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Abstract: Resonance Raman spectroscopy is employed to characterize heme
site structural changes arising from conformational heterogeneity in deoxyMb
and ligated derivatives; i.e., the ferrous CO (MbCO) and ferric cyanide
(MbCN) complexes. The spectra for the reversed forms of these derivatives
have been extracted from the spectra of reconstituted samples. Dramatic
changes in the low frequency spectra are observed, where newly observed RR
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modes of the reversed forms are assigned using protohemes that are
selectively deuterated at the four methyl groups or at the four methine
carbons. Interestingly, while substantial changes in the disposition of the
peripheral vinyl and propionate groups can be inferred from the dramatic
spectral shifts, the bonds to the internal histidyl imidazole ligand and those of
the Fe-CO and Fe-CN fragments are not significantly affected by the heme
rotation, as judged by lack of significant shifts in the v(Fe-Nnis), v(Fe-C) and
v(C-0) modes. In fact, the apparent lack of an effect on these key vibrational
parameters of the Fe-Nuis, Fe-CO and Fe-CN fragments is entirely consistent
with previously reported equilibrium and kinetic studies that document
virtually identical functional properties for the native and reversed forms.

Conformational heterogeneity involving rotational disorder of
the heme about the a-y meso axis (Figure 1) in native and
reconstituted myoglobins was first studied by NMR spectroscopy and
circular dichroism (CD) spectroscopy in the 1980's.'-8 This
conformational heterogeneity has been found to occur not only in the
reconstituted metMb form,3 but also in the native deoxy? and ligated
forms; i.e., MbCO.3 At equilibrium, the reversed conformation still
persists in very small amounts for aquo-metMb (~ 4% for HH Mb?* and
~8% for SW Mb?) and deoxy Mb, MbCO and metMb-CN (~8% for SW
Mb)?3 while for the recently discovered met neuroglobin (metNgb) an
~70/30 ratio has been reported.®

A B

Figure 1. Structure and labeling of Fe(III) protoporphyrin IX, native orientation, (A);
and reversed orientation, (B).
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Most of these studies focused only on the detection of the
reversed orientation and the effects of temperature, pH, spin states or
heme peripheral substituents on the extent and kinetics of heme
reorientation, the NMR studies detecting and assigning only the shifted
resonances of the heme methyl protons.3 In later NMR relaxation
studies, however, the structural consequences of heme orientation
were investigated by analyzing the distance between the heme iron
and protons of the Ile FG5 CyH and Phe CD1 C¢H side chains of sperm
whale Mb (SW Mb).%10 These studies showed that the heme is slightly
displaced away from Ile FG5 CH in the reversed form. Though
apparently displaced within the heme pocket, recent studies employing
the so-called normal coordinate structural decomposition methods
suggest that the protein matrices of both the native and reversed
forms induce similar types of distortions on heme macrocyclic core.!!

It has been shown that reversal of the heme orientation can
change certain functional properties of some heme proteins.®-10.12-17
For example, the Bohr effect of Chironomous hemoglobin,*? the heme
reduction potential of cytochrome bs!3 and the affinity and degree of
cooperativity in dioxygen binding by HbA!* have been reported to
depend on heme orientation. In the specific case of myoglobin, though
early work®> had indicated that the reversed form of deoxyMb has a
10-fold higher oxygen affinity than the native form, later reports
conclusively showed that both the O, and CO affinities of the reversed
form are essentially the same as those for the native form.%17 While
no significant differences in ligand affinities of the two forms are
observed, Yamamoto et al. showed that the exchange rate of the N¢H
proton of the E7 distal histidine in the reversed form of sperm whale
metMb-CN is larger by a factor of 3-5 as compared to the native, while
the exchange rates of the proximal His F8 N¢H protons were essentially
equal for the native and reversed forms and further documented only
small differences in the rates of autoxidation of the oxy complex and
azide affinity of the metMb derivative.®

Resonance Raman spectroscopy has been used as an important
tool for the study of heme proteins giving detailed structural
information on the heme macrocycle through certain low frequency
and high frequency modes. The oxidation state and the spin state of
the heme can be documented through the so-called "“marker bands” in
the high frequency region.®-2° In addition, subtle changes in the
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interaction of the heme iron with both endogeneous?!?2 and
exogeneous ligands?324 are monitored by isotopically sensitive low
frequency modes. Furthermore, the peripheral group dispositions of
the “propionate” and “vinyl” bending mode are useful to document
orientation dependent changes in the active site protein-heme
interactions. In fact, earlier work on metMb?°> demonstrated that the
spectrum of the reversed form can be extracted from the freshly
reconstituted samples and some of the orientation-dependent heme
modes of metMb have already been assigned using isotopically labeled
protohemes.?®> Thus, prompted by results of the NMR and ligand
binding studies, which seem to indicate active site structural changes
that are apparently rather functionally innocuous, the present
Resonance Raman investigations of the native and reversed forms
have been undertaken to effectively interrogate the key Fe-Nuis linkage
to the proximal histidine and the status of the Fe-CO and Fe-CN
fragments of the adducts with exogenous ligands.

