygenase cyaniée@M80A cyto-
chromec cyanide’* microperoxidase-8-cyanidé and horse
cytochromec cyanidé® probably all have ruffled hemes, as

resonances than the first group and thus suggests that the
hemes of these complexes are quite ruffled. Interestingly,
as discussed in section 1 above and shown in Supporting
Information Figure S1, the EPR spectra of the nitropherin
cyanide complexes are very similar to that of metMbCN,
which indicates that at 4.2 K the electron configuration of

do the nitrophorins of this study. In support of this statement, both complexes is pure J{)P(dy,d,).2 This means that the

the structure of ferridplysia limacinaMb,”” its CN-, N3~
SCN-, F~, and imidazole complexe$,and several mutants

NP1—-CN electron configuration changes with temperature.
A similar change in electron configuration with temperature

where the mutated group is not near the heme binding was observed for a model of heme oxygenase, [TPPFe-

pocket®as well as theScapharca inaequalis tetrameric
HbII-CO®° all show that the histidine imidazole plane is
aligned closer to thenese-mesoaxis than to the NFe—N
axis (150.5, 145.2, 152.6, 152.7, 145.8, 147.9, 152.7,

and 142.7, respectively). And although the heme is modeled

(OCH)(t-BUOO)T, which also exhibited a (§?(dxz0,,)?
electron configuration with a planar heme at 4.2 K but a
(0k0y2)*(dyy)* electron configuration with a ruffled heme at
ambient temperaturd.

It is important to note that in the high-spin complexés,

as being planar in these crystal structures, it is very likely the ¢ angle for theA isomer is larger than for thB isomer
that in solution a low-energy vibration can take the heme (¢, > ¢g). We find this to be the same in the NEN
from a planar conformation to a ruffled or possibly a saddled complexes, as expected, because the cylindrical cyanide
one. Human metHbCN dimer has the His-imidazole plane ligand should not change it. For the NRnH and NP-Hm

closer to the N-Fe—N axis than thesex(164.9, 8 159.4),5!
but these angles are still far from the-Re—N axis (O or

complexes, however, this ratio changes to the oppogite (
< @g), as discussed above. This different behavior of cyanide

18C°) as compared to sperm whale, horse, or elephant Mb.as compared to the larger ligands may be due to space

The neamesoe-mesaoorientation of the His-imidazole plane

limitations for how larger ligands can sit at certain positions

in each of these cases would “encourage” the ruffled inside the heme cavity. Because neither the heme molecule
conformation, and thus the NMR observation of very small nor the cavity is symmetrical, the heme adjusts its position
spread of the heme methyl resonances of the cyanidein different ways for theA andB orientations depending on
complexes is consistent with a ruffled heme macrocycle at spin state and identity of the axial ligand, as discussed with

room temperature.

regard to the high-spin forms of NP1 and NP2 and the two

Ruffling leads to at least some degree of contribution from mutant proteins, NP1Y28F and NP2-F27Y 33

the (d,d,)*(dy)* electron configuratioi? Notably, as just
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magnetic anisotropy effects that result from the pseudocon-is due to the effect of the zero-ruffling line rather than to
tact contribution to the paramagnetic shifts, which also one planar ligand contributing more strongly to the effective
depend on the orientation of the axial ligand. In this situation, nodal plane orientation than the other.

however, we must allow for the possibility that one or the  There is an equilibrium between the two heme orientations
other axial ligand may be more important because it is a (A andB), that depends not only on heme binding ability
strongerzr donor than the other. Unlike the case of mouse pyt also on the heme cavity properties such as cavity shape,
neuroglobir? the effective nodal plane of the axial ligands  sjze, and possibly other contributions as wAlB ratio can

of NP1, NP4, and NP2 is in all cases of imidazole and he much more accurately measured by NMR spectroscopy
histamine complexes similar to those seen in the X-ray crystal than py X-ray crystallography.
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