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Abstract: Hemoglobin I (Hbl) from the clanLucina pectinatais, in its natural environment, a hydrogen
sulfide (H:S)-transport heme protein. The resonance Raman (RR) spectrum of the metaquo and deoxyHbl
species shows a very weak intensity peak at 370cthat corresponds to the normal mode of the heme
propionates. This suggests the presence of a moderate hydrogen bonding between Arg99 and the heme-7-
propionate. However, the RR spectra of the metcyano, carbonmonoxy, and oxy Hbl derivatives reveal the
absence of the propionate vibrational frequency at 370'crniThe mode is insensitive to the oxidation state

of the heme iron, but disappears when the Hidand moiety is formed. These results propose the existence

of flexible propionate groups which can result in a weaker hydrogen bond upon heme ligand binding. The
longitudinal relaxation timeT;) *H NMR data for the paramagnetic metcyano complex of Hbl suggested that
the 17.90 ppm signal belongs to the heme-6-propionaterotons (6-H;). In relation to other myoglobins,

the large difference in chemical shifts of this signal is attributed both to the lack of hydrogen bonds between
the heme-6-propionate group and amino acid residues and to a flexible orientation of the side chain with
respect to the heme plane. The data predict a model where the heme group of Hbl is tightly bound to His96
(Vee-nis @t 218 cn1?d), but due to the absence of strong hydrogen bonding interactions between the heme
propionates and the nearby amino acids, the heme is not firmly anchored. Thus, relative to other heme proteins,
the heme group of Hbl frorhucina pectinatgpresents a rocking freedom that facilitates the binding between

the heme and the in-coming ligand.

Introduction heme-bound hydrogen sulfide through aromatic-electrostatic
interactions. We reported an infrared spectroscopy study of Hbl

The clamLucina pectinatawhich is found in the sulfide- from L. pectinataand of a His64(E7y~ GIn, Leu29(B10)—
rich tropical coasts of Puerto Rico, contains three hemoglobins Phe \./al68(E11)—> Phe triple mutant fr,om sperm-whale

Hbl, Hbll, and Hblll. Each hemoglobin has different physical- myoglobin (SW Mb) carbonmonoxide derivatives Both

ﬁhemmal properties: Hemogllobm | (Hb) is & SL_’I_h;']de rer?ctlve proteins showed a larger population of theodnformer at 1936
eme protein in its natural environment e other WO ;-1 than the A or Az > conformers when compared to wild-

hhemoglobinsa Hbll and Hblll, do not bind hydr:oget?l.sulfifde,b type SW Mb. The preference of thes&onformer in these
they are used as oxygen-transport proteins. The ability of Hbl proteins is produced by the existence of the aromatic phenyla-

to reversibly bin_d hydrogen sulfide with h_igh ?‘ff!”!‘y is unusual |ohine residues next fo the heme group. The triple mutant
for a hemoglobirt:* In.h.uman hemoglobin, histidine E7.helps having both the distal GIn substitution at position E7 and the
tp control oxygen aﬁlnlty through hydroge? bor_1ds with the phenylalanine substitutions at position B10 and E11 is, of all
ligand. Tr_ns amino acid is a conserved residue in many oth_er Mb mutants compared, the one with the most similar CO
hemoglobins and myoglobins. However, X-ray crystallographic ,¢gciation rate constant to the; Bonformer of Hbl. The

Zn?elzzilit?;rfhihrg\?v?gLtji?aftotrrzg ?jfis'jslér;’?;ggsgnigtg atlultfmine synergetic effect of the three unique residues in Hbl (GIn64,
amino acid ,instead of the usual histidiheOther ngtable Phe29, Phe68) was proposed to control the population of the
substitutions in the Hbl heme pocket include Phe29(B10) conformational states and the CO association rate of this
Leud6(CD3). and Phe68(E11) pThe aromatic environmen,t protein® Recent X-ray studiésof the aquo derivatives triple
L : mutant SW Mb (His64(E7)~ GIn, Leu29(B10)— Phe, Val68-
present in the near Hbl chromophore stands as the molecular(Ell)H Phe) sﬁlowed(an);wrease 01‘70(0-folzj_'in the sulfide
bas_is for the very high aff_init_y dfucina pectinatafor_hydroggn affinity of SW Mb. On this regard, a difference in the
sulfide as proposed by Rizzi and collaboratétsThis peculiar orientation of the Phe68(E11) ring may account for the

arrangement may play a significant role for the stabilization of difference in affinity betweehucinaHbl and the SW Mb triple