The results of this current work show that significant differences
between reversed and native forms are seen in the peripheral group
dispositions as evidenced by frequency shifts and intensity changes of
so called “propionate” and “vinyl” bending modes. However, the
analyses of the acquired RR spectra show that the position of the v(Fe-
Nuis) mode did not change in the reversed deoxy form and that the
modes associated with Fe-XY fragments of the CO and cyanide adducts
exhibit insignificant changes between the native and reversed forms,
results entirely consistent with the known lack of changes in the ligand
binding properties of the rotational isomers.

Experimental

Materials

Protoporphyrin IX dimethyl ester (PPIXDME) and Fe(III)-
protopohyrin IX chloride (protoheme) were purchased from Frontier
Science Porphyrin Products (Logan, UT). Myoglobin from horse heart
(HH Mb), essentially all in the oxidized (metMb) form, was purchased
from Sigma-Aldrich (Milwaukee, WI) as a lyophilized powder and was
used without further purification. Deuterated dimethylsulfoxide
(99.9 % ?H, DMSO0-ds) and deuterated methanol (99.0 % 2H, CHs0D),
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were purchased from Cambridge Isotope Laboratories (Andover, MA).
Finally, tetrabutylammonium hydroxide (TBAOH) (1 M solution in
methanol), anhydrous pyridine, anhydrous acetonitrile, anhydrous
tetrahydrofuran, anhydrous hexane, anhydrous heptane, anhydrous
dichloromethane and diethyl ether were purchased from Sigma-Aldrich
(Milwaukee, WI).

Synthesis of Selectively Deuterated Protohemes

Deuterium substitution of the four methine carbons, designated
as d4-protoheme and syntheses of 1,3-(C?Hs)2-protoheme (1,3-d6-
protoheme) and 1,3,5,8-(C?Hs)4-protoheme (d12-protoheme) were
accomplished using previously published procedures.?62° The
deuterated protohemes were crystallized from THF/heptane
mixtures.?¢-2° Thin layer chromatograms (TLC), pyridine
hemochromogen electronic absorption spectra and 'H NMR studies
were done to check the purity of the sample and the extent of
deuteration.?°-33 The 'H NMR spectrum of d4-protoheme showed that
the methine protons were deuterated to an extent of 95%. The 'H
NMR spectrum of 1,3-d6-protoheme revealed that the 1,3 methyl
groups were deuterated to the extent of ~98 %, while the 5 and 8
methyl groups remained practically not deuterated (less than 10 %).
The corresponding spectrum of d12-protoheme showed almost 100%
deuteration of 1,3-CHs and ~93 % for the 5 and 8 methyl groups.

Protein Preparation

Apomyoglobin (apoMb) was obtained from met myoglobin
solution using the acid-butanone method.343> The UV-Vis spectrum of
the apoMb solution was measured and its concentration was
calculated, using €28°"™ = 15,9 cm'mM1;3° the residual heme content
was 0.03%. Reconstitution of apoMb, in 25 mM phosphate buffer at pH
6.4, was carried out by adding 0.9 equivalents of protoheme (or a
given deuterated analogue), which had been dissolved in @ minimum
amount (2 drops) of 0.1 M NaOH solution and then diluted 10 times
with chilled deionized water, over a 5 minute period; during this
addition, the pH of the solution was maintained at 6.4 by adding either
0.1 M HCl or 0.1 M NaOH solution. Any precipitate formed during the
reconstitution was immediately removed by centrifugation for 5
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minutes. At precisely 20 minutes after the reconstitution step was
initiated, the samples were converted to new forms; i.e., by adding
dithionite to generate deoxyMb or KCN to generate the metMb-CN.
Inasmuch as it has been previously established that the deoxyMb and
metMb-CN forms undergo reorientation at very slow rates,?* these
conversions effectively halt the reorientation equilibration. Thus, the
samples studied in this work are referred to as “"20-minute” samples to
indicate that reorientation had been allowed to proceed for 20 minutes
before locking in the extent of disorder.

Specifically, the samples of deoxyMb were prepared by
reduction with 2 equivalents of sodium dithionite immediately before
the RR spectrum was collected noting that for these deoxy samples,
the solution had been flushed with Argon gas for 10 minutes after
centrifugation was completed. The samples of reconstituted MbCO
were prepared from separate deoxyMb samples prepared in a similar
manner, by saturating with CO gas for 10 minutes prior to acquiring
the RR spectrum. In order to prepare metMb-CN adducts, the pH of
reconstituted samples was adjusted to 8.0 at the 20 minute point and
kept at this value while 10 equivalents of KCN was added as a 1.0 M
solution.

