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We investigated the reactivity of heme-coordinating imidazole with diethylpyrocarbo-
nate using a soluble domain of cytochrome b5. Analyses with various spectroscopic meth-
ods including MALDI-TOF-MS indicated that two axial His residues (His44 and His68)
of cytochrome b; were protected from the modification by several factors, i.e., limited
steric exposure of the axial imidazole to the solvent, the Fe-N.,; coordination bond, and
protonation of the N;; position by forming a hydrogen bond with itsimmediate surround-
ings. However, once N-carbethoxylation at the N;; position of the axial His residues
occurred with a higher concentration of diethylpyrocarbonate, displacement of heme
prosthetic group from the protein moiety continued. Simultaneously, it facilitated the
second N-carbethoxylation to take place at the N, position of the same imidazole ring,
leading to a bis-N-carbethoxylated derivative and further to a ring-opened derivative.
A similar mechanism seemed in operation for one non-axial His residue (His85), in which
the N;; atom works as a hydrogen acceptor in a strong hydrogen-bond and the other
N.2 atom is in a protonated form, resulting in a formation of the ring-opened derivative
upon treatment with a higher concentration of diethylpyrocarbonate. These results
suggested that the use of diethylpyrocarbonate for MALDI-TOF-MS analysis might
provide a unique method to characterize the protonation state of His residues and the
strength of their hydrogen-bondings at the active site of enzymes.

Key words: cytochrome b5, diethylpyrocarbonate, histidyl residue, MALDI-TOF,
N-carbethoxylation.

Abbreviations: DEPC, diethylpyrocarbonate; LMWb5, the hydrophilic domain of human cytochrome bs;
MALDI-TOF, matrix-assisted laser desorption/ionization-time of flight; VHA-Mb, a six-coordinated myoglobin
mutant, in which triple mutations (H64V/V68H/H93A) were introduced in porcine myoglobin to adopt six-

coordination of the heme prosthetic group.

Histidine (His) residues are known to participate in a very
wide range of functions in different proteins. The imidazole
side chain of His residues has two nitrogen atoms (Ns; and
N.2) with different properties; one donates only one elec-
tron to the imidazole ring so it has a free lone pair and is
basic; while the other is bound to a hydrogen atom and
donates its lone pair to the ring and, therefore, is slightly
acidic. These properties of the imidazole side chain are
exploited in different ways in many proteins. Hemopro-
teins contain a heme prosthetic group, either covalently
or non-covalently bound to the protein itself, and are
found in diverse roles such as transport of dioxygen
(hemoglobin and myoglobin), signal transduction (heme-
containing sensors), catalysis (peroxidases), active
membrane transport (respiratory cytochromes), and elec-
tron transfer (cytochromes). The iron atom in the heme
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prosthetic group being coordinated by mostly N, atom®
of the imidazole ring is the center for such diverse reactiv-
ities and is capable of undergoing oxidation and reduction.
The other nitrogen atom (Nj;) is protonated at a physio-
logical pH and may function to form a hydrogen-bond net-
work around the heme moiety to facilitate such various
activities at the heme center.

During a series of our studies on cytochrome b5g; resid-
ing in the chromaffin vesicle membranes and participating
in the transmembrane electron transfer from cytosolic
ascorbate to intravesicular monodehydroascorbate radical
to supply electron equivalents to intravesicular copper-
containing monooxygenases (7—10), we began to focus

! The majority of hemoproteins having His residues as an axial
ligand are known to make the coordination to heme iron with
their N, atoms. Only a few exceptions to have an Fe-Ns; bond
are known, such as the c-type low-spin heme-I in the tetra-heme
cytochorme cs54 from the bacterium Nitrosomonas europaea (1)
and the Met65His mutant of the heme domain of cellobiose
dehydrogenase (2).
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our attention on the reactivity of the heme axial His resi-
dues with diethylpyrocarbonate (DEPC), a well-known
chemical modification reagent for His residues (11). This
reagent attacks a deprotonated nitrogen atom of an
imidazole group to form N-carbethoxylated derivatives.
In the present study, we exploited a soluble domain
of human cytochrome b5 as a suitable model to study
the DEPC-modification of heme-coordinating imidazole
groups. Previous studies showed that DEPC-treatment
of bovine cytochrome b5 showed a significant release of a
heme prosthetic group from the protein moiety due to a
rupture of the iron-imidazole cooridination bond (12, 13).
We utilized various spectroscopic techniques (including
MALDI-TOF-MS, EPR, 'H-NMR, and visible absorption
spectroscopy) to clarify the structure around the heme-
cooridinating imidazole groups of cytochrome b5 and the
mechanism of their N-carbethoxylation reactions.