“To whom correspondence should be addressed. mutant. Comparison of the X-ray crystallographic structure of
(1) Kraus, D. W.; Wittenberg, J. Bl. Biol. Chem 199Q 265, 16043. the metaquoHbl complex with the NMR solution structure of
(2) Kraus, D. W.; Wittenberg, J. B.; Jing-Fen, L.; Peisach).JBiol.
Chem 199Q 265, 16054. (5) Navarro, A. M.; Maldonado, M.; Gonlez-Lagoa, J.; Lpez-Mejg,
(3) Rizzi, M.; Wittenberg, J. B.; Coda, A.; Fasano, M.; Ascenzi, P.; R.; Lopez-Garriga J.; Colg J. L.Inorg. Chim. Actal996 243 161.
Bolognesi, M.J. Mol. Biol. 1994 244, 86. (6) Nguyen, B. D.; Zhao, X.; Vyas, K.; La Mar, G. N.; Lile, R. A;;
(4) Rizzi, M.; Wittenberg, J. B.; Coda, A.; Fasano, M.; Ascenzi, P.; Brucker, E. A.; Phillips, G. N., Jr.; Olson. J. S.; Wittenberg, JJBBiol.
Bolognesi, M.J. Mol. Biol. 1996 258 1. Chem.1998 273 9517.
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metcyanoHbl derivative suggested that GIn67(E7) may serve was oxidized with 10% excess potassium ferricyanide to obtain ferric
as either a H-bonding acceptor or donor to bound Iigénds. Hbl. To eliminate the potassium ferricyanide excess, the ferric Hbl
Furthermore, new studiéindicated a unique orientation of solution was passed through a column of Shephadex G-25 superfine
the heme 2-vinvl aroup relative to other heme proteins. The (Pharmacia), developed with 100 mM potassium phosphate buffer at
RR spectra of tge gbICpO metHbICN, metHixBl I—F|)bIOZ and pH 7.5. MetcyanoHbl complex was prepared by adding 20 mM NaCN

o to the metaquo solution. OxyHbl derivative was used as obtained from
deoxyHbl heme derivatives showed a band at 1621'@nd a the purification procedures. The deoxy derivative was prepared by

shoulder at 1626 cn, indicative of an out-of-plane position  4q4ging a slight excess of sodium dithionite to the oxyHbl solution.
for one of the vinyls relative to the other one. Splattice For the Hbl carbonmonoxy complex, the heme protein was reduced
relaxation properties of protons in the metHbICN complex also by using a few grains of sodium dithionite in phosphate buffer at pH
suggested a unique orientation for the heme 2-vinyl group of 7.5, in an oxygen free atmosphere. The sample was stirred under a

Hbl. The longitudinal relaxation timed<) for the 2-H,, 2-Hgc, carbonmonoxide atmosphere for several minutes. The sodium dithionite
and H protons is 120, 115, and 135 ms, respectively. The excess was removed by changing the solvent to carbonmonoxide-
data from both techniques suggested an out-of-planérang saturated 0.1 M potassium phosphate buffer, pH 7.5, in an Amicon

ultrafiltration cell with Y-10 membranes. For the NMR experiment,

oriented 2-vinyl group, and an in-plane acid-oriented 4-vinyl
vl group, P y the metcyanoHbl complex was prepared by dissolution of lyophilized

