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ABSTRACT. Solution'H NMR has been used to characterize the active site molecular and electronic structure
of the cyanide-inhibited 2,4-dimethyldeuterohemin complex of the heme oxygenaseNe®seria
meningitidistNmMHO) with respect to the mode of interaction of @eerminus with the substrate and the
spontaneous “aging” dlmHO that results in the cleavage of teterminal Arg208-His209 dipeptide.

The structure of the portion involving residues Alal2-Phel92 is found to be essentially identical to that
of the protohemin complex in either solution or crystal. However, His207 fronCtherminus is found

to interact strongly with the substrate 1¢tas opposed to the 8GHNn the protohemin complex. The
different mode of interaction of His207 with the alternate substrates is attributed to the 2-vinyl group of
protohemin sterically interfering with the optimal orientation of the proximal helix Asp27 carboxylate
that serves as acceptor to the strong H-bond by the peptide of His207. The 2,4-dimethyldeuterohemin HO
complex “ages” in manner similary to that of protohemin, (Liu, Y., Ma, L.-H., Satterlee, J.D., Zhang, X.,
Yoshida, T., and La Mar, G. N., (200@iochemistry 45 3875-3886) with mass spectrometry and
N-terminal sequencing indicating that the Arg208-His209 dipeptide is cleaved. The 2,4-dimethyldeutero-
hemin complex of WT HO populates an equilibrium isomer stabilized in low phosphate concentration for
which the axial His imidazole ring is rotated by20° from that in the WT. The His ring reorientation is
attributed to Asp24 serving as the H-bond acceptor to the His207 peptide NH, rather than to the His23
ring NsH as in the crystals. The functional implications of the alteCe@rminal interaction with substrate
modification are discussed.

Heme oxygenase, HOis a nonmetal enzyme that stereo- such asCorynebacterium diphtheriag6) Cd, Neisseriae
selectively degrades protohemin, PH, into biliverdin, iron, meningitidis (7) Nm, andPseudomonas aeruginqg8) Pa,
and CO (). The membrane-bound300 residue mammalian  utilize ~200 residue soluble HOs to “mine3{12) iron from
HOs serve to degrade the toxic hemin into antioxidant the host. Although the diverse HOs exhibit variable degrees
biliverdin (2) (later to bilirubin via biliverdin reductase) in  of sequence homology to mammalian HOl) (the structur-
its key role in iron homeostasi8)(and CO as a putative  ally characterized HOs exhibit the same fol8{17) and
neural messenge#d). Smaller, soluble plant and cyanobac- catalytic mechanisn®(9, 10, 18, 19). The reaction proceeds
terial HOs generate open tetrapyrroles as precur&ro( via three distinct intermediates, meso-hydroxy-PH, ver-
light harvesting pigments and some pathogeneic bacteria,doheme, and iron biliverdin2( 9, 10), where the activated
T This work was supported, in part, by the National Institutes of 212_ SpeCr:eS ISha ferl’rI]C hydroperoxy spec;és?(, |10, 12’-18_ h
Health Grants GM62830 (to G.N.L) and GM47645 (to 3.0.5.) and a 20 father than the more common ferryl species. The
Grant-in-Aid for Scientific Research (16570102) from the Ministry of Stereoselectivity of the heme cleavage has been shown to
Education and Sports, Science and Teaching, Japan (to T.Y.). be controlled by two factors. The distal helix is placed so

* Corresponding author. Phone: (530) 752-0958. Fax: (530) 752- close to the heme surface so as to sterically bld&-(7,
89?3-,15;‘;;;'9 é?%gﬁ%fﬂg?g:\‘,’iﬁ'ed”' 22) all but one meso-position to attack by'FOOH, whereas

$ Yamagata University School of Medicine. steric interactions between the distal helix and the bound

""Washington State University. ligand (Q, (23) but also NO, 22, 24) CN-, (25) N5 (26),

1 Abbreviations: DSS, 2,2-dimethyl-2-silapentane-5-sulfonate; DMDH, . . . .
2-, 4-dimethyldeuterohemin; PH, protohemin, NOESY, two-dimensional and CO (6, 29)) sterically tilt/orient the ligand toward the

nuclear Overhauser spectroscopy; TOCSY, two-dimensional total lone “unblocked” meso position. Although the majority of

Correlatiog_ Sﬁﬁgsgiﬂpgh%% Rleme QXygene!‘dHﬁgélNeisseria HOs are exclusivelyn-stereoselective2( 9, 10), PaHO
meningitidis - -CN, Neisseria meningitidisieme oxy- ihi H _ i i
genase-2-,4-dimethyldeuterohemin-cyanideHO-PH-CN,Neisseria exhibits mlx.e.d B.o Stereosel?CtIVIty 47). The different
meningitidisheme oxygenase-protohemin-cyanide; MALDI-TOF, matrix- Stereoselectivity oPaHO relative to that of other HOs has

assisted laser desorption ionization -time-of-flight. been shown to result from a seating of the PH in the active
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site that is rotated 90about the heme normal relative to
that in other HOs 17, 27). The variable5- versusd-stereo-
selectivity forPaHO arises because of the ubiquitous heme
orientational heterogeneity about the RHjy-meso axis;
(28—31) for a-stereoselectivity HOs, this isomerism has no
consequence.

The unusual hydroperoxy speci&s 9, 10, 12, 19) as the
activated complex that initiates the reaction is unique to HOs,
and the inhibition of the ©0 bond cleavage commoi§,

32) to cytochromes P450 and heme peroxidases and the
stabilization of the Fe-OOH unit appear to be mediated by
a series of distal ordered water molecul&g, 22—24, 26)

that are organized in a channel by a H-bond network with g5 ze 1: Schematic structure of the heme pocket showing the

some unusually strong H-bond3(( 31, 33—35). The distal  disposition of proximal (rectangles) and distal (ovals) residues
interaction with water molecules embedded in the H-bond relative to each other and the heme, as viewed from the proximal
network is observed in each of the structurally characterized S'gg;EE:;R: Vmgihc?ggﬁggggﬁ dtsotont?uttlavg fglrgt:hrﬁm::tr'gpgz)f
. . . . W 4: y - y | A=

HOs, in spite of only limited sequence homology for the dimethyldeuterohemin (DMDH). The Fischer notation identifies the
members of the H-bond network. Although the molecular gypstrate substituents for both PH and DMDH. The NOESY
structure and mechanism of the diverse HOs have beencontacts, expected on the basis of the crystal struct@e,and
shown to be remarkably similar, less attention has been paidobserved in solution, are shown as double-sided solid arrows. Two
to the particularly distinctive properties of the individual ?hbesgr;’gt‘;lNﬁ?iiﬁ;g\‘};iﬁg%iég%f:ﬂg%’:‘gp;%)é ?sor:o?/\:ﬁ%cheo?dg)y
.HOS' Even the unique StereoseleCt'V{tWaHQ Is rational- but observed in solution3(, 37) are shown by dashed lines for ’
ized by a conserved fold and mechanism, with only the hemehe PH complex and by dotted lines in the 2,4-dimethyldeutero-
seating altered1(7, 27). hemin (DMDH) complex. Also shown are the referengey’, and

HOs initially bind PH 1:1 disordered about the,y-meso- 7 and the magnetia, y, and z coordinate systems, wheg is

axis, with the relative populations changing with time and/ nemal to the heme. The angfe defines the tilt of the major
ligand until a new equilibrium ratio is attainedg—31) magnetic axig from the heme norma (not shown) and the angle

orig q . . . ' o between the projection af on thex', y' plane, and thed axis

In most cases, both heme orientations remain populated to ajefines the direction of tilt, and ~a + y locates the rhombic or