Resonance Raman Measurements

Resonance Raman spectra were acquired using a Spex 1269
spectrometer equipped with an Andor Newton EMCCD detector (Model
DU971, Andor Technologies). Excitation at 406.7 nm (krypton ion
laser, Coherent Innova 100-K3) was used to acquire the RR spectra for
metMb samples and 413.1 nm for the carbon-monoxy adducts. The RR
spectra were collected using back scattering (180°) geometry. The
spectra of the carbon-monoxy adducts were acquired using low power
(less than 1.5 mW) in order to minimize photo dissociation of CO from
the heme to the extent that the non-ligated deoxy form did not
contribute to the observed RR spectrum, as judged by absence of the
1356 cm! band.*® Resonance Raman spectra of the deoxy form were
acquired by excitation at 441.6 nm (He-Cd laser, Liconix model
4240NB). Power at the sample was maintained at ~3 mW. All RR
measurements were performed at room temperature in spinning NMR
tubes (WG-5 ECONOMY, Wilmad). The concentration of the heme-
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incorporated protein was ~0.3 mM for all of the reconstituted samples
studied here. The total acquisition time for each of the forms of Mb
under study (i.e., deoxyMb, MbCO and metMb-CN) was 30 minutes per
spectrum.

The RR spectra for the reversed forms were extracted according
to the published procedure, using sodium sulfate as an internal
frequency and intensity (Iss3) standard.?> Briefly, as was previously
shown for metMb,2° graphical analysis of the spectra (Grams Software;
Galactic Industries, Salem, NH) showed that the intensity of the mode
at 545 cm™ remains virtually constant for the native and reversed
forms; i.e., the Isss/Iogs ratios in the 20-minute and native spectra are
identical (Supporting Information, Figure S1). It has also been shown
that the intensity of the 370 cm™ mode in the spectrum of the
deoxyMb sample, 30 minutes after reconstitution, is decreased by 42%
relative to that of the 545 cm™ mode. This percentage corresponds
well to the previously reported value measured by NMR for deoxyMb
soon after reconstitution; i.e., the percentage of the reversed form
was calculated to be 40-45%.2 This observation served as a basis to
assume that the 370 cm™ band is absent (i.e., shifted) in the spectrum
of the reversed form, permitting the extraction of the reversed form
spectrum by simple subtraction of the native form spectrum from that
of the 30-min sample such that the 370 cm™ band was completely
cancelled. A similar procedure was applied for extraction of the
reversed form spectra for the CO and CN- ligated Mbs; e.g., the
deconvolution of 20-minute spectrum of MbCO at 379 cm™ as well as
20-minute spectrum of metMb-CN at 375 cm™ showed intensity
decreases of those modes by approximately 40% as compared to
corresponding spectra of native CO and CN- forms, consistent with the
fractional disorder determined by NMR data for metMb-CN? and
MbCQ?3, data in the latter study consisting of ring current shifts.

Results and Discussion

The RR data reported in this work reveal the existence of the
heme in two orientations, with the native orientation dominating at
equilibrium. The assignments of the new low frequency bands are
based on shifts observed using selectively labeled hemes; 1,3-d6, d12
and d4-protohemes. The 1,3-d6-protoheme, possessing two
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deuterated methyl groups at positions 1 and 3, allows identification of
vibrational modes associated with pyrroles I and I1.2°?8 The d12-
protoheme, having all four methyl groups deuterated, yields shifts of
vibrational modes associated with the III and IV pyrrole rings, which
bear the 5- and 8-methyl and both propionate groups, as well as the
those for I and II pyrrole rings that bear the 1- and 3-methyl and both
vinyl groups.?>28 The d4-protoheme, having all methine protons
replaced with deuterium, exhibits shifts of modes associated with the
heme macrocycle, the most substantial shifts being observed for out-
of-plane (oop) modes, especially the y¢ mode.?®4