group for the low S.pm complexes of Hbl. These results Im_ply ferric Hbl in a 200 mM NaCl/20 mM NaCN solution in 100%0, to
that the eleqtron-wnhdrawmg c_haracter of the out-of-plaqe vinyl' Jbtain a~4 mM solution. The pH was adjusted to 7.8 with DCI or
group contributes to the stability of the heme*Fexidation NaOD. The characteristic Soret bands for these complekas407
state, facilitates the binding of the. 8l ligand, and promotes  nm for metaquoHbl, 421 nm for metcyanoHbl, 416 nm for oxyHbl,
the stability of this ferric HHS complex. 431 nm for deoxyHbl, and 420 nm for carbonmonoxyHbl, were used
These previous works illustrate how in Hbl the distal site to monitor the formation of the complexes.
environment and heme peripheral groups influence the heme Resonance Raman MeasurementsResonance Raman (RR) scat-
ligand interactions. However, it is not clear if there is any type tering was obtained for metcyano, carbonmonoxy, oxy, deoxy, and
of interaction between other heme peripheral substituents andmetaquoHbl heme-ligand moieties at room temperature. The hemo-
nearby amino acids that can be related to the peculiar charac-9/°Pin concentration in each preparation was approximately.A00
teristics of this hydrogen sulfide-binding protein. In the majority Excitation at 413.1 nm with a Krion laser (Coherent Innova 400)

. N . 7. was used to obtain the RR spectrum of the metcyano, oxy, metaquo,
of the heme-proteins, the heme binding to the apoprotein is and carbonmonoxyHbl complexes, while the deoxyHbl complex RR

in part stabilized through a hydrogen bond network between gpectrum was excited with a 437.0 nm dye laser, pumped with an Ar
the heme 6- and 7-propionate groups and the polar aminojon laser (Coherent Innova 400). A back illuminated CCD detector
acids in the polypeptide chain that surround the heme chromo-coupled to a modified Spex 1401 single monochromator and Notch
phore8ab9ab 1813 Thege electrostatic interactions contribute to filters were used to record the RR spectra. The monochromator
the stability of the folded haloprotein. The charged propionate calibration was verified before and after the Raman scattering with
groups also can contribute to modulate the oxidation reduction carbon tetrachloride. All Hbl solutions were spun in a spinning cell
potential of the heme irof14 To elucidate the contribution ~ during the acquisition of the RR spectra to minimize photoinduced
of the heme peripheral propionate groups tmina pectinata’s damage to the samples. Laser power was near 10 mW at the sample
Hbl properties, resonance Raman (RR) and proton nuclearand each spectrum was averaged for 15 min. A visible spectrum (from

. . 400 nm to 700 nm) was obtained before and after the RR measurement
magnetic resonancéH NMR) studies on metcyano, carbon- to verify sample integrity

monoxy, oxy, deoxy, and metaquoHbl derivatives were con- 1y NMR Measurements. *H NMR spectra were collected from
ducted. Both RR andH NMR data are consistent, with the  poth GEQ 600 MHz and Varian 300 MHz spectrometers. 149
available X-ray dataon the presence of moderate hydrogen NMR spectra from the GE2 600 MHz spectrometer were collected
bonding between the heme’s propionates and its environment.by using 2048 scans, 15K data points, and a spectral width of 26315
On this regard, the results suggest a model in which the heme’sHz. NOESY spectra were collected at 19 over a spectral window
propionate groups in Hbl are not t|ght|y anchor to the p0|ypep_ of 22222 Hz, using 2048 complex points, a block size of 2048 was
tide chain due to the absence of a strong hydrogen bond used, and a total of 512 blocks were C_ollected. T_he m_ixing time used
networking. This behavior can be correlated with changes on for NOESY was 100 ms. Longitudinal relaxation tim&.)( was

1 . . - : . obtained from inversionrecovery experiment. The data were gener-
the 370 cnt propionate vibrational mode upon ligand binding. ated with use of the Varian spectrometer operating at 300 MHz,