EXPERIMENTAL PROCEDURES

Plasmid Construction, Expression, and Purification
of Soluble Somain of Human Cytochrome bs—The gene
coding for a soluble domain (1-99 amino acid residues)
of human cytochrome b5 in pIN3/b5/2E1/OR plasmid
(14, 15) was subcloned into pCWori vector (16) in the fol-
lowing manner. PCR products amplified using the forward
primer carrying an Ndel site and the reverse primer carry-
ing a HindIII site were digested with Ndel and HindIII
followed by a ligation into the pCWori vector. Escherichia
coli strain BL-21(DE3)pLysS, which has the T7 RNA poly-
merase gene in its chromosome under the control of a
lacUV5 promoter, was transformed with the pCWori vector
containing the soluble domain of human cytochrome bs.
T7 RNA polymerase could then be expressed by the addi-
tion of IPTG to the medium. The original coding sequence
was confirmed with a DNA sequencer (PRISM 310 Genetic
Analyzer, ABI).

The soluble domain of human cytochrome b5 (LMWb5)
was produced by growing the transformed cells at 37°C in
TB (12 g/liter of tryptone, 24 g/liter yeast extract, 4 ml/liter
glycerol, 23.1 g/liter KHyPOy, and 125.4 g/liter KoHPO,)
in the presence of ampicillin (100 pg/liter). Induction of
protein expression was achieved by the addition of 10 uM
(final) IPTG when the cells had grown to an O.D. of
1.0-1.5 at 600 nm. Then, the incubation temperature
was lowered to 20°C. Cells were harvested 48 h after the
addition of IPTG and were frozen in liquid nitrogen and
stored at —80°C overnight. The thawed cells were mixed
with a lysis buffer (10 mM sodium phosphate buffer pH 8.0
containing 1.0 mM EDTA) and disrupted by the treatment
with lysozyme (1 mg/ml) followed by sonication. The dis-
rupted cells were centrifuged at 11,000 rpm at 4°C. The
supernatant was saved as a crude extract.

Purification of LMWb5 was conducted as follows.
The crude extract was loaded onto a column of DEAE-
Sepharose CL-6B previously equilibrated with 10 mM
Tris-HCI1, 1 mM EDTA (pH 8.0) buffer. The LMWb5 was
adsorbed in the column as a reddish band. The column was
washed with the same buffer containing 50 mM NaSCN.
The adsorbed LMWb5 was eluted by a linear gradient of
NaSCN concentration from 50 to 300 mM in the same
buffer. The main fraction was collected, diluted with the
same buffer without NaSCN and loaded onto a second
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DEAE-Sepharose CL-6B column previously equilibrated
with 10 mM sodium phosphate buffer (pH 7.0) containing
1 mM EDTA. The column was washed with the same buffer
containing 100 mM NaCl. The adsorbed LMWb5 was
eluted by a linear gradient of NaCl concentration from
100 to 300 mM in the same buffer. Main fractions were
collected based on the SDS-PAGE analysis (12% gel) and
were concentrated to about 1 ml using Amicon concentra-
tor and Microcon YM-10 (Amicon). The concentrated
LMWb5 was then subjected onto a gel-filtration chromato-
graphy with Sephacryl S-200HR (Amersham Bioscience)
previously equilibrated with 50 mM potassium phosphate
buffer (pH 7.0) containing 1 mM EDTA and 100 mM NaCl.
The main fractions were collected based on the analysis
of SDS-PAGE, concentrated, and were subjected onto a
second (and/or the third) gel-filtration chromatography
with Superdex 75 (Amersham Bioscience) previously equi-
librated with 50 mM potassium phosphate buffer (pH 7.0)
containing100 mM NaCl. Fractions that showed a single
protein band on SDS-PAGE were pooled together and
concentrated, gel-filtrated against 50 mM potassium phos-
phate buffer (pH 7.0) with PD-10 mini-column (Amersham
Bioscience).

Modification of LMWb5 with Diethylpyrocarbonate—
Concentrated LMWDb5 solution in oxidized state was
diluted with 50 mM potassium-phosphate buffer (pH 6.5)
to an appropriate concentration. The sample was, then,
treated with various concentrations of DEPC for 30 min,
as previously described (7, 9). The DEPC-treated samples
were gel-filtered through a PD-10 column equilibrated
with 50 mM potassium-phosphate buffer (pH 6.5) to
remove unreacted DEPC. The DEPC-treated LMWb5
was then analyzed for the reactivity with AsA using a
Shimadzu UV-2400PC spectrophotometer. Finally, the
sample was fully reduced with sodium dithionite and its
absorption spectrum was recorded to check the integrity
of the heme moiety.