significant degree at equilbriun28—30). For solution NMR X, y axes relative to ther', y' axes.
investigations, this equilibrium heme orientational hetero-
geneity introduces severe spectral resolution and sensitivityHowever, although the unsymmetric PH leads to one
problems for most HOs that have been obviated by the usedominant orientation at equilibrium iINmHO-PH-CN, @1)
of the synthetic, 2-fold symmetric substrate, 2,4-dimethyl- NmMHO-PH-H0, (36) and NmHO-PH-N; (38) complexes,
deuterohemin (DMDH, R-CHs in Figure 1) B0, 33). NmHO the replacement of PH with the 2-fold symmetric DMDH
and PaHO exhibit less sequence homologyl) to mam- (Figure 1, R= CHjy) leads to the equilibrium population of
malian HOs than doe€dHO and exhibit more compact two interconverting species whose relative stabilities are
structures 15, 17, 22) with fewer and/or smaller vacancies modulated by solution conditions and whose heme methyl
near the distal pocket than mammalian HQ3, 4—26) or hyperfine shift pattern reflects a significant difference in the
CdHOs (16, 23). The more “restrictive” heme pocket in  rotational position of the prosthetic group relative to the axial
NmHO is further confirmed by the equilibrium population His imidazole plane. Also, we observe that the replacement
of primarily a single PH orientation,3(Q, 36) and by of PH by DMDH significantly alters the interaction between
increased dynamic stability in the pocket relative to that of the substrate and th&-terminus. The replacement of PH
other HOs as reflected in labile proton exchange with solvent with DMDH for cyanide complexes of hHO26, 33) and
(3D). CdHO (30) leads to very small changes in the pattern of
The crystal structure oNmMHO complexes showed that dipolar shifts for the proximal helix residues in particular.
the C-terminus is closer to the heme pocket than that in other In contrast, significant changes in the proximal helix hyper-
HOs, but the penultimate His207Arg208His209 fragment fine shift in theNmHO complex indicate systematic changes
could not be detected and was proposed to be statically orin either the molecular or the electronic structure. We
dynamically disorderedl&, 22). Moreover, the conversion  emphasize herein a comparison of the mod€aérminal
from a H-bond donor ligand\nmHO-PH-H,0) to a H-bond interaction of theC-terminus with the substrate when the
acceptor Km-PH-NO) resulted in a major reorientation of PH vinyls are replaced by methyls and the development of
the 7-propionate as well as several other distal pocketa hypothesis for the induction of structural heterogeneity in
residues 15, 22). Solution*H NMR, however, located3(, the substrate binding for this viny methyl substitution.
37) one of theC-terminal His in the heme pocket interacting Finally, we have shown that the natiddrHO, (37) which
with pyrrole D (8CH). The proposed His207 peptide NH consists of Ser2-His209, undergoes a spontaneous, irrevers-
was inserted into the heme pocket and serves as a likelyible conversion to a new species with a detectably different
H-bond donor to the Asp27 carboxylate, whereas the Arg208 *H NMR spectrum for the PH cyanide complex. Although
guanidyl group was proposed to orient toward the distal the actual cleavage of the Arg208His209 dipeptide from WT
pocket and form a salt bridge with the reoriented 7-propionate NmHO is not likely physiologically relevant, the fact that
(31, 37). the cleavage result87) in significantly altered biliverdin
We extend herein our investigation to some unusual release and exogenous ligation rates argues for a physiologi-
properties of theNmHO relative to those of other HOs. cal role for the interaction of theC-terminus with the
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substrate that modulates product release. Our interest hereytochromec (M, = 12,361.14) were incorporated in some
is to find out if, and how, th€-terminal peptide is influenced  solutions as internal standards for accurate mass/charge

by substrate substituents. determinations. Mass statistics were accumulated using
repeated mass determinations in separate MALDI-TOF
MATERIALS AND METHODS experiments with at least two internal references present.

Individual protein masses were calculated using the averaged

Protein PreparationApo NmHO samples utilized in this isotope masses of each element (IUPAC Commission on
study are the same as those described in detalil previouslyAtomic Weights and Isotopic Abundances, 1993): =H

(31). All samples were kept frozen at80 °C until required. 1.00794. C= 12.011. N= 14.00674. O= 15.9994. S=
A _stoichiometric amount of 2,4-dimethyldeuterohemin, 32.066. ,Protein maéses were ther’1 constructed,from the

DMDH, was added to apblmHO in phosphate buffer (100 calculated mass of each amino acid and the specific pri
pecific primary
mM or 50 mM at pH 7.0). The substrate complex was amino acid sequence.

purified by column chromatography on Sephadex G25 and N-Terminal Sequencingsmino-terminal protein sequenc-

concentrated to 23 mM by ;Jltlraflltr?tlon. KCN buffered ing (up to 12 amino acids) was carried out at the Washington
at pH 7'(.) was added in10-fold molar e>2<cess to pl)repare State University Laboratory for Biotechnology and Bio-
the cyanide complexNmHO-DMDH-CN. *H;0 for 'H,0 analysis, Unit 1 (WSU LBB1) using an Applied Biosystems
solvent exchange was carried out by column chromatographyprocise 492 Protein Sequencer.
(39). HPLC Analysis of the NmHO DMDH-Reaction Products.
Samples oNmHO-DMDH-H20 andNmHO—-DMDH-CN The reaction mixture consists of 2eM NmHO-DMDH
were aged §7) at 25°C for 5-25 h; the longer times  complex and 1 mM desferrioxamine in 1.0 mL of 50 mM
comparable to the duration of the acquisition of the minimal phosphate (pH 7.4). After 3 min of preincubation, the
2D NMR data sets required for structural elucidation. The (eaction was started by the addition of 4D of 1 M sodium
aging was monitored by mass spectrometry #&IMR as  45corbate (final 10 mM) for 2 h, followed by hydrolysis with
the NmHO-DMDH-CN complex. HCI to ensure the full conversion into dimethytdeutero-
NMR Spectroscopy*H NMR data were collected on biliverdin. Stereoselectivity of the reaction products was
Bruker AVANCE 500 and 600 spectrometers operating at analyzed by HPLC according to the method used for the
500 and 600 MHz, respectively. Reference spectra wereanalysis of the reaction products from P#&B),
collected in'H,0 over the temperature range-155 °C at Magnetic Axes DeterminatioThe location of the mag-
a repetition rate of 13 using a standard one-pulse sequence. netic axes ilNmHO-DMDH-CN were determined by finding
Chemical shifts are referenced to 2,2-dimethyl-2-silapentane-the Euler rotation angled;(a.3,y), that rotate the crystal-
5-sulfonate (DSS) through the water resonance calibrated atstructure-based, iron-centered reference coordinate system
each temperature. The 600 MHz NOESY0) spectra X, Y, Z into the magnetic coordinate systeqy, z, where
(mixing time, 40 ms; 1535 °C) and 500 MHz Clean-  the paramagnetic susceptibility tensgris diagonal where
TOCSY (to suppress the ROESY respor&B)spectra (25 a, B, y are the three Euler angle81( 44—46). The angle
and 35°C, spin lock 25 and 40 ms) using MLEV-122) dictates the tilt of the major magnetic axisfrom the heme
were recorded over a bandwidth of 25 kHz (NOESY) and normalZ; a reflects the direction of this tilt and is defined
12 kHz (TOCSY) with recycle times of 500 ms and 1s, using as the angle between the projection of #rexis on the heme
512 t1 blocks of 128 and 256 scans each consisting of 2048plane and theX axis (Figure 1), and ~ a+y is the angle
t2 points. 2D data sets were processed using Bruker XWIN between the projection of the y axes onto the heme plane
software on a Silicon Graphics Indigo workstation and and locates the rhombic axes (Figure 1). The magnetic axes
consisted of 3% or 45°-sine-squared-bell-apodization in both  are determined by a least-square search for the minimum in
dimensions and zero-filled to 20482048 data points prior  the error function: 31, 44—46)
to Fourier transformation.

Mass SpectrometryMatrix assisted laser desorption _ . 2
ionization-time-of-flight (MALDI-TOF) mass spectrometry Fin _;mdip(ObS)_ dgip(calc) (1)
was carried out on a Voyager DE system (Perseptive -
Biosystems) housed in the Washington State University where the calculated dipolar shift in the reference coordinate
Laboratory for Biotechnology and Bioanalysis, Unit 2 (WSU  systemx, v, Z, (R, ¢ Q'), is given by
LBB2). Five primary matrix solutions were employed in
replicates of eactNmHO sample. These were made from  d,(calc)= (24muN,) [2Ay,,(3cos6’ — )R +
saturated solutions of sinapinic Acid (3,5-dimethoxy-4- C 20 o3
hydroxy-cinnamic acid, Aldrich or Sigma). The aqueous 3th(sm29 cosZY)R (e, . 7). (2)
solutions used to dissolve the matrix were (i) 30@1%
trifluoroacetic acid/70% acetonitrile (Sigma) by volume; (ii)
30%—1.0% trifluoroacetic acid/70% acetonitrile; (iii) 50%
1.0% trifluoroacetic acid/50% acetonitrile; (iv) 30%.0%
acetic acid/?p% acetoni_trile; and (v) 56%.0% acetic acid/ ) dip(ObS): Opsg(0bs)— dpsddia) (3)
50% acetonitrile. Protein samples (1 mL) were thoroughly
pipet-mixed with an equal volume of the matrix solution on wheredpsgobs) andips{dia) are the chemical shifts in ppm,
the MALDI-TOF plate until crystallization began. For referenced to DSS, for the paramagnéticHO-DMDH-
calibration purposes, standard desalted solutions of (all fromCN complex and an isostructural diamagnetic complex,
Sigma) equine myoglobinM; = 16,952.56) and equine respectively. In the absence of an experimedigidia), it