. . applying the standard inversiemecovery sequenceqy{-a—1—m/2—

Experimental Section Aq), the relaxation delayt{), and the acquisition time (Aqg) being 750
Sample Preparation. Isolation of hemoglobin | fromLucina ms and 69 ms, respectively. The spectral width used for the 300 MHz

pectinataand preparation its heme-ligand complexes was done accord- measurements was 13000 Hz. Theexperiments were performed at

ing to the literaturé:25 To prepare the metaquo complex, the oxy Hbl  30°C and pH 8.6. Chemical shifts afid were compared with results
for elephant and sperm whale myoglobin reported ealtiefhe T,

trog)f”%g%; :g::neei?;j, 'fvcl)r Cfgﬁséﬁ"é;nww S.; Lopez-GarrigBibspec- was obtained with the null methody(= t,u/In 2). 1-D spectra for
®) (% Takano, TF.)]. Mol Igiol. 1977110, 537. (b) Takano, . Mol. the Curie plot were carried out from 8 to 5C in the 300 MHz
Biol. 1977 110, 569. spectrometer, using the same_spectral wmdow as described above. The
(9) () Hauksson, J. B.; La Mar, G. N.; Pande, U.; Pandey, R. K.; Parish, NMR data were processed with the Felix 230 and the NMR TRIAD
D. W.; Singh, J. P.; Smith, K. MBiochim. Biophys. Acta99Q 1041, 186. program. A 30-shifted sinebell apodization process was used prior
(b) Hauksson, J. B.; La Mar, G. N.; Pandey, R. K.; Rezzano |.; Smith, K. to zerofilling to 2048x 2048 data points and Fourier transformation.
M. J. Am. Chem. S0d990,112, 6198. Chemical shifts were referred to 2,2-dimethyl-2-silapentane-5-sulfonate

(10) La Mar, G. N.; Haukson, J. B.; Dugad, L. B.; Liddell, P. A.; (DSS)
Venkataramana, N.; Smith, K. M. Am. Chem. S0d 991, 113 1544. :
(11) Hargrove, M. S.; Wilkinson, A. J.; Olson, J. Biochemistry1996

35, 11300. Results
(12) Lloyd, E.; Burk, D. L.; Ferrer, J. C.; Maurus, R.; Doran, J.; Carey, .
P. R.; Brayer, G. D.; Mauk, A. GBiochemistry1996 35, 11901. Figure 1 compares the low-frequency RR spectra of metaquo

(13) Hunter, C. L.; Lloyd, E.; Eltis, L. D.; Rafferty, S. P.; Lee, H.; Smith, horse heart myoglobin (HH Mb) with metaquoHbl and deoxy-
M.; Mauk, A. G. Biochemistry1997, 36, 1010.

(14) Lee, K.-B.; Jun, E.; La Mar, G. N.; Rezzano, |.; Pandey, R.; Smith, (15) Vyas, K.; Rajarathnam, K.; Yu, L. P.; Emerson, S. D.; La Mar, G.
K. M.; Walker, F. A.; Buttlaire, D. AJ. Am. Chem. S0d.991, 113 3576. N.; Krishnamoorthi, R.; Mizukami, HJ. Biol. Chem 1993 268 14826.
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Figure 1. Resonance Raman spectra of metaquo Mb(HH), deoxyHbl, Figure 2. Resonance Raman spectra of metcyano, carbonmonoxy, and
and metaquoHbl. The low-frequency region of deoxyHbl and meta- oxyHbI. The low-frequency region shows the absence of the propionate
quoHbl in comparison with metaquo Mb(HH) shows the small intensity pand usually found between 366 and 375&m
of the propionate band at 370 cfn
1-CH,