A. Deoxy Mb

1. Assignments

Figure 2 shows the observed low frequency RR spectra of native
deoxyMb (trace A) and the protoheme-reconstituted deoxyMb at 20
minutes (trace B). The spectra in Figure 2 (traces A and B) are
normalized using the y21 band at 545 cm™!, since the intensity of this
mode remains constant in the 20-minute reconstituted and native
spectra, relative to the intensity of the sulfate internal standard band
(not shown). Trace C shows the extracted spectrum of the reversed
form of deoxyMb, obtained by using the procedure explained in the
Experimental section. As was observed in an earlier RR study of
rotational disorder for metMb,?* a set of new features are observed in
the extracted spectrum of the reversed form of deoxyMb; these appear
at 251 cm?, 298 cm™, 335 cm?, 360 cm™?, 388 cm™, 420 cm™! and
480 cm, the strongest of which can be discerned in trace B. As in the
case of the reversed metMb,?° in order to assign these low frequency
modes in reversed deoxyMb, reconstitution was carried out using the
selectively deuterated protohemes mentioned above, with the
extracted spectra for these labeled reversed forms, together with the
spectrum of native deoxyMb, being shown in Figure 3. Table 1
summarizes the assignments of the RR modes of deoxyMb and the
ligated Mbs studied here along with those of metMb reported
previously.?®
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Figure 2. Low frequency RR spectra of native deoxyMb, (A); 20-minutes reconstituted
deoxyMb, (B); and reversed deoxyMb, (C).
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Figure 3. Low frequency RR spectra of native deoxyMb, (A); reversed proto-deoxyMb,
(B); reversed 1,3-d6-deoxyMb, (C); reversed d12-deoxyMb, (D) and reversed d4-
deoxyMb, (E).
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Table 1. Summary of observed RR frequencies [cm™ ] for native and
reversed metMb, deoxyMb, MbCO and metMb-CN together with their isotopic
shifts [Ad1,3-d6/Ad12/Ad4].

mode metMb®
native® reversed® native

V (Fe-His)
Vo

?

Vs2

Yie
Ye
Vs

Vso

III, IV
Iorll
II

Torll

ITorll

V(Fe-CN)

V33
Y22
V(Fe-CO)
Y21
O(Feco)
Vag
Va

Vi2

272
[0/1]
305

[4/5]

336
[1/4]
344
[2/3]

375
[2/9]

408
[11/12]

439
[4/6]

473
[13/16]
501
[16/18]

548
[2/91]

1371
[0/0]
1387
[0/0]

272 [0/1]

307 [1/4]

336 [1/4]

366 [2/8]

422
[9/10]

439
[11/11]

482
[10/16]

548 [2/9]

1371
[0/0]
1387
(0/0]

deoxyMb
reversed
220 220
[0/0/0]  [0/0/0]
240
[2/7/3]
251
[11/14/1]
285
[3/4/1]
304 298

[3/5/6]  [2/4/1]

335 335
[1/1/20] [1/1/20]
343 335

[2/5/6]1  [1/9/2]

370 360
[4/14/2] [2/12/2]
388
[13/16/4]
405
[14/14/1]
420
[10/13/3]
436
[6/8/4]
436
[?/?/3]
487
[7/11/0]
499 480

[9/19/8] [18/21/4]

545 545
[5/17/10] [?/?/?]

1356 1356
[0/0/1]  [0/0/1]

MbCO
native

254
[2/7/3]

272
[0/2/3]
302
[2/3/5]
319
[2/5/2]
354
[0/0/19]
347
[2/9/0]

379
[4/15/0]

412
[9/11/0]

438
[7/8/3]

477
[15/19/2]

509
[0/0/0]
555
[6/18/11]
575
[0/0/0]
585
[0/0/0]
1373
[0/0/0]
1390
[0/0/7]

reversed

252
[4/13/6]
267

[8/13/4]

315
[2/8/4]
366
[0/0/19]
339
[1/7/5]
356
[6/6/0]
375
[5/14/0]
392
[9/11/5]

427
[10/13/2]

485
[17/20/4]
511
[0/0/0]
546
[?/2/?]
577
[0/0/0]
585
[0/0/0]
1373
[0/0/0]
1390
[0/0/7]

metMb-CN
native reversed

252

267

299

308

343

375

410

440

246

265

308

343

370

425

453
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mode metMb? deoxyMb MbCO metMb-CN
native® reversed?® native reversed native reversed native reversed
V29 1401 1401 1401 1401
[0/0] [0/0] [0/0/7] [0/0/7]
Vs 1426 1426 1426 1426 1432 1432
[0/0] [0/0] [0/0/0] [0/0/0] [0/0/0]  [0/0/0]
0(=ChH2) 1451 1451 1448 1448 1470 1470
[0/0] [0/0] [0/0/6] [0/0/6] [6/7/7]1  [4/5/4]
V3 1482 1482 1473 1473 1501 1501
[0/0] [0/0] [2/2/8] [2/2/8] [1/3/10] [1/3/10]
V3s 1512 1512 1526 1526 1546 1546
[0/0] [0/0] [0/0/16] [0/0/16] [1/3/10] [1/3/10]

vis 1521 1521
[0/0]  [0/0]

vii 1544 1544 1545 1545 1563 1563
[2/4]  [2/4] [1/3/16] [2/3/16] [4/5/8]  [4/5/8]

v2 1563 1563 1564 1564 1585 1585
[2/4]  [2/4] [3/4/41  [3/4/4]1  [1/2/5]  [1/2/4]

vz 1583 1583 1590 1590 1607 1607
[o/0]  [0/0] [0/4/4]  [0/3/3]1  [0/2/4]  [0/2/4]

Vio 1607 1607 1636 1636
[0/0/10] [0/0/10] [0/0/10] [0/0/10]

Ve-co 1620 1620 1618 1618 1619 1619
[0o/0]  [0/0] [0/0/0]  [0/0/0]  [0/0/0]  [0/0/0]
Vca=cp 1630 1632 1629
[0/0] [0/0/0] [0/0/0]

aFrom ref. 25_

Before proceeding to a discussion of the structural implications
of these data, it is necessary to provide points of clarification regarding
the “descriptions” of assignments. While the features located near
370-380 cm™ and those between 400-450 cm™ in the RR spectra of
many heme proteins are commonly referred to as “propionate
bending” and “vinyl bending' modes, respectively, that fact that both
of these features are also shifted quite substantially upon deuteration
of the ring methyl groups verifies the fact that these are actually
pyrrole ring deformations, involving motions of the porphyrin core
atoms and methyl substituents as well as the vinyl or propionate
fragments, the main point being that the frequencies and intensities of
these complex modes are apparently sensitive to the disposition of
these peripheral fragments that interact with the surrounding protein.
Thus, given the complexity of the modes in this low frequency region,
it may be the case that more than two modes might be considered to
have contributions from “vinyl bending” or “propionate bending”
motions and, indeed, the appearance of three “vinyl bending” modes
has been reported in several papers dealing with different heme
proteins.37:38
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2. Structural Implications

The rather striking changes observed in the low frequency
region of the RR spectra induced by the heme rotation presumably
reflect alterations in the protein-heme interactions between the two
forms, although it is noted that the key linkage between the heme and
the protein, the v(Fe-Nuis) stretching mode, is apparently not
substantially altered, being found in Figure 3 at 220 cm™! for both the
native (trace A) and reversed (Trace B) forms. One particularly
noticeable observation in trace B is the apparent disappearance of the
Vo seen at 240 cm™ in the spectrum of the native form (trace A).
Although a new weak feature is seen at 251 cm in trace B, it exhibits
much greater sensitivity to heme methyl group deuteration than does
the vo¢ mode of the native form (i.e., 11 cm™ vs 2 cm™ for 1,3-d6-
protoheme and 14 vs 7 cm™ for d12-protoheme) and is therefore not
reasonably assignable to the vq for the reversed form. Actually, this
disappearance of the v mode in trace B is entirely consistent with
observations made for mutant forms of deoxyMb by Friedman and
coworkers, who noted a strong correlation between the behaviors of
the vo¢ mode and the propionate bending mode seen near 370 cm™.3°
These authors employed mutants that disrupt the hydrogen bonding
interactions between the heme-7-propionate and amino acids on the
proximal side that apparently leads to a more flexible or extended
propionate fragment exposed to solvent, a structural change that
caused the propionate mode to shift down by 1-8 cm for different
mutants. Most interestingly, these authors also showed that this
spectral response of the propionate mode was associated with
corresponding decreases in the frequency of the v mode, shifting it to
the extent that it became unclear whether the mode had blended
smoothly into the v(Fe-Nuis) or disappeared completely.3®

These present results strongly support these earlier
observations when taking into consideration the behavior observed
here for this so-called propionate bending mode (designated as III,IV
in Figure 3). Thus, in trace A this III,IV mode occurs at 370 cm™ and
the vo mode is relatively strong, whereas in trace B the propionate
bending mode has shifted down to 360 cm™ and the vo mode has
virtually disappeared. While the earlier work provided no definitive
insight as to whether or not this mode had shifted in frequency to
coalesce with the v(Fe-Nuis) or so diminished in intensity as to be
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undetectable, the present set of data provides a clear cut answer to
this question. Thus, as shown in Supporting Information (Figure S2),
subtraction of trace B from trace A, shows only a positive peak at 240
cm™ and an extremely weak negative feature at ~220 cm™!, which
could be due to either a shifted vy or to a very slight difference in
intensities of the v(Fe-Nuis) modes. Plotting a corresponding difference
trace for the native and reversed forms of the d12-protoheme
analogues shows, however, that this residual 220 cm™ peak does not
shift by 7 cm™ as does the vo mode that shows a positive peak at 233
cm?, as expected; i.e., apparently the intensity of the vo mode for the
reversed form has diminished to an undetectable level.

It is also noted that in the spectrum of reversed deoxyMb the ys
and vs modes have collapsed into one slightly asymmetric feature, the
weaker ys mode reappearing at a virtually unshifted frequency in trace
D as the stronger v mode shifts down to 326 cm™ for the d12-
protoheme analogue. Such behavior is again quite consistent with
predictions made by Friedman and coworkers,3® who showed that in
the set of mutant proteins they studied, a downshift of the propionate
bending mode is accompanied by a merging of the ys and vs modes.

To the extent that such arguments are valid, the shift of the
propionate bending mode to 360 cm™ indicates that the hydrogen
bond strength to relatively fixed amino acid residues has been
substantially weakened in the reversed form, possibly allowing the
propionate groups to become more exposed to solvent. The crystal
structure of HH Mb shows that a hydrogen bonding network involving
Leu89, Ser92, His93, His97 and the heme-7-propionate on the
proximal side is responsible for stabilizing the heme in the protein
matrix while the heme-6-propionate only forms a hydrogen bond with
Lys45 on the distal side.*® The RR spectra of myoglobin only show one
“propionate bending” mode in the low frequency region. While the data
presented here cannot distinguish whether or not this mode contains
contributions from only the 7-propionate or both of them, the fact that
proximal side mutations in the earlier work generated the type of
changes seen here, might imply that the disposition of only this 7-
propionate group affects the low frequency RR spectrum; however,
only studies with protohemes selectively labeled at either the 6- or 7-
propionate groups could unambiguously answer this question.
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In the region 400-450 cm™ in the spectrum of native deoxyMb
form, there appear the so-called “vinyl bending” modes, which actually
contain major contributions from &(C-Cg-CH3) bending motions, as
discussed above. Based on the work with specifically deuterated vinyl
groups,*'43 the 405 cm™! feature is assigned to deformations of pyrrole
II, involving motions of the 4-vinyl group, while the higher frequency
(436 cm™) feature is assigned to a deformation mode of pyrrole I (the
2-vinyl bending mode). In the spectrum of the reversed form, the new
modes found at 388 cm™ and 420 cm™ are assigned to these “vinyl
bending” modes, based on a set of isotopic shifts similar to those
observed for the native form. At this point it is not possible to
associate these with either the 2- or 4-vinyl groups, since such
assighment can be secured only by selective isotopic labeling of
specific vinyl groups. Regardless of assignments to specific vinyl group
contributions, however, it is generally accepted that a lower frequency
vinyl bending mode (e.g., 405 cm™) is associated with a higher degree
of planarity of the vinyl and pyrrole, while a higher frequency mode
(436 cm™) is associated with more out-of-plane configuration.3844

The high frequency region was also monitored in order to
attempt to secure evidence for changes in the v(C=C) vinyl stretching
modes, whose frequencies have been reliably related to vinyl group
planarity with respect to the porphyrin core, by Smulevich and
coworkers.4?4> As is illustrated in the difference spectra given in
Supporting Information (Figure S3), the native form exhibits only one
v(C=C) stretch at 1618 cm™?, while the reversed form possesses an
additional mode at 1632 cm™, a value consistent with conversion of a
portion of the more planar vinyl groups to more out-of-plane
orientations. It is noted that the difference plot also reveals another
interesting feature that indicates that the so-called v. mode, which is
associated with the v(Cs-Cg) stretching mode, exhibits some
corresponding changes; i.e., the intensity near 1564 cm™ decreases
for the native form, while that at 1553 cm™ increases in the reversed
form, such changes being consistent with decreased conjugation in the
reversed form.
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B. Ligated Forms

1. Assignments

The spectra of the native and 20-minute reconstituted MbCO
forms are shown in Figure 4 along with the extracted spectrum of the
reversed form of MbCO, while Figure 5 illustrates the extracted spectra
for the reversed forms obtained for proto, 1,3-d6, d12 and d4-
protoheme reconstituted MbCO. As expected, the extracted spectra for
the reversed forms show the existence of new low frequency heme
modes, many of which have frequencies different from those of the
native MbCO form, but virtually no significant difference in the
frequencies of the v(Fe-CO) mode. These data are collected in Table 1,
which shows that that there is good correspondence, in terms of their
relative frequencies and isotopic sensitivity, between the modes
observed and assigned for deoxyMb and MbCO, as well as those
observed for metMb in an earlier work.?> As is shown in Supporting
Information (Figure S.4), the only changes in the high frequency RR
spectrum of the reversed form, relative to that of the native form, is
the appearance of a new band seen at 1629 cm™?, that is attributable
to a second v(C=C) vinyl stretch, consistent with the appearance of
the two “vinyl bending' modes seen at 392 and 427 cm™. Further, it is
noted that (native - reversed form) difference spectrum given in
Supporting Information for the 1900 - 2000 cm™! region (Figure S.5),
in which occur the v(C-0O) stretching modes, shows no evidence for
shifts of these modes, the lack of shifts in this region reinforcing the
point that the Fe-C-O fragment of the reversed form is not significantly
perturbed from that of the native form.
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Figure 4. Low frequency RR spectra of native MbCO, (A); proto reconstituted MbCO at
20 minutes, (B) and reversed MbCO, (C).

Biochemistry, Vol 47, No. 48 (December 2, 2008): pg. 12869-12877. DOI. This article is © American Chemical Society and
permission has been granted for this version to appear in e-Publications@Marquette. American Chemical Society does
not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission
from American Chemical Society.

17


http://dx.doi.org/10.1021/bi801779d
http://epublications.marquette.edu/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2654223/figure/F4/

NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be
accessed by following the link in the citation at the bottom of the page.

o
Q
A. native MbCO o
© &
= B :
, o)) =
< = S Q
™ = 0 O
» %2 O o
> N © N~ ‘_LL <t
9 o T i Nz >
§ e = T )
N ne —~ 838
N O™ @, 0w e
i S O
. ()
| .
o =
s = 5
B. reversed proto-deoxyMb i 2 o
-
© 0O >= ¥ g To) I.f &
-5 =~ =20 D w 5
NE 2 388eq 2\ ¢ &3
[Ye) o)) o0
N ™ MO & Er) 0w

511

C. reversed 1,3-d6 deoxyMb
o 2 =
<

™
(o]
AN

I 1 1 1 1 I I 1 |
200 250 300 350 400 450 500 550 600
Raman Shift [cm-1]

Figure 5. Low frequency RR spectra of native MbCO, (A); reversed proto-MbCO, (B);
reversed 1,3-d6-MbCO, (C); reversed d12-MbCO, (D) and reversed d4-MbCO, (E).
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In the spectrum of reversed MbCO there is a new feature
appearing at 356 cm™ that is not observed in the spectrum of native
MbCO. The isotopic shift of this mode is consistent with a vso
assignment, based on a comparison with reference compounds.46-4°
Similarly, the weak feature at 366 cm, being only slightly sensitive to
1,3-d6 and d12-protoheme (blending in with other shifted modes in
these isotopomers), but more sensitive to d4-protoheme (shifting 19
cm to 347 cm™?), is assigned to the ys mode, which is also not
observed in the spectrum of the native form. The frequency of this
mode is quite variable in the RR spectra of heme proteins, being
observed near 340 cm™ for metMb?>4! and deoxyMb (Table 1), but up
to 367 cm™! for substrate-bound forms of cytochrome P450.37:>° While
this mode is found at only 350 cm in the RR spectra of CO derivatives
of HbA,>! it is found at 362 cm™ in the spectra of ferrous CO adducts of
cytochrome c peroxidase*? and near 360 cm™ for model compounds,*®-
4 these latter frequencies being quite consistent with the 366 cm
value observed here.

Figure 6 illustrates the low frequency RR spectra of the native
and 20-minute reconstituted forms of metMb-CN, as well as the
extracted spectrum of the reversed form of metMb-CN. While the band
at 453 cm! is clearly attributable to the v(Fe-CN) stretching mode,
based on well documented shifts observed when employing isotopically
labeled KCN,?3 it has also been shown that the internal modes of the
Fe-C-N fragment can couple with low frequency heme modes leading
to isotopic sensitivity in features observed at 257 cm™, 302 cm?, 385
cm, 404 cm™, 425 cm™ and 440 cm™.52 The feature appearing at 375
cm! for native metMb-CN is assigned to propionate bending vibrations
(i.e., pyrroles III and IV), while the band at 410 cm™ is assigned to 4-
vinyl bending vibrations from pyrrole II, based on work with hemes
bearing selectively deuterated vinyl groups.#143 In addition, the band
at 440 cm™?, which showed some CN-isotopic sensitivity,>? also
contains some contributions from (2-vinyl bending) pyrrole I
deformation.*! In the reversed form, the propionate bending mode is
found as a weak feature appearing at 370 cm™, while only one broad
vinyl mode is found at 425 cm™!; actually, given the complications of
interpretation that arise in this region because of the apparent
coupling of heme modes and internal modes of the Fe-C-N fragment, it
is not possible to clarify the assignments of the 405 and 425 cm™!
features, without more extensive labeling experiments, although it
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does seem clear that there is no new observable “vinyl bending” mode
near 390 cm!, but there seems to be enhanced intensity near 425 cm-
! that would be consistent with appearance of a new vinyl bending
mode at this frequency, similar to those seen for all three other
derivatives (i.e., the deoxy, met- and CO derivatives).

Biochemistry, Vol 47, No. 48 (December 2, 2008): pg. 12869-12877. DOI. This article is © American Chemical Society and
permission has been granted for this version to appear in e-Publications@ Marquette. American Chemical Society does
not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission
from American Chemical Society.

20


http://dx.doi.org/10.1021/bi801779d
http://epublications.marquette.edu/

NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be
accessed by following the link in the citation at the bottom of the page.