with Ayax andym as the axial and rhombic anisotropies of
the diagonal paramagnetic susceptibility tensor. The observed
dipolar shift, dgip(0bs), is given by
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When!H NMR data are recorded at25 °C over a period
of days as the cyanide complex (or over only several hours

g jr;’ as the aquo complex), the peaks for theNMR spectrum
K N ’.‘3 of NmHOA-DMDH-CN decrease in intensity (compare
D 87 Figure 2B with 2C), and a completely new species, labeled
P o A : NmHOX-DMDH-CN, with new methyl peaks C# emerges,
Co o } AR ; as shown in Figure 2D. It will be shown that species X is
c__ ij\_/\jL SN WYY M the same as that obtained by “aging” the PH complex,
N, Do : h | Do ; namely,NmHO” with the C-terminal Arg208-His209 cleaved
e 2 NN R (37).
—/— ) <~ Co Figure 2 shows that the ‘A’ and ‘X’ complexes exhibit
! 8R! D Do comparably narrow lines that are similar to those of the
' < § ‘;é analogous PH complexes3X, 37). Species Z exhibits
B : ; w inherently broader lines due to the exchange with species A
—_ acH, S and the lower concentration of Z, which make the detection
PR of 2D cross peaks for this species much more difficult.
‘/k R & £ &g Hence, we pursue 2D NMR assignments and structural
A M characterization for the A and X complexes in great detall
p— e T —————— s————— comparable to that reported previously for the analogous PH
26 25 22 21 17 16 15 14 13 -1 -2 -3 ppm complexes 31, 37). Only 2D data relevant to differences

FiGURE 2: Resolved portions of the 600 MH# NMR spectrum  between the DMDH and PH complexes or between the ‘A",
of (A) NmHOA-PH-CN with reported 31) assignments; (B) ‘X" and ‘Z’ complexes of DMDH are illustrated in the text;

gmﬁbDNMDHéCNS; ég) ; ﬁﬂfggleD &Ogr_'p%sl\?d Gf%O‘)?D’\)mHQ%’;/- other relevant 2D data are provided in Supporting Informa-
- ana ~ (] - -CN; an > 0 i i i
NMHO-DMDHX-CN in #H,0 100 mM, in phosphate at pH 7.0 at tion. Although DMDH does not possess a unique numbering

25 °C. The inset Bshows the relative intensities of the resolved SYSteM for its substituents, we adopt the labelingS Ifor
heme methyl peaks in a 8:1 A/XMHO-DMDH-CN sample in 50  pyrrole positions andw—4 for the meso positions, on the
mM phosphate at pH 7.0 at 2&. Heme resonances are labeled basis of the location of the same numbered substituents for
by the Fischer notation and residue protons by their number and pH in the crystal 15, 22) or solution structures3(, 37) (i.e.,

position. Although there is no unique labeling of DMDH in the ; : i
Fischer notation, we label positions-& on the basis of the position 2CHs in DMDH refers to the methyl occupying the 2-vinyl

occupied by the corresponding subsituent in PH. Superscript A Position of PH in the_ protein ma’.[rix)'.
represents the peaks for the native, initially formed complex of Ser2-  Mass Spectrometric Characterization of NMHDMDH-
His209NmHO, superscript X identifies the analogous signals for CN. The mass spectrum of the substrate complex is identical

complex X where Arg208 and His209 have been cleaved, and y, that for apoNmMHO, dictating that both the axial ligand
superscript Z identifies the peaks for a species in dynamic '

equilibrium with species A, for which the position of the equilibrium and substrate are lost during ionization, as observed previ-
is strongly modulated by phosphate concentrations. ously for the PH complex37). The MALDI-TOF mass

: . . spectra of essentially puddmHOA-DMDH-CN and a series
may be reasonably eshm_ate:ﬁil( 47, 48) using the Shiftx of mixtures with increasing conversion lmHOX-DMDH-
program 48) and the available molecular structug@®y. CN (not shown; see Supporting Information) show that the

RESULTS ‘A’ species exhibits the same madd, = 23,455+ 13 Da
(GenBank accession number AAF24745 minus the first 21

Structural Heterogeneities of NmHO-DMDH-CNhe residues, i.e., Ser2209) @B1), reported for pureNmHOA-

resolved portions of the 600 MH#H NMR spectra of ~ PH-CN @37). Confirmation byN-terminal sequencing estab-

NmHOA-PH-CN andNmHOA-DMDH-CN are compared in  lishes thatNmHOA-DMDH-CN possesses the same Ser2-

Figure 2A and B, respectively, whelsmHO” represents the  His209 polypeptide as in the ‘A’ complex with PH. Similarly,

native Ser2-His209 polypeptid8%). Heme resonances are  NnmHOX-DMDH-CN, with M, = 23,166+ 6 Da, exhibits a

labeled in the Fischer notation (Figure 1) and for residues, mass that is indistinguishable from that observed\ioHO*-

by the residue number and position (except peptide NHs, PH-CN, M, = 23,1664+ 13 Da (37), which, with the retained

which are labeled only by residue number). Resonances fromSer2 as the initial residue by sequencing, dictates that the

the alternate ‘A’ and ‘X’ forms are labeled by such DMDH ‘X’ species consists of only residues Ser2-His207,

superscripts. As is apparent in the comparison of Figure 2A with the Arg208-His209 cleaved in the ‘A> ‘X’ conver-

and B, the chemical shifts for both heme substituents andsijon. The rate of the ‘A ‘X’ conversion under the same

amino acid residues differ significantly for the two substrates. conditions is a factor5 times faster for DMDH than that

A closer inspection of the spectrum (Figure 2B) for the for PH as both the aquo and cyanide complex%) With

NmHO-DMDH-CN complex in 100 mM phosphate reveals the rate being much faster for,@ than that for CN as

two additional resolved (though broad) methyl peaks (labeled ligand.

3CHy* and 2CH¥, respectively), which represent arl0% Resonance Assignments and Structural Characterization

(A/Z ~10:1) population of an equilibrium (see below) isomer  of NmHG-DMDH-CN. The DMDH resonances are assigned

of NmHOA-DMDH-CN, which we label species Z, or  on the basis of the observation of characteristic strong and

NmHO?-DMDH-CN. When the phosphate concentration is

reduced to 50 mM, the intensities of GHpeaks increase 2 Protein Identification Resource, National Biomedical Research

relative to those of Ckt to a new A/Z ratio 2:1 (inset Bn Foundation, Georgetown University Medical Center, Washington, D.C.
Figure 2). 20007.
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Table 1: Substrate Chemical Shifts fdmHO-DMDH-CN andNmHO-PH-CN Complexes

NmHO-DMDH-CN NmMHO-PH-CN

position i =A° i=Xd i=2ze i=A i=X
1CHs 11.25 11.30 7.82 7.90 7.55
2CH; 21.15 22.65 17.24
2H, 14.48 14.79
2Hgs —5.58,—6.62 —5.77,—6.79
3CH; 21.67 20.50 25.60 21.40 21.00
4CH; 9.07 8.12 12.48
4H, 8.06 7.96
4Hgs —3.38,—2.80 —3.09,—2.55
5CH; 9.32 10.92 9.62 10.25
6H.s 5.74,12.77 6.10, 13.03 1.14,16.92 1.26, 16.40
6Hgs —1.73,0.35 —1.54,0.45 —3.38,-1.02 —3.27,—0.88
TH.S 10.71,7.81 10.41, 7.61 13.06, 5.33 12.62,5.92
THgs —3.72,—1.96 —2.97,—1.79 —2.17,—1.10 —2.01,—1.23
8CH; 7.71 8.00 10.33 10.77
a-meso-H —1.03 —2.18 —2.20 —-2.21 —2.15
y-meso-H —1.64 —2.04 —1.72 —1.64

aChemical shift in ppm, referenced to DSS via the solvent sign&Hp® at pH 7.0 at 25C. ® In ppm, referenced to DSS, i,0, 100 mM
phosphate at pH 7.0 at 2&, as reported in ref 3B(). ¢ The dominant complex, 100 mM phosphate, consisting of Ser2-HisZ)94The “aged”
complex, 100 mM phosphate, consisting of Ser2-His287).(¢ The equilibrium isomeric form of Ser2-His209 stabilized at low phosphate
concentration.

ppm,

weak NOESY cross peaks between substituents on the same a6

and adjacent pyrrole88, 46), respectively (data not shown;
see Supporting Information). The assignments were greatly 33
facilitated by the resolution of one, @& from each propionate
and three of the four propionate;lds. The chemical shifts

for DMDH in NmHOA-DMDH-CN are provided in Table 1,
where they can be compared to thoseNosfHOA-PH-CN

(3D).

TOCSY and NOESY spectra (not shown; see Supporting
Information) provided sequence-specific assignments for five
extended helical fragments by the standardNN 1, ai-Nj1,
Bi-Ni+1, ai-Ni+3 and/oro-fi+3 dipolar connectivities49) in
the same manner as that reported in del| 37) for the
PH complex, yielding the proximal helix sequence Alal7-
Val26 with Val26 exhibiting its predicted pattern of NOESY
cross peaks to 3CHIn contrast to the PH complex, where
Asp27 could not be assigne81) because its cross peaks
were lost in the very intense aliphatic envelope, this residue
is assigned by TOCSY (see Supporting Information), and
the expected NOESY cross peaks to the 1@Hd Val26
are observed, as shown in Figure 3. Less complete, but
sufficient, backbone connectivities locate Cys113-Leull9, AN
with Cys113GH exhibiting the expected intense cross peak 04 -08 12 -16 ppm
to 5CH; and the methyls of Leu119 exhibiting NOESY cross FiGure 3: Upfield portion of the NOESY spectrum (mixing time
peaks to the two propionates similar to those for the PH 40 ms; repetition rate of 173) of NmMHOA-DMDH-CN in 'H,0

S 6 : _ 100 mM in phosphate at pH 7.0 at 26, illustrating the intraresidue
complex B1). The distinctive low-field shift and strong relax contact between Leul19 and propionatgHE (A, C), among

vitiy confirm Alal21, but neither the relaxed Gly120 nor | ey119 protons (C, J), among propionatgHs (A, B, D), between
Alal22 NHs were resolved (as should have been expected;Leu119 and Trp153 (G, H), between Val26 and Phe181 (1), with
see below). The fragment Phe123-Phe125 was identified byAsp27 protons (E, G, H), and between Asp27 and both Val26 (A)
sequential NOESY cross peaks, with the Phe123 backbone2Nd 1- CH (K). The asterisk for 2Cbt indicates that the peak is
and ring exhibiting the expected cross peak to 1CFhe folded in.

loop, His137-Leul42, which contains two of the strongest  With the strong conservation of both NOESY contacts and
H-bonds, was assigned by backbone connectivities that arethe pattern of dipolar shifts for the sequentially assigned
the same as those reported for the PH com8éx @ fourth residues, another 20 residues could be assigned on the basis
helical fragment consists of Ala180-Val187 and exhibits the of the characteristic NOESY contacts among distinctive spin
same contacts as those in the PH complex. We consider thessystems, as reported for the PH comple)(and as
sequence-specific assignments robust. The chemical shiftredicted by the crystal structur@2). These assignments
for strongly dipolar-shifteddgi, = |1.0f ppm) proximal helix are reported only if a residue exhibits characteristic dipolar
residues are listed in Table 2, and the remainder of the shift contacts to at least two other assigned residues. This “web”
data are provided in Supporting Information. of contacts, together with the confirmation of the predicted
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Table 2: Chemical Shifts for Strongly Hyperfine-Shifted Residues
in NmHO-DMDH-CN andNmHO-PH-CN Complexes

OpsgObs} Adgip(calcy
NmHO-DMDH-CN NMHO-PH-CN

residue protoni=Ad i=xe i=Zf i=A

Thrl9 NH 8.16 8.27 8.04 0.17
CH 5.55 5.52 5.52 0.05
CsH 5.83 5.80 5.75 0.08
O,H 6.21 6.00 5.90 0.26
C,Hs 1.72 1.75 1.70 0.08

Thr20 NH 8.52 8.61 8.37 0.18
CH 6.52 6.68 6.28 6.30 0.33
CH 5.30 5.32 5.19 5.14 0.15
C,Hs 2.45 2.42 2.39 2.27 0.2

Ala21 NH 9.41 9.38 9.36 0.05
CquH 5.23 5.30 531 —0.03
CsH3 1.96 2.00 2.04 —0.02

His23 NH 10.87 10.98 11.08 -0.19
CH 6.12 6.13 7.22 7.37 —-1.2
CpH 11.45 11.30 11.87 11.56
CpoH 10.33 10.57 9.40 10.75

Asp24 NH 11.29 11.26 11.41 —-0.27
CH 6.37 6.42 6.80 —0.45
CpH 3.43 3.60 3.65 -0.13
CpeH 4.14 4.17 4.30 -0.14

Val26 NH 7.56 7.61 8.33 —0.68
CH 2.26 2.31 2.96 2.80 —0.48
CH 0.06 0.23 1.89 1.60 —1.56
CyHs —3.28 —3.08 —1.91 —-1.96 —0.98
C,2Hs —0.30 —0.17 0.75 0.51 -0.67

Asp27 GH —0.40 —0.33 —-0.15
CpH 2.77 2.55 —-0.34
CpoH 0.25 0.35 -0.70

aChemical shifts in ppm, referenced to DSS via the solvent peak,
in 1H,O at pH 7.0 at 25°C. P Difference in calculated dipolar shift,
Adgip(calc) = dgip(calcNmMHOA-DMDH-CN) — dgip(calcNmHOA-PH-
CN), on the basis of magnetic axas € 200, f = 8, k = 40°) for
NmHOA-PH-CN and ¢ = 215, = 12°, k = 40°) for NmHOA-DMDH-
CN (see Supporting Information), using the conserved, = 2.48
108 m¥mol and Ay = —0.58 x 1078 m¥mol (31, 60). ¢In ppm,
referenced to DSS, itH,0, 100 mM phosphate at pH 7.0 at 25, as
reported in ref 3131). ¢ The dominant complex in 100 mM phosphate
concentration, consisting of the native Ser2-His209 polypeptidiae
“aged” complex, 100 mM phosphate, consisting of the Ser2-His207
polypeptide! The equilibrium isomeric form of the Ser2-His209
polypeptide stabilized at low phosphate concentration.

Liu et al.
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FiGURE 4: Portion of thelH NMR NOESY spectrum illustrating
the contacts among His207 protons (B, D, E), between the His207
backbone and 1CHA, F) and between the His207 ring and 1€H
(H) for NmHOA-DMDH-CN. Note the absence of the His207
NOESY cross peak to 8GHn C; A’ exhibits the 1CH dipolar
contact forNmHOX-DMDH-CN in *H,O 100 mM in phosphate at
pH 7.0 at 25°C. The significant perturbation on the Asp24,8

shift in the ‘A’ — ‘X’ conversion is noted in Aand A.

to the GH of a TOCSY-detected (not shown) His ring,
identifying a His in contact with 1CH This His exhibits
properties very similar to that of a similar His in the PH
complex, where it was in contact primarily with the 8¢€H
and only very weakly with the 1CHit was assigned3l,
37) to His207. INNmHO-DMDH-CN, His207 fails to exhibit
either GH or CsH cross peaks to the 8GH

It is notable that the His207 & and GHs exhibit
temperature-dependent shifts indicative of significant upfield

pattern of dipolar shifts, makes even these assignmentsdipolar shifts, which make it even more remarkable that the
robust. The pattern of completely conserved intraresidue Peptide NH for His207 resonates at 9.7 ppm, a shift indicative
NOESY cross peaks encompasses the residues Phe11f @ much stronger than usual peptide NH H-bobd 62).

Phel92. The 180y—¢ bond rotated GIn49 and and 180
B—v Hisb3, relative to those in the crystal structurés, (

The low-field bias of His207 peptide NH (9.7 ppm) is only
~1 ppm smaller than that for the His141 NH, which is a

22), are confirmed by the NOESY cross peaks of the former known donor to a carboxylate{, 22). A strong His207

residue NH, terminus to His141 (not shown) and the latter
residue ring NH to Phe52 (not shown), and GIn49, as
reported for the solution structure dinHO-PH-CN (1),
NmHO-PH-H0O (36), andNmHO-PH-ON &0).

All observed NOESY cross peaks to DMDH could be

peptide NH NOESY cross peak to an apparegti@t 4.3
ppm (Figure 5B) with a small dipolar shift, which is
tentatively assigned to Pro206 on the basis of the reported
model @37), and a His207 NH cross peak to another labile
proton at 8.24 ppm (not shown) argues for its assignment to

interpreted on the basis of the predictions of the crystal the peptide NH of Arg208. Spectral congestion-@&2 ppm

structure 22) with methyls replacing vinyls, with one very
major exception. The crystal structure predicts 3€bhtacts
to Val26 C,.Hs (weak; not shown) and Asp27,8 (moder-

precludes locating any of the Arg208 nonlabile protons by
either TOCSY or NOESY. As found in the case of the
NmHOA-PH-CN complex 81, 37), the C-terminus interacts

ate; see Figure 3K). However, additional, moderate intensity directly with the substrate, but the exact mode of the

NOESY cross peaks to 1GHare observed (Figure 4A),
including the GHs and NH of a TOCSY-detected NH,C
HCsH, fragment (see Supporting Information). ThgHS

of this backbone exhibit NOESY cross peaks (Figure 4D)

interaction and its functional consequences for ligand affinity
(see below) differ for PH and DMDH.