Hbl derivatives. Normal mode assignments for the metaquo
HH Mb and Hbl species were based on the presence or absence
of a particular frequency on the RR spectra for the Hbl-ligand
complexes and upon comparison of these values with those >-CH,
reported in the literatur¥®-18 The Fe-N(His) stretch has been
observed in the RR spectra of hemoglobins and myoglobins in
the 217224 cnt? region. This mode has been reported for
almost all types of heme proteins active only in the deoxy
spectrum. A possible explanation for this behavior is that
doming of the heme in the deoxy state causes this out-of-plane 6-H,
mode to become active. For the deoxyHbl spectrum this low-
frequency region is characterized by a strong band at 218 cm l 2R,
assigned to thevFe—N(His) stretching mode. When the
metaquo HH Mb and metaquoHbl spectra are compared, they
reveal differences in the 2580, 325-350, and 365380 L k
cm~1regions. In HH Mb the band at 246 crhwas assigned A
to the out-of-plane pyrrole tilting mode. The 270 cthband
was assigned to the skeletal mode The band at 344 cmt %6 4 P 0 8 6 4
was assigned tog, to a metal pyrrole stretch and substituent Chemical Shift (ppm)
bend® The vibrational mode at 376 f;“"f"co”espf%nds tothe  Figure 3. Portion of the downfield hyperfine shifted region of the
Cs—Cc—Cq bending motion of the propionates peripheral heme 600 MHz H NMR spectrum of 4 mM metHbICN paramagnetic
substituent3® A significant difference between the Hbl and  complex in HO at 19.7°C, pH 7.8, showing the heme-6-propionate
HH Mb spectra presented here is that for the former the o proton resonance line (6s). The methyl group signals (1-GH
propionate band appears with very low intensity at 370tm  5-CHs, and 8-CH) were assigned by Silfa and co-workeérs.
while for the latter this is a very intense band present at 376 gpectrum, is not related to the motion of the propionate due to
cm ™. Likewise, the deoxyHbl derivative shows a normatFe s high-frequency value. Our results show that in Hbl heme
Hls stretchlng .mode at 218 crh but presents a very weak ihe presence of the propionate vibrational mode is insensitive
intensity vibration at 370 crt. to the oxidation state of the heme iron, but sensitive to the

Figure 2 shows the resonance Raman spectra of the metcyanqjgation state of the chromophore. For example, the 370%cm
carbonmonoxy, and oxyHbl heme-complex derivatives. The pand is weakly present in the metaquo and deoxyHbl heme
spectra also reveal an interesting feature: the absence of th%lerivatives, while absent in carbonmonoxy, metcyano, and

8-CH,

propionate vibrational normal mode at 370 ©m The unas- oxyHbl heme ligand complexes.

signed small band at 390 cth present in the carbonmonoxy Figure 3 shows théH NMR spectrum of the paramagnetic
(16) Hu, S.; Mortis, 1. K.; Singh, J. P.; Smith, K. M.; Spiro G. J.Am. metcyanoHbl (metHbICN) complex inJ® at 19.7°C. Heme

Chem. S0c1993 115, 12446. methyl signals, 1-Cklat 17.86 ppm, 5-Cklat 25.73 ppm, and
~(17) Smulevich, G.; Mantini, A. R.; Paoli, M.; Coletta, M.; Geraci, G.  8-CHg at 13.34 ppm, are identified. In a recent wdrkeme

Biochemistry1995 34, 7507. methyl signals and heme-2-vinyl signals were assigned. The

(18) Rousseau, D. L.; Friedman, J. M. Biological Applications of . . . .
Raman Spectroscop@piro, T. G., Ed.: Wiley: New York, 1987; Vol. 3,p  SPectrum also shows in the resolved low field region, a single

133. proton nonexchangeable resonance line at 17.90 ppm. This
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Figure 4. Downfield portion of the 600 MHz NOESY spectrum of £0.77) : :
the paramagnetic metHbICN complex in@ pH 7.8, at 19.7C. The 31 32 3.3 34 35 36
labeled cross-peak shows the connectivity between 5-&td 6-H, T % 1000/ K

roton.
P Figure 5. Curie plot of the observed shifts vs reciprocal of the absolute

signal at 17.90 ppm presents a NOESY cross-peak (Figure 4)temperature for the met-HbICN hyperfine shifted resonances in the
with the 5-methyl heme substituent (5-@kat 25.73 ppm. The  downfield region. Chemical shifts were obtained from 281 to 323 K
resonance lines at 17.90 ppm and 25.73 ppm (3)Cile (8 to 50°C) in a Varian 300 MHz spectrometer. The numbers in
correlated to a high field signal at 5.82 ppm. The protons that parentheses correspond to the extrapolated chemical shifts at infinite
. . L . ; ! ) .
produce the signal at 17.90 and 5.82 ppm must be next to$-CH temperature 3 corr_espondln_g to the dlamagnetl_c chemical shift of
. L ) the protons for the diamagnetic form of the protein.
The resonance line at 17.90 ppm is in the extreme low field
region. This suggests, similar to other hemogloBfis; 2! that

. - Additional information was obtained through measurements
the group involved can be a heme substituent or a heme pocke

. . . Kelyhich also suggest that the 17.90 ppm signal is a propionate
amino a(.:'d' Qn this regard, Hbl possesses Phe43 (CD1) am'noproton. The relaxation time is inversely proportional to the sixth
acid residue in the heme pocket, located between the 4- andyq ey of the distance from a particular proton to the ferric iron
5-positions of the heme. Either some CD1 protons ordhe  conter. According to X-ray studigéthe nearest carbon (T
protons frpm the 6-he_me propionate group (6otons) can distance to the iron center for the CD1 residue in Hbl
present dipolar coupllr)g W|th 5-GH . corresponds to 4.92 A. Assuming an averageHCdistance,

The observed chemical shifts for a proton on a paramagnetic g GH proton may be located ca. 4.11 A from the heme iron.
complex can be regarded as the sum of paramagnetic andgimijarly, the 6-H. propionate proton can be estimated at 5.79
diamagnetic components. The paramagnetic shifts vary prima- 4 trom ‘the iron center. In SW M8 the CD1 GH proton
rily as the inverse of the temperature. Ideally, the extrapolation istance from the heme center is 4.49 A and preseifisless
to infinite temperature in the plot of observed chemical shifts {15 20 m3 Thus, a similar value can be expected for the
versus the inverse of the absolute temperature (Curie plot) givesCDl GH proton in Hbl. The shorter distance from 1-H

rise to the pliamagnetic chemical shifts.T dependence of group to the iron is 6.06 A and the distance from the $-H
chemical shifts for the metHbICN complex was measured and group to the iron is at 5.79 A. These data suggest Thdor

the chemical shifts at infinite temperature for the resonance Iir]e both signals should be similar. Regarding this, the longitudinal
at 17.90 ppm (Figure 5) were extrapolated to 0.25 ppm. This rg|axation time experiments revealed that the signal at 17.90
value suggests that the S|gnal is not from an aromatic proton. ppm relaxes similarly to 1-Ciwith 97 F 2 ms. Therefore the
The region for diamagnetic aromatic protons is from 5 10 8 re|axation time determined for the resonance at 17.90 ppm in
ppm?? The signal can originate from an aliphatic proton as he metHbICN does not correspond to that for the CDH C
6-H,. In previous studies, a signal with a similar extrapolated proton with an expecte® in the order of 20 ms. Furthermore,
diamagnetic chemical shift for the CDZI& proton of the SW the distance of 6-i propionate proton to 5-CHis 2.41 A,
metMbCN proton was reported at 0.2 pfnRecent studis e the nearest nonring proton from CD1 to 5-Cid 3.10

on the metcyanoHbl complex have assigned thl frotons & -~ Thjs proton, located at 8.66 A from the iron center, should
of the Phe43(CD1) group at 7.26 ppm. These data togethery, e 3 paramagnetic chemical shift different from that of the
with our results from theT-dependent and the inversion 6-H, proton. Thus, the cross-peak shown in Figure 4 can be
recovery experiments of the metcyanoHbl com_plex suggest thatassigned to the interaction between 5-Girbtons and the 6-1

the 17.90 ppm signal corresponds to the Sopionate proton. 6100 of Hbl. These data also suggested that the signal at 17.90

(19) Yamamoto, Y.; Suzuki, TBiochim. Biophys. Acta996 1293 129. ppm can be assigned to the G-Hproton of the Hbl heme
(20) Emerson, S. D.; Lecomte, J. T. J.; La Mar, G.]NAm. Chem. propionate group.

Soc 1988 110 4176.
(21) Zhao, X.; Vyas, K.; Nguyen, B. D.; Rajarathnam, K.; La Mar, G. (22) Emerson, S. D.; La Mar, G. NBiochemistry199Q 29, 1556.

N.; Li, T.; Phillips, G. N., Jr.; Eich, R. J.; Olson, J. S.; Ling, J.; Bocian, D. (23) Kuriyan, J.; Wilz, S.; Karplus, M.; Petsko, G. A.Mol. Biol. 1986
J. Biol. Chem 1995,270, 20763. 192 133.
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Discussion LEU4E

Resonance Raman spectra of heme proteins display a
vibrational normal mode attributed to the heme propionates. This
band is usually found around 366 to 376 ¢yand it is assigned
to the heme-6- and heme-7-propionate in-plane bending vibra- \
tion.16 This frequency has been correlated with the hydrogen ) GLNB4
bond strength between the heme-7-propionate and the nearby
amino acid residue¥. In most heme proteins the heme-6-
propionate group hydrogen bonds to Lys or Arg in the CD3
position82:0.92.0.11.25|n horse heart Mb (HH Mb) a hydrogen
bond network is formed between Leu 89, Ser 92, His 93, His
97, and the peripheral groups of the heme propionates. The
heme-7-propionate hydrogen bonds to His 97 and Ser 92, while
the heme-6-propionate is stabilized through hydrogen bonding
with Lys 4512:26 Disruption of the hydrogen-bonding network ARGSS
between the heme-7-propionate and the nearby amino acid
residues (His93, His97, and Ser92) lowers the frequency of the
propionate band from 372 to 364 cf It has been suggested
that a frequency of 372 cm is indicative of a strong hydrogen
bond, while a low frequency (below 369 ch) is related to a

weak hydrogen bond to the heme-7-propionate. This weak gjgyre 6. Hydrogen bonding environment for the heme propionates
hydrogen bond could be formed with water molecules in the iy Hpl. The heme-7-propionate forms a weak to moderate hydrogen
hydration shell of the heme environmeét. bond only with Arg(99)FG2 as indicated by this work and X-ray
In Hbl from Lucina pectinatathe propionate low-frequency ~ crystallography:*
vibration at 370 cm? is consistent with a moderate hydrogen . ; . ;
bond between Arg99 and the heme-7-propionate of Hbl. For &%t')lgnld Hﬁ“&@{gj‘;&“'{;ﬁ&%‘f&)eg°r 6-Protons in El Mb, SW
other heme proteins, the ab_senqe of a moderate intensity of the proton SW metMbCR El meiMbCN meiHbICN?
propionate normal mode vibration from the 36876 cnt?!
region has been used by Friedman and Petéfgorexplain a 6-Hy 9.20 6.63 5.82
unique environment for the out-of-plane heme-7-propionate. The 6-Ho 739 1030 17.90
heme-7-propionate of HH Mb is involved in a hydrogen bonding 2 From ref 15 (obtained at 30 and pH 8.6)° Our results (obtained
network!213.26which Hbl lacks, as indicated by this work and &t 19.7°C and pH 7.8).
X-ray crystallograph$* of a strong hydrogen bonding network . ]
(see Figure 6). The heme-7-propionate forms a hydrogenbond, heme-6-propionate was detected in theNMR spectrum of
different from HH Mb, only with Arg(99)FG2. Furthermore, the metcyanoHbl complex at 17.90 ppm. The longitudinal
the disappearance of the small intensity propionate band uponrelaxation time experiments and NOESY spectrum of the
formation of the metcyano, carbonmonoxy, and oxyHbl heme- paramagnetic metHbICN complex also indicated that the signal
complex derivatives suggests a change in the environmentat 17.90 ppm can be assigned to the §-ptoton of the Hbl
around the propionate group when the six-coordinated Hbl heme propionate group. Table 1 summarizes the chemical shifts
moiety is formed. Regarding thi®lassa mutabilisvb has a  for the heme-6-propionate protons of metcyano complexes
small intensity propionate band at 378 ¢ a behavior ~ of elephant Mb (EI metMbCN)? sperm whale Mb (SW
attributed to a different interaction of the protein with the metMbCN)!® andLucina pectinaHbl. The'H NMR data for
propionate group¥’. The RR data suggest a model where the the heme-6- protons in metcyanoHbl are very different in
heme group of Hbl ilLucina pectinatas tightly bound to His96 comparison to the metcyano complexes of elephant Mb and
(Vre-His @t 218 crl). However, due to the absence of strong sperm whale Mb. Variations in chemical shifts for the heme-
hydrogen bonding interactions between the heme propionates6-propionatex protons, when compared to SW Mb and El Mb,
and the nearby amino acids, the heme group is not firmly are in the order of 0.81 to 10.51 ppm. These large differences
anchored. Changes in the strength of the hydrogen bondingin chemical shifts suggest a lack of hydrogen bonds between
from moderate to weak are observed upon formation, asthe heme-6-propionate group and the amino acid residues from
indicated by the disappearance of the 370 trand of the the polypeptide chain. Our data are consistent with the X-ray
Hbl heme-ligand moieties. These two observations suggesteddat& where the CD3 residue is the apolar residue Leu 46, and
a flexible heme rocking motion that contributes to the Hbl ligand no hydrogen bond is expected for the heme-6-propionate.
binding mechanism. Figure 6 shows such an environment. Similar differences in
The heme-6-propionate protons have been located in the chemical shifts have been observed for the 6-propionate protons
downfield region, in most cases in the resolved portion of the of Rhodomicrobiunvannielli cytochromec,, lacking the Arg
spectrumt>1922 The resonance line for the protons of the residue in the CD3 position, anghodopseudomonasridis
cytochromec,, having the Arg residu& In Hbl structural