EPR Spectroscopy—Oxidized LMWb5 samples (either
control or DEPC-treated in the oxidized form) in 50 mM
potassium-phosphate buffer (pH 7.0) were concentrated
to about 230 uM with a 50-ml Amicon concentrator fitted
with a membrane filter (Millipore PTTKO04310; pore size
30,000 NMWL). The concentrated samples were intro-
duced into EPR tubes and frozen in liquid nitrogen
(77 K). EPR measurements were carried out at X-band
(9.23 GHz) microwave frequency using a Varian E-12
EPR spectrometer with 100-kHz field modulation. An
Oxford flow cryostat (ESR-900) (from 5 to 20 K) was used.
The microwave frequency was calibrated with a micro-
wave frequency counter (Takeda Riken Co., Ltd., Model
TR5212). The strength of the magnetic field was deter-
mined with an NMR field meter (ECHO Electronics Co.,
Ltd., Model EFM 2000AX). The accuracy of the g-values
was approximately +0.01.

NMR Spectroscopy—"H-NMR spectra were measured at
298 K on a Bruker DMX-750 spectrometer with a repetition
time of 4.6 s. LMWDb5 samples were dissolved in 50 mM
deuterated potassium-phosphate buffer (pH 7.0) at a final
protein concentration of either 2 mM or 1 mM. Excess
amount of sodium dithionite was added for the measure-
ments of the reduced forms. 2,2-Dimethyl-2-silapentane-
5-sulfonate sodium salt (DSS) was employed as an internal
chemical shift reference.
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Electrochemistry—All electrochemical measurements
were done using a water-jacketed conical cell that allowed
measurements to be made at controlled temperatures
using volumes as small as 150 pl. An ALS electrochemical
analyzer (model 611A) was used for all measurements.
All solutions were purged with Ny gas before use and
blanketed with Ny during the electrochemical determi-
nations. The electrodes were derivatized with 100 mM of
3-mercaptopropionate. Poly-L-lysine was added to a final
concentration of 25 pM just before the measurements.
The formal potential of the LMWb5 were determined
using Au electrodes pre-treated with 100 mM of
3-mercaptopropionate. The average of the cathodic and
anodic peak potentials was taken as the formal potential.
All potentials were measured versus a saturated calomel
references (SCE) and are reported versus the standard
hydrogen potential (NHE).

Protease Digestion of LMWb5—The digestion of oxidized
LMWb5 (intact or DEPC-treated) sample (~50 uM) in
50 mM potassium-sodium phosphate (pH 7.0) buffer was
started by addition of TPCK-treated trypsin (from bovine
pancreas, Sigma Chemical Co., St. Louis, MO) solution
(final concentration; 0.76 M) and was continued at room
temperature. The extent of the digestion was checked
with mass spectrometric analysis with an appropriate
interval.

MALDI-TOF Mass Spectrometry—Mass spectrometric
analyses were carried out on a Voyager-DE Pro mass spec-
trometer (Applied Biosystems) using a 20 kV accelerating
voltage. The mass spectra were acquired by adding the
individual spectrum from 256 laser shots. For protein ana-
lysis the spectrometer was run in a linear mode and for
peptide analysis in a reflector mode. The LMWDb5 protein
solutions were diluted 1:9 (v/v) with a matrix solution, 3,5-
dimethoxy-4-hydroxycinnamic acid (Aldrich, Gillingham,
England), 50 mg/ml in 30% acetonitrile in 0.3% TFA.
The digested peptide solutions from LMWb5 were diluted
1:9 (v/v) with a matrix solution, a-cyano-4-hydroxycin-
namic acid (Aldrich, Gillingham, England), 50 mg/ml in
50% acetonitrile in 0.3% TFA. The mixtures (typically,
1.0 pl) were deposited on the sample plate and allowed to
air-dry before the analysis. Insulin (bovine, 5,733.69 Da)
and apomyoglobin (horse, 16,951.56 Da) were used as
external standards for the protein analysis.

The positions of the protease cleavage sites and probable
modification sites with DEPC in the LMWb5 amino acid
sequence were identified using the program GPMAW
(v 6.1) (Lighthouse Data, Odense M, Denmark), consider-
ing other possible side reactions (Lys, Cys, Arg, Tyr, and
Ser) (11). The molecular masses of all polypeptides mea-
sured matched the theoretical ones obtained from the
human cytochrome b5 amino acid sequences (Table 1)
within an accuracy of 0.1% or better.

NHy-Terminal Amino Acid Sequencing of LMWb5—
NH,-terminal amino acid sequencing of LMWb5 was con-
ducted as follows. Purified LMWb5 was further separated
on SDS-PAGE followed by an electro-blotting onto a PVDF
membrane (Immobilon PSQ, Millipore). The Ponceau
S—stained band corresponding to LMWb5 on the PVDF
membrane was cut and was directly analyzed with an
ABI protein sequencer (Model 492; Applied Biosystems)
up to 10 cycles.
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Table 1. Amino acid sequences of theoretical tryptic peptides
of LMWb5 (human).