Resonance Assignments and Structural Characterization
for NmHO-DMDH-CN. The DMDH and residue signals of
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FIGURe 5: Plot of the predicted difference in dipolar shifts)qs-
(calc) Edgig(calc); NmMHOA-PH-CN) — dgip(calc; NmHOA-DMDH-
CN)), versus the differences in observed shiftjpsqobs) &
Opsg0bs;NmMHOA-PH-CN) — dpsqobs;NmHOA-DMDH-CN)). The
common input data are shown as closed circles and propiopate C
Hs, and peptide NHs are shown as open diamonds and square
respectively.

interest iNnNmMHOX-DMDH-CN could be assigned on the

same basis as that for the ‘A’ complex. The DMDH chemical
shifts for the proximal helix are listed in Table 1, and the
strongly dipolar-shifted proximal helix residue shifts are

Biochemistry, Vol. 45, No. 46, 2006.3881

Phell-Phel92 upon substituting DMDH for PH. The sub-
strate as well as numerous residues, however, exhibits
substantial differences in the hyperfine shift between the two
complexes. The most likely origin of such large dipolar shift
changes with a conserved molecular structure is a change in
the orientation of the magnetic axes. Using #g(obs) for
the NmHOA-DMDH-CN complex as input for the determi-
nation of the orientation of the magnetic axes, a good fit is
obtained withat = 215+ 10°, f = 12+ 1°, andx = 40 +
15° (not shown; see Supporting Information), which, when
compared to those obtained for the PH complex with the
same assignmenta & 200+ 10°, = 8 £+ 1°, andx = 40
+ 10°; not shown, see Supporting Information), indicate that
only the tilt magnitude is significantly different in the PH
and DMDH complexes, with the tilt-4° larger with the
DMDH than PH substrate. Although the propionatgH8
shifts are dominated by the contact shi##§)( the GHs are
Sexpected to exhibit negligible contact shifts. Indeed, the
observed propionate &8 hyperfine shift is quantitatively
predicted by the magnetic axes (not shown; see Supporting
Information).

The validity of attributing the residue shift difference
betweenNmMHOA-PH-CN and NmHOA-DMDH-CN over-
whelmingly to a 4 larger tilt of the major magnetic axis

listed in Table 2, whereas the remaining assignments are(and hence, Fe-CN unit), rather than any significant change

provided in Supporting Information.

The most notable structural differences betwiienH OA-
DMDH-CN and NmHOX-DMDH-CN, as previously found
for the same PH complexe87), occur in the interaction of
the C-terminus with the substrate. First, it was not possible
to detect by TOCSY or NOESY a backbone or ring system
in the X complex that exhibits a strong low-field bias for
the NH and ring NOEs to the 1GHor 8CHs;) comparable
to His207. The Asp27gH NOESY cross peak to 1GHs

conserved (not shown), but there are only weak NOEs

(Figure 4A) in the spectral window, where the His20%-C
Hs exhibited NOESY cross peaks to 1€kh NmHO-
DMDH-CN (Figure 4A). The retention of NOESY cross
peaks to the 1Ckin NmHOA-DMDH-CN, which cannot be
accounted for by the crystal structur@2), suggest the
likelihood that in contrast to the PH comple3@, the His207

in molecular structure, is emphasized by the good correlation
of the differences upon replacing PH with DMDH for the
two complexes in the observed chemical shifts

Adps{0bs)= dpg0bs;NmMHO-PH-CN)—
Opsd0bs;NmMHO-DMDH-CN) (4)

and the predicted differences in dipolar shifts}qp(calc),

Adgp(calc) = dyp(calc; NmHO-PH-CN) —
d gp(Calc; NmHO-DMDH-CN) (5)

given by the determined magnetic axes for the two com-
plexes, as shown in Figure 5. Last, although the propionate
CsHs exhibit very large shift changes between the PH and
DMDH complexes, suggestive of major reorientation, the

backbone interacts weakly with the substrate pocket in the Plot in Figure 5, in fact, shows that these substantial shift

vicinity of 1CHz; even upon cleaving Arg208His209 in the
‘X’ complex.

It is noted that the effect of the ‘A~ ‘X’ conversion on
the substrate chemical shifts is somewhat larger for DMDH
than that PH (compare data in Table 1). Moreover, two

changes are completely consistent with the largely conserved
propionate orientation but altered magnetic axes.

Cyanide Affinities for NmHODMDH-CN and NmHG-
DMDH-CN. The heme methyl signals for high-spitmHOA-
DMDH-H,0 andNmHOX-DMDH-H0 are not resolved()

proximal residues Asp24 and Asp27, of which the latter has Such that only the heme methyl signals of the cyanide

been propose(, 37) to serve as the acceptor in the His207
peptide NH inNmHOA-PH-CN, exhibit significant chemical

shift changes (Table 2 for Asp24), further supporting a C

significant difference in th€-terminus interaction with the
proximal helix in the ‘A’ and ‘X’ complexes.

Magnetic Axes for NmHBGDMDH-CN. The solution
molecular structure of th&NmHOA-PH-CN complex for
residues to Phell through Phel92 has been sha@jriq
be conserved with respect to tidMHO-PH-NO crystal
structure 22), except for the 180reorientations of the side
chains of GIn49 about the—o6 bond and His53 about the
fp—v bond. The conserved NOESY pattern for tieHOA-
DMDH-CN relative to that of thd&NmHOA-PH-CN complex
supports an inconsequentially altered molecular structure fo

complex yield information on the relative values of the
cyanide binding constant in the reactilmMHO-PH-H,0 +
N~ — NnHO-PH-CN + H,0, given by

K'eq= [NMHO-DMDH-CNJ/
[NMHO'-DMDH-H,0O][CN] (6)

where i= A or X. A sample that is~3:10NmHOA-DMDH-
H,O/NmMHOX-DMDH-H,0 exhibits comparable intensities
for NnHOA-PH-CN and NmHOX-PH-CN at low CN
concentration (not shown; see Supporting Information),
indicating thatKeqin eq 6 is~3.3. This difference between
the ‘A’ and ‘X’ species is a factor-2 times larger than that
robserved with PH as substrat&7).
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. “g 1CHy? peaks, as illustrated in Figures 6C and D, respectively.
E 3 The 1CH? NOE in Figure 6D is confirmed by the NOESY
‘q__*j\___\_v_\ ‘ J\/\E‘Z?V\AJ\ % slice through 1ChP* (Figure 6E), which exhibits 1CH by
* : : 8 magnetization transfer. The available DMDH assignments

for species Z are included in Table 1. The upfield portion of
Figures 6A and B yield the NOESY cross peak pattern for
species ‘A’ too-meso-H and the methyls of Val26,{E1s
and Val30 C,Hjs that are very close to those expected on
the basis of the crystal structure with the 2,4-vinyls replaced
by methyls groups. Weak NOESY cross peaks from the
resolved Val26 GH3z and Val30 G;Hs peaks of species ‘A’,
which show intensity increases with elevated temperature,
assign the same Val methyl peaks in specie@adt shown;
labeled in Figure 6Cand D). The NOESY slices for the
‘Z' species 2CH? and 3CHZ? to the upfield residues
exhibited sensitivity that was too low to quantitate intensities.
However, steady-state NOEs upon saturating ZGFigure
_ 6D') and 3CH? (Figure 6C) show essentially the same
24 20 16 12 8 ppm 0 -2 -4 distribution of NOEs to the--meso-H and Val26 and Val30
FIGURE 6: NOESY slices (A-E, A, B') and steady-state NOEs ~Methyls as that observed for the same ‘A" isomer methyls

(C, D) through pyrroles A and B methyls in the equilibrium (Figures 6A and B).

mixture NmHOA-DMDH-CN (~90%) and NmHO?-DMDH-CN > . 7
(~10%), in 100 mM phosphate at pH 7.0 at5. The cross peaks Attempts to locate the ‘Z’ species heme 5€idnd 8CH

corresponding to saturatierransfer by chemical exchange, rather  peaks as well as propionate Chivere fruitless because these
than NOEs, are marked by asterisks. NOESY slices throughy8CH  broad methyl peaks are not resolved, and the weak exchange

with (A) NOE to 4CH" and saturationtransfer to 3CH and (&) r k ies ‘A’ Idn resolved from much
NOE to a-meso-H, Val26 GHs and Val30 CoHa. NOESY slice  C/0SS PEaks to species ‘A’ coulld not be resolved from muc
through (B) 2CHA with NOE to 1CHA and saturationtransfer stronger NOEs to nearly degenerate labile or aromatic ring

to 2CH?, and (B) NOE to a-meso-H, Val26 ¢H;, and Val30 protons. The only other key assignments, in addition to Val26
C,2Hs. (C) NOESY slice through 3C# with NOE to 4CH? and and Val30, that could be made include the His23 backbone

saturation-transfer to 3CH*, and (C) steady-state NOE upon ; Z; ; ;
saturating 3CHY, 10 o-meso-H, Val2&2C,Hs, and Valaac,Hy; and Thr20. One His23 1 4 is partially resolved, and its

(D) NOESY slice through 2C# with NOE to 1CHZ and intensity with phosphate concentration correlates with the
saturation-transfer to 2CH?, and (D) steady-state NOE upon  resolved 2CH intensities (not shown). The axial His
saturating 2Ckf, to a-meso-H, Val26C,;1Hs, and Val36C,.Hs; assignment is made on the basis of the observed Higg3 C

22&&?6'3’:'?555;;3{591&“';?U9h 1GHwith NOE to 2CHf and  NOESY cross peak to the 8 of Thr20, an expected;-
' Bi+s connectivity, as is illustrated in Figure 7. The relative

NmHO-DMDH-CN. The use of the symmetric hemin, intensities of the two His23 1s to Thr20 GH cross peaks
DMDH, leads to an equilibrium molecular structural het- Provide the stereospecific assignment of the Hig28eth-
erogeneity for species ‘A’, whose position depends on the ylene protons. _The partla.I DMDIH and limited, but critical,
phosphate concentration. As shown in Figure 2B ahcaB ~ @mino acid residue chemical shifts fimHO*-DMDH-CN
decrease in phosphate concentration leads to a sharp increag¥€ included in Tables 1 and 2, respectively, where the data
in the population of species Z at the expense of species A.can be compared to those of the A and X species with
Because it is an equilibrium heterogeneity (see below), the DMDH.
polypeptide in A and Z must be identical, that is, Ser2-  Fyrther assignments for tiNmHO?-DMDH-CN complex
His209. The signals for all peaks of species Z are broaderyere not attainable bfH NMR because of the broader lines
than those for the A or X species, precluding the complete for the 7 than A or X species. Although elevated temperature
assignment of DMDH and severely limiting assignment of n5rows the Z lines somewhat, it also causes much more
active site resudues in this complex_._ H_owever, as shown rapid conversion of A, Z— X, even during the duration of
below, the dynamics of the A Z equilibrium are such as a 2D spectrum. An inspection 3H NMR spectra of a

to allow the transfer of assignments for key substrate and
; . . completely converteMimHOX-DMDH-CN sample at 50 mM
residue signals for resolveddmHOA-DMDH-CN signals to phosphate failed to give any evidence (not shown) for an

7 i .

NrﬂjO DM_DH CN by chemlcall exchange. . additional set of methyl peaks in equilibrium with 3g+or
Figure 6 illustrates NOESY slices through methyl diago- 2CHyX (as observed for 3C#, 2CH#; see Figure 6A and

nals that assign pyrrole A and B substituents. Cross peaksB). Hence, we conclude that ,species"Z’ for the Ser2-His209

due to chemical exchang&3) (as determined by their : . : . .
temperature-dependent intensities), rather than NOEs, aréjolypeptlde requires the-terminal Arg208His209 to be
detectably populated.

labeled with asterisks. The NOESY slices through the ‘A’
species, 3Ckt and 2CHA, confirm the NOEs to the adjacent ~ Activity of NmHO-DMDH. The product of reacting
4CHz* and 1CHA, respectively, and yield the 3GHand NmHO-DMDH-H,O with ascorbate and desferrioxamine
2CHyZ assignments by magnetization-transfer, as shown inyielded a single sharp peak by HPLZ3[ (not shown) that
Figure 6A and B, respectively. Similarly, slices through the can be safely attributed to the symmetric 2,4-dimetyl-
‘Z’ species 3CH? and 2CH? yield NOEs to the 4Ckf and biliverdin product.
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[Ppm complexes, but they are primarily contact in origin, and their
25 asymmetry is modulated strongly by the differential rhombic

perturbation of 2-,4-methyl replacing the 2-,4-vinyl groups
53 (46). In fact, the crystallographic orientatioR2) of the axial

His imidazole plane relative to the-NFe—N vector ¢ in
Figure 1) hasp ~45°, which is completely consisten$4)
with the nearly identical shifts within the heme methyl pairs
2CHy/3CH; and 5CH/8CH;. The pattern and intensities of
NOESY cross peaks for the 3GHK\al26, Val30, Tyr184)
and 5CH (Cys113) are similar in the PH and DMDH
complexes 31), arguing against differences in the in-plane
rotational position of PH and DMDH greater thab°. The
difference in propionate & shifts between the PH and
DMDH complexes, due to the angular dependence of
o-methylene protons4g), is consistent with as little as & 5
difference in the G—C, (C, is the aromatic ring carbon)
- bond rotational position for the two complexes. The signifi-
1 "5 cant differences in the dipolar shifts for nonligated residues
' can be explained quantitatively by a smat4°), but
important, increase in the tilt of the major magnetic axes
234 93@ 4@_ 19 that tilts in the DMDH than in the PH complex. Even the
Ca a large changes in propionatel€ shifts reflect the changed

. 10'67 o “;’;2 fthg.BNOESS:(s 6.t7 6'(5 , ,pp"t. 40 magnetic axes and the not so significantly altered propionate
IGURE /- FFortion of the Spectrum (Mixing Ume 49 Ms, — grientations in the heme pocket.

repetiion rate 2 ) of NTHO-DMDH-CN in 1,0, 50 mM in' - *" B T e M2 TARe e e correlaread 33
phosphate at pH _7.0 at 2_’5:, whlch consists of 55% ‘A ,~30% g - Sl h A ¢ O

7', and 15% ‘X', illustrating the dipolar shifts among the His23  46) with the tilt of the major magnetic axisby 3, results
backbone and the Thr20 protons for each of the three species A largely from the steric interaction of the ligand with the

X, and Z, with cross peaks labeled with the applicable superscript; Gly120 backbone2?2) because of the preferences for CN

(A, B) intra-His23 backbone contacts; (B, &}i+3 Thr20 to His23 e .
contacts; and (C, D) intra-Thr20 contacts that stereospecifically binding normal to the heme plane, in contrast to the bent

assign the His23 s (His GyH is predicted 22) to have the much ~ F€~Oz structure, where the steric interaction only orients

9.3

10.3

10.7

stronger contact to Thr20,E than for the His GH). the direction of the terminal O in FeO; (23). Interestingly,
the change of in the PH— DMDH substitution is in the
DISCUSSION opposite direction of that found in similar h(HO complexes

(55), where it could readily be rationalized by the structural

Molecular Structure.The pattern of intraresidue and change expected upon reducing the bulk of the substrate in
residue-substrate NOESY cross peaks involving residues the vinyl— methyl substitutionZ5). A very plausible basis
Phel1-Phe192 INmHO-DMDH-CN is essentially the same  for this change in the Fe-CN tilt fakmHO complexes will
as that for NmHO-PH-CN 61) The Tis for resolved be considered (See be|ow)_
resonances (not shown) in the complexes are also indistin-  Nature of the C-Terminal Interaction with DMDHA\s
guishable for the two complexes. Except for the’l&flation  found for the PH complex36, 37), the native Ser2-His209
about they—0 bond for GIn49 and thg—y bond for His53  polypeptide results in a strong interaction between the heme
also observed iNMHO-PH-CN @1) andNmHO-PH-H,O  periphery and one His residue that can only arise from the
(36), the NmHO-DMDH-CN structure for this portion is  C-terminus His207-Arg208-His209 fragment. Because the
completely consistent with the crystal structug@?)( The position of Pro206 relative to the protein matrixNimHO-
highly conserved structure encompasses all His residuespH-H,0 could be shown3p) to be similar to that in the
except for theC-terminal His207 and His209. The failure to Crysta| structure 12), the mode“ng of theC-terminal
detect and assign INMHOA-DMDH-CN Gly120, which in interaction has shown that it is the peptide NH, and not the
NmHOA-PH-CN was strongly relaxed and strongly low-field ring, of His207 that interacts with a proximal rather than
hyperfine-shifted, 1) is readily accounted for by the altered  djstal side H-bond acceptor. The most likely proximal
magnetic axes, which lead to the prediction that the strongly acceptor to the strong H-bond by the His207 peptide NH
relaxed Gly120 NH (and the weakly relaxed AIa12.2) signal was deduced to be the Asp27 carboxyl&®( The major
resonates under the intense-B) ppm spectral window.  stapilization of theC-terminal interaction with substrate has
Sim”arly, the ASp27 Signals were prediCted to be under the been argued% to result from a salt bndge between the
intense 8-5 ppm aliphatic envelope, and hence, Asp27 was sjde chain of Arg208 and the 7-propionate carboxylate.
not assignable in the PH compleg1j. However, in the The data for the DMDH complex are consistent with a
DMDH complex, Asp27 is shifted sufficiently further upfield  similar, but stronger interaction of the His207 peptide NH
so as to lead to a partially resolved,H for which the with Asp27 and Arg208 guanidyl groups with the 7-propi-
remaining side chain is readily detected by TOCSY/NOESY. gnate. The stronger interaction between His207 and Asp27

The conserved mean hyperfine shift for the His2HE is evidenced by a movement of the His207 from between
in the DMDH and PH complexes argues for conservation the 8CH and 1CH (but closer to the former in the PH
of the axial His bond strength. The heme substituents exhibit complex) to the closer proximity of 1GHand the stronger
somewhat different hyperfine shifts in the DMDH and PH low-field bias of the His207 NH (9.7 ppm) relative to that
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of the the PH complex (9.1 ppm), in spite of the fact that present DMDH complex are larger than those observed in
the magnetic axes for both complexes predict an upfigjd the ‘A’ — ‘X’ conversion of the PH complex3{7), and this
for His207 (as observed for all backbone protons). Such aprobably reflects the stronger interaction between Ghe
strong low-field bias is indicative of a stronger than usual terminus and the substrate in the DMDH than that in the
H-bond 61, 52). Second, the His207 peptide NHMNnHO- PH complex.
PH-CN exhibited 87) significant saturatiofrtransfer by The most conspicuous difference in the 2D NMR spectra
exchange with bulk wateb@), and the NH signal for Arg208  of the ‘A’ and ‘X’ complexes occurs for the contacts between
could not be detecte®7), indicating relatively labile protons  the C-terminus and substrate 1GHas shown in Figure 4.
that reflect limited dynamic stability5g) in the C-terminal The strongly low-field shifted NH for the His207 peptide is
substrate interaction. In the preseNtrHO-DMDH-CN not detectable, and the strong NOESY cross peaks between
complex, the degree of saturatietransfer and, hence, the  1CH; and the His207 backbone are lost. However, the 4CH
lability of the His207 NH is significantly reduced, and the even NmHOX-DMDH-CN, exhibits more NOESY cross
Arg208 NH is readily detected (not shown; see Supporting peaks than is consistent with predictions by the crystal
Information), arguing for an increased dynamic stability of structure 22). The retention of such NOESY cross peaks to
the C-terminus interaction with the substrate in the DMDH the 1CH in the ‘X’ complex of DMDH is in sharp contrast
relative to PH complex. Thus the interaction between the to the same conversion for the PH complex where the
C-terminus and substrate in the DMDH complex is very crystallographically unexpected His207 cross peaks tos:8CH
similar to that in the PH complex, except that tB¢erminus are completely lost in the same ‘A> ‘X’ conversion 37).
moves slightly closer to the His207 H-bond acceptor, Asp27. This retention of weaker cross peaks in the aliphatic region

An inspection of thdNmHO-PH-NO @2) crystal structure  to 1CH; in NmHOX-DMDH-CN suggests the possibility that
shows that the Asp27 side chain is in strong van der Waalssome weaker interaction between His207 and the Asp27
contact with the 2-vinyl group, whose terminal methylene carboxylate is retained in the cleaved X complex. Such
group is oriented toward the proximal side and, hence, could retained interaction in the ‘X’ complex could occur because
interfere with an “optimal” interaction between the carboxy- the replacement of the bulky 2-vinyl with a methyl allows
late and theC-terminal His207 peptide NH. Upon decreasing an Asp27 side chain orientation that favors an interaction
this steric bulk on the proximal side by vinyt methyl with His207 in the DMDH over the PH complex. Finally,
substitution in the DMDH complex, the Asp27 carboxylate the stronger interaction of tHé-terminus with the substrate
appears to adopt an orientation that allows a strongerin the DMDH than that in the PH complex is supported not
interaction with His207. The inability to detect theterminal only by the stronger H-bond between Asp27 and His207 and
His207Arg208His209 fragment in the crystdls( 22) and slower exchange rates of the labile protons but also by the
our demonstration3y) that theC-terminal Arg208His209  significantly larger difference in the CNaffinity between
fragment is spontaneously cleaved in the PH complex with the ‘A" and ‘X’ complexes in DMDH (factor~3.3) than
a half-life of ~24 h strongly suggest the possibility that the that in the PH (factor-1.7) complexes.
reported crystal structure$, 22), in fact, are of the cleaved The apparent sensitivity of ti@terminal interaction with
Ser2-His207 complex, and hence, the orientation of the the substrate and proximal helix to substitution on the
Asp27 carboxylate in the native complex in solution may substrate raises the possibility that the interaction of the
not reflect that observed in the crystal structurgs, @2). C-terminus with the active site is modulated during the

Interestingly, a stronger interaction of t@eterminus with enzyme reaction. Whilen-meso-hydroxylation may not
Asp27 carboxylate in the DMDH than that in the PH complex significantly alter the orientation of the 2-vinyl group, the
would facilitate a small movement of the heme and proximal two subsequent intermediates, in particular, ferric biliverdin,
helix toward theC-terminus. A movement in this direction can be expected to alter the 2-vinyl interaction with the
would force the Fe-CN ligand more strongly against the distal proximal helix, as suggested in the crystal structure of the
helix Gly120 backbone and, therefore, provide a rationaliza- PH and ferric biliverdin of rat HOX4, 26, 57). It has been
tion for the ~4° increased tilt of the FeCN unit toward the observed that the cleavéthrHO (Ser2-His207) more readily
o-meso position in the DMDH over the PH complex. releases biliverdin than WNnHO (Ser2-His209) 7).

Effect of Arg208His209 Cleage.The conversion of the Molecular Nature of Species Z. Ntfp>-DMDH-CN is in
NmHOA-DMDH-CN complex (consisting of Ser2-His209) dynamic equilibrium wittNmHOA-DMDH-CN and, hence,
to NmHOX-DMDH-CN (consisting of Ser2-His207) is sup- consists of Ser2-His209. Its population is enhanced at low
ported directly by the mass spectrometeric data that indicatephosphate concentration, which may reflect either a salt effect
a~289 Da mass unit loss, and retention of Ser2, precisely on some unspecified salt-bridge or a specific binding of
as observed3({7) for the analogous PH complex. The rate of phosphate in the native complex; the nature of this interaction
this A — X conversion is much more rapid (by factor of was not pursued further. Species ‘Z’ is not likely physi-
~5) than that for the PH complex37), with significant ologically relevant because it appears solely with DMDH
conversion detected even within a 24 h 2D NMR experiment. and not with native PH. However, species ‘Z’ is an
The 2D spectra indicate a conserved molecular structure forinteresting spectroscopic curiosity that provides key insight

the portion Phel1-Phel92 in the-A X conversion, with into the limitations of using heme methyl contact shift
only a small influence indgip(obs) for strongly shifted  patterns27, 54, 58) to conclude the detailed in-plane seating
proximal and distal helix residues. The differencesip- of a heme as relevant to the stereoselectivity of the HO

(obs) for the A and X complexes do not allow interpretation reactions without explicit considerations of the orientation
on the basis of systematic small changes in one of the of the axial His ring (see below).

parameters in the magnetic axes. The changes in active site The failure to detect at low phosphate concentration an
residue hyperfine shifts in the ‘A~ ‘X’ conversion in the equilibrium species with eitheNmHOX-DMDH-CN or
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Ficure 8: Schematic depiction of the orientation of the heme relative to the protein matrix represented by Val26 and Val30 of the proximal
helix and to the axial His as represented by the aggbetween the His23 imidazole plane and #hexis passing through the pyrrole B

and D nitrogens; (A) as found in the crystal structureNorHO-PH-NO @2) and upon either (B) rotating the axial His23 imidazole plane

~20° clockwise relative to heme, with a conserved heme and axial His backbone positions relative to the protein matrix or (C) rotating the
heme~20° counter-clockwise about the heme normal with a conserved axial His orientation relative to the protein matrix. The positions
of the His23 GHs are shown, defined by angld%, and W, for Cs:H and GyH, respectively, with respect to the normal to the His23
imidazole plane.

NMHOA-PH-CN argues for an involvement of both the structure 22). In theNmHO-PH-NO crystal structure, these
C-terminus and, indirectly, the 2-vinyl group in the formation two angles areW; ~55° and W, = 65°, which are

of species Z. A plausible molecular model for species Z is qualitatively consistent with the largég: for Cs;H than that
gleaned from consideration of the difference in DMDH for CsH. A comparison of the His gH chemical shifts for
methyl and axial His gH hyperfine shifts between the A the A and Z complexes reveals that thgl€ experiences a
and Z complexes. The dominant contact shift pattern of the significantly larger, and gH a significantly smaller, low-
heme methyl directly reflects the orientation of the heme field hyperfine shift in the Z complex rather than that in the
N—Fe—N vector relative to the axial His imidazole plane A complex. An inspection of Figure 8A and C shows that a
(54), given by the angle in Figures 1 and 8A. An empirical  clockwise rotation of the His23 imidazole plane in the Z,

correlation between methyl contact shift and the aggier relative to the A, complex indeed will involve a significant
an electronically essentially centrosymmetric hemin have decrease inV; for Cg:H and an increase i, for CgH in
been presented54), and it is noted that the A~ Z the Z relative to the A complex, as is clearly observed. A

conversion results in increased 3¢ahd 4CH shifts and more quantitative analysis to estimate the angle of rotation
decreased 1CHand 2CH shifts (see Table 1), as expected is not possible at this time because the magnetic axes and,
for an anglep increased by~20° in the A— Z conversion hence, dipolar shifts for complex Z are not known. Neverthe-
by either a clockwise rotation of the axial His (viewed from less, the present data clearly show that it is the axial His
the proximal side) imidazole plane, as depicted in Figure imidazole plane, and not the heme, whose orientation relative
8B with a conserved seating of DMDH relative to the protein to the conserved protein matrix is altered in the dynamic
matrix, or by a counter-clockwise rotation of the DMDH interconversion between A and Z. The enzyme assay on the
relative to the conserved axial His imidazole orientation NnmHO-DMDH-complex affords a single isomer that was not
relative to the protein matrix, as depicted in Figure 8C. identified but can be safely assumed to be theleaved

An inspection of the steady-state NOEs between thesBCH biliverdin. The absence of any other isomer biliverdin is
2CH; and Val26/Val30 ilNmHO?-DMDH-CN (Figure 6C consistent with the maintenance of the essentially conserved
and D) with the same NOESY slices for 3GR2CH; to orientation of the substrate with the active site in both species
Val26/Val30 in NmHOA-DMDH-CN (Figure 6A and B) A and Z.
reveal essentially the same distribution of NOEs between The pattern of substrate methyl contact shifts is frequently
the substrate and the two heme pocket Val residues arguingused to determine the exact seating of PH relative to the
against any significant changes in the positions of DMDH protein matrix 27, 58), and this seating can influence the
relative to the protein matrix in the A and Z complexes. stereoselectivity of the PH cleavage. It has been tacitly
Hence, it must be the axial His imidazole orientation that is assumed §9) that the axial His orientation is strongly
different in the A and Z species. conserved among different HOs or for the mutants of a given

The g-methylene proton of the axial His23, like the HO. In general, the signals for the axial HigHs are not
o-methylene proton of the heme propionate in its interaction assigned, and hence, it is not known whether the axial His
with the m-spin density of the attached aromatic ligand, orientation has changed. The present results demonstrate the
exhibits contact shifts according to the following relationship potential pitfalls of assuming a solely PH orientation without

(46): explicitly considering the reorientation of the axial His.
The nature of the structural change that accounts for the
Ocon=B codW, (7 DMDH methyl contact shift pattern in species Z yields a
clue as to the structural basis for the altered axial His
where B is a constant at a given temperature, @nid the imidazole plane orientation. Crystal structures of both

dihedral angle between theHC—C,, plane and the normal mammalian {3, 14) and bacterial16) HO complexes show
to thesr-system. The angl®#/; andW; in Figure 8 represent  that the axial His imidazole orientation is stabilized by an
these dihedral angles for the stereospecifically assigpgd C  acidic side chain at position+ 4 (wherei is the axially
and GpH, respectively, of His23 based on the crystal ligated His) of the proximal helix serving as acceptor to the
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His imidazole ring NH. NmHO is an exception to thisl,
22) in that the His23 ring BH is donor to the carboxylate

Liu et al.

the rate is faster by a factor ef5 for the former substrate,
suggesting a correlation between the strength of Ghe

of the adjacent Asp24 and not the expected Asp27. Thisterminal interaction with substituents and the rate of this

switch in the H-bond acceptor to the ligated HisSNmHO

has been propose®1) to free Asp27 to serve as acceptor
to theC-terminal His207 peptide NH. The significant change
in the orientation of the axial His imidazole plane in the A

cleavage reaction. The cleavage of Arg208His209 has a
greater effect on the CNaffinity in DMDH than in PH,
again supporting a stronG-terminal interaction with the
substrate for DMDH than that for PH.

— Z conversion, therefore, suggests a rupture of the Asp24  Finally, an equilibrium isomer for the DMDH complex is

side chain to His23 ring H-bond. Such a rupture could occur
because the His207 NH in species Z utilizes the Asp24

induced at low phosphate concentration for theHO-
DMDH complex. This complex exhibits a significantly

carboxylate as the alternate acceptor. The facilitation of the perturbed heme methyl hyperfine shift pattern that is shown

interaction to form species Z upon replacement of the vinyl
with methyl could be rationalized on the basis of the
diminished proximal side steric blocking of access to the
Asp24 carboxylate.

The loss of Arg208His209 in species X results in a
decrease in the cyanide affinity by a factor-68.3, which
is larger than the factor of1.7 observed37) for the PH
complex. The larger effect on CNaffinity for DMDH than
that for PH likely originates in the significantly stronger
interaction between thé-terminus and the substrate pocket
in the complex of DMDH. Similarly, the faster (by a factor
of ~b) cleavage of the Arg208His209 dipeptide for DMDH
compared to that for PH37) may also result from some
change in the His207Arg208 bond upon PH> DMDH
conversion. A more detailed interpretation of the cleavage

to arise not from a change in the orientation of the substrate
relative to the protein matrix but from a rotation of the axial
His imidazole ring relative to a conserved substrate orienta-
tion and protein matrix. These observations underscore the
need to consider axial His orientation before interpreting
heme methyl hyperfine shift patterns in terms of substrate
orientation as relevant to the stereoselectivity of the ring
cleavage.

SUPPORTING INFORMATION AVAILABLE

Mass spectra foNmHOAX-DMDH-CN complexes, NMR
of CN titration of NmHOAX-DMDH-H 0, NOESY spectra
for inter-DMDH and peptide backbone contacts and upfield
TOCSY spectra foNmHOA-DMDH-CN, NOESY spectra
of NH contacts foNmHOX-DMDH-CN, and plots ofdip-

rate must await planned mechanistic studies. A possible(ca|c) vsd(0bs) for magnetic axis falmHOA-PH-CN and

origin of the A< Z equilibrium and the interconversion
barrier is a cistrans isomerization of Pro206 in the
C-terminus that is induced by the stronger interaction of the
C-terminus with the active site in the DMDH relative to that
in the PH complex. A more quantitative description of the
interaction of theC-terminus with the active site INmHO-
DMDH complexes would require BN/3C-labeled sample.
However, the half-life for the Arg208His209 dipeptide
cleavage is~24 h for theNmHO-DMDH-CN complex in
solution, which is significantly shorter than the duration
required for 3D NMR experiments (72 h). Hence, the factors
(pH, ionic strength, and buffer) influencing the rate of-A

X conversion for the DMDH complexes will have to be
explored first to see if it is possible to extend the half-life of
the A— X conversion.

CONCLUSIONS

The interaction between the-terminus and substrate in
NmHO complexes differs for protohemin and 2,4-dimethyl-
deuterohemin, with th€-terminus more strongly penetrating
the heme cavity for the latter substrate. This effect is
attributed to the 2-vinyl group interfering with optimal
orientation of the Asp27 carboxylate for serving as H-bond
donor to the His207 peptide NH. This conclusion is supported
by the greater dynamic stability (slower H-bond donor
exchange rates) of tHe-terminus-substrate interaction and
a slightly larger tilt of the Fe-CN unit (major magnetic axis)
toward thea-meso position. The differentiaC-terminal

interaction with substrate substituents suggests variable

interaction of theC-terminus with the intermediates in the
HO reaction.

A similar “spontaneous” cleavage of thé-terminal
Arg208His209 dipeptide dNmHO is observed for the 2,4-
dimethyldeuterohemin as for the protohemin complex, but

NmHOA-DMDH-CN and the chemical shifts of assigned
residues. This material is available free of charge via the
Internet at http://pubs.acs.org.
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