(24) Gottfried, D. S.; Peterson, E. S.; Sheikh, A. G.; Wang, J.; Friedman, qyer| ring Leu(4 D3 in alm X incidence with
3. M. 3. Phys. Cheml096 100 12034, overlays bring Leu(46)CD3 in almost exact coincidence wit

(25) Moore, G. R.; Harris, D. E.; Leitch, F. A.; Pettigrew, G. Biochim. the side chain of Arg(45)CD3 in sperm whale MbThus, the
Biophys. Actal984 764, 331. ' absence of hydrogen bonds for the Hbl heme-6-propionate may
(26) Evans, S.V.; Brayer, G. O. Mol. Biol. 1999 213 885. predict spectral differences between these heme-proteins. We

(27) Friedman, J. M.; Peterson, Hn Proceedings of the XlIVth . . . .
International Conference on Raman Spectroscdsher, S. A., Stein, P. suggest that the difference in chemical shift of thprotons of

B., Eds.; J. Wiley & Sons Ltd.: New York, 1996; p 428. the heme-6-propionate group in Hbl is due to the lack of
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hydrogen bond with the residue in the CD3 position due to its Conclusion
apolar nature and to a flexible orientation of the side chain with
respect to the heme plane. Therefore, the heme-6-propionate The spectral data presented here suggest a model where the
does not contribute to anchor the heme group with the Neéme group in Hbl froniucina pectinatas tightly bound to
polypeptide chain of Hbl. This flexibility contributes to the HiS96 (re-ris at 218 cn?) as in EI Mb}® HH Mb,*>2 and
proposed rocking motion of the Hbl chromophore. SW Mb,>1%but, due to the very weak 370 cthpropionate

1H NMR spectroscopy also has been used to study the normal mode, the heme group is not flrmly anchored to the
heme-7-propionate. protons in proteins. The chemical shifts PClyPeptide chain. This conclusion also is supported by our
for the heme-7-propionate. protons have been found in IH NMR r_esults. _Furthermore, the disappearance of the 370
the diamagnetic envelope of the metcyano complex of cm*llproplonate vibration suggested changes on the hydrogen
other hemoglobin& 22 but in some cases it has not been bonding strength of the environment of heme propionates and
determined? This is the case for the 7-propionaieprotons the nearby amino acids upon ligand binding. This behavior can
of the metcyanoHbl complex. For horse heart myoglobin, the facilitate a heme rocking freedom that promotes the bonding
heme-7-propionate hydrogen bonds to Ser92. Site directedPetween Hbl and the in-coming ligand.

mutagenesis of horse heart myoglobin was made and the A : .
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