A. native metMb-CN

343 v g

375 111, IV

Z
A
@
B
-
™
O]
v

B. proto rec metMb-CN- 20 min

| I I I | | | | |
200 250 300 350 400 450 500 550 600

Raman Shift [cm'1]

Figure 6. Low frequency RR spectra of native metMb-CN, (A); 20-min reconstituted
metMb-CN, (B) and reversed metMb-CN, (C).
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2. Structural Implications

While the RR spectral data obtained here for the ligated
derivatives of reversed form of HH Mb indicate some significant
perturbations of the protein-heme interactions, there is little effect on
the FeXY fragments, just as there is little effect of the rotation on the
Fe-Nnis linkage of the deoxy derivative, as shown in Part A, above.
Thus, not only do the v(Fe-C) stretching and 8(FeCO) bending modes
fail to exhibit significant shifts (< 2 cm™ in the extracted spectra), but
the more structure-sensitive v(C-O) modes observed between 1920
and 1970 cm™ in the spectrum of the reversed MbCO form are clearly
unshifted as judged by the lack of difference bands appearing in the
inset of Figure S.5.

This lack of substantial effects of the rotation on distal side H-
bonding interactions with bound exogenous ligands implied by the data
on the Fe-C-0O fragment is reinforced by corresponding data acquired
here for the metMb-CN sample, inasmuch as the frequencies of the Fe-
C-N fragment have been shown to be sensitive to such interactions.
Thus, comparing NMR data for cyanide adducts of heme proteins and
model compounds, Fujii and Yoshida showed that certain parameters
are sensitive to H-bonding by distal pocket donors and further showed
that in the H64A mutant of SW Mb, the H-bonding interaction is lost.>3
Significantly, a corresponding RR study of the cyanide adducts of SW
Mb and this H64A mutant documented a 7 cm shift to lower
frequency for the v(Fe-CN) mode of the mutant.>* Thus, the lack of
any shift in the v(Fe-CN) mode in the reversed form of HH metMb-CN
implies that any H-bonding changes that might occur lead to
insignificant changes in the strength of this Fe-CN linkage.

The 370-450 cm region that contains modes that involve the
movement of propionate and vinyl substituents show that the
propionate modes of MbCO and metMb-CN, appearing near 375 cm™ in
the native forms, are shifted down by only 4-5 cm™ from those of
native forms, these shifts being only about 50% of those seen for the
deoxyMb and metMb samples, implying that the disposition of the
propionate groups of ligated forms are less perturbed by the heme
rotation. In the reversed form of MbCO, new "“vinyl bending” modes
are found at 392 cm™ and 427 cm™ while only a single new mode is
observed at 425 cm™ for metMb-CN, which apparently overlaps a weak
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unassigned mode observed at this frequency of the native form. As in
the cases of the deoxy and met-derivatives, two “vinyl bending”
modes, observed near 400-410 cm™ and near 430-440 cm™ for the
native form, are shifted in such a way upon rotation to generate two
new “vinyl bending” modes, with a relatively weak feature observed
~390 cm™ and a substantially stronger one at ~425 cm™. As was
mentioned above, in the absence of data acquired for disordered forms
bearing specifically labeled vinyl groups, it is not possible to attribute
the vinyl bending modes to particular vinyl groups; however, based on
the fact that the two new modes still yield one lower frequency vinyl
bending mode and one relatively high frequency mode near 425 cm™ it
seems most reasonable to suggest that the rotation does not lead to
dramatically different distributions of in-plane and out-of-plane vinyl
groups.

C. Relationship to Functional Properties

While the RR data clearly demonstrate that the rotation of the
heme about the a-y axis in various derivatives of HH myoglobin causes
substantial changes in the disposition of vinyl and propionate groups
with respect to the heme plane or surrounding protein residues, the
rotation apparently has minimal effects on the strength of the linkages
between the heme iron and the endogenous histidyl imidazole or
exogenous CO or CN ligands. These spectral data then imply that while
the reorientation of the heme might affect some inherent heme
properties, such as the reduction potential, it is would be expected to
have minimal effects on binding of exogenous ligands. In fact, this
implication is entirely consistent with previously reported ligand
binding studies. Thus, kinetic studies with SW Mb showed that the
rates of CO recombination after photolysis were identical for the major
and the minor forms.!%1” The authors concluded that SW Mb exhibits
essentially the same CO affinity in both forms. The rates of O>
combination with deoxyMb following laser photolysis of the MbCO
derivative in the presence of O, were studied by Light et al. and Ajoula
et al.’®!” The calculated bimolecular rate constant for the reconstituted
samples were identical to those of the native protein for SW Mb
implying that the O, affinities are basically the same for the two forms,
all results being consistent with the RR data acquired here.
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Abbreviations

Mb myoglobin

HH Mb horse heart myoglobin

SW Mb sperm whale myoglobin

HbA human hemoglobin

oop out-of-plane

TBAOH tetrabutylammonium hydroxide
THF tetrahydrofuran

Footnotes

SUPPORTING INFORMATION AVAILABLE The RR spectra of samples containing
sulfate, difference spectra of native and reversed forms of proto and d12
deoxyMb, high frequency RR spectra of native and reversed forms of deoxyMb
and MbCO are available free of charge via Internet at http://pubs.scs.org.
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