From-To MH* Sequence
1-10 1,108.21 MAEQSDEAVK
11-19 1,187.33 YYTLEEIQK

20-24 622.66 HNHSK

25-33 1,135.35 STWLILHHK

34-39 738.86 VYDLTK

40-52 1,512.66 FLEEHPGGEEVLR
53-73 2,207.19 EQAGGDATENFEDVGHSTDAR
74-T7 494.59 EMSK

78-91 1,638.86 TFIIGELHPDDRPK
92-99 912.07 LNKPPETL

3Seven His residues are underlined. "Heme axial ligands (His 44
and His68) are indicated in boldface type.

RESULTS

Properties of Soluble Domain of Human Cytochrome bs
(LMWb5)—The purified LMWb5 showed characteristic
visible absorption spectra for oxidized and reduced forms
of cytochrome b5 with absorption peaks at 413 nm for oxi-
dized form and at 556, 526, and 423 nm for reduced form
(spectra not shown). The EPR spectrum of oxidized
LMWb5 measured at 15K showed g, = 3.03, g, = 2.20,
and g, = 1.41 (Fig. 1A; trace a), very close to those reported
in literature (17). It must be noted that there was no
high-spin signals around g ~ 6 nor the signals from adven-
titiously bound non-heme iron at g = 4.3 in the spectra
measured at 15 K and 8 K (Fig. 1, A and B; traces a)
(17). The Au electrode pre-treated with polylysine gave
quasi-reversible voltammetric responses for the LMWb5
solution (cyclic voltammogram, not shown) and the mid-
point potential was estimated as —21 mV (vs. NHE), close to
the value for bovine liver cytochrome b5 (—10 mV) (18).

Purified LMWDb5 showed a single protein-staining band
(CBB-250 staining) upon SDS-PAGE (12% gel) analysis
with an apparent molecular size of 16.5 kDa. This value
was, however, much larger than the expected value for
the soluble domain (1-99 aa; with an estimated value of
11,358.58 Da). To clarify the biochemical nature of
the LMWDb5, we conducted MALDI-TOF-MS analyses.
Untreated LMWb5 sample showed a single peak with
11,263.9 m/z corresponding to a mono-protonated
form. A doubly-protonated form showed a weak peak
with 5,560.3 m/z. This result suggested that a post-
translational modification had occurred in LMWb5. The
NH,-terminal amino acid sequencing (10 cycles) of the
intact LMWb5 showed a sequence of AEQSDEAVKY, cor-
responding to the sequence of 2-11 (Table 1). MALDI-
TOF-MS analyses on the tryptic peptides of LMWb5
(data not shown) also suggested that the Met residue at
the initiation site was removed post-translationally. We
concluded that LMWDb5 is a form with the sequence corre-
sponding to 2-99 aa of human cytochrome b5 (theoretical
molecular weight with 11,254.39 Da).

Reaction of LMWb5 with DEPC—Reaction of DEPC with
oxidized form of LMWb5 was examined spectrophoto-
metrically in the ultraviolet and visible regions with a dif-
ference spectrum mode. At a lower concentration of DEPC
[LMWDb5 (30 pM):DEPC (0.5 mM) = 1:16; molar ratio],
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Fig. 1. X-band EPR spectra of oxidized LMWb5 and effects of
the DEPC-treatments on the spectra measured at 15 K (A)
and 5 K (B). In each panel, control (trace a), DEPC-treated at
the lower concentration (0.5 mM) (trace b), and DEPC-reduced
at the higher concentration (3.0 mM) (trace ¢) LMWDb5 are
shown. Other conditions are described in the text.

there was a time-dependent and steady increase in absor-
bance at 240 nm (Fig. 2A), indicating the progression of
N-carbethoxylation of imidazole groups. From the increase
in the absorbance, we estimated the number of the mod-
ified His residues as 4.5 per molecule using the extinction
coefficient of 3.2 mM ! em™ at 240 nm (11). In the visible
region, there was a slight decrease in the absorbance
around 420 nm (AA4sg = ~ —0.035); however, the degree
of the change was very small compared to the changes
at 240 nm if one considers the strong intensity of the
Soret band. When we checked the absorbance spectra of
the DEPC-treated LMWDb5 in both oxidized and reduced
states after removal of unreacted reagent, the spectra
were indistinguishable from that of the untreated
sample. On the other hand, when LMWDb5 was treated
at a higher concentration of DEPC [LMWDb5 (30 uM):DEPC
(3.0 mM) = 1:100 molar ratio], the increase of the
absorbance at 240 nm was very rapid and significant,
approaching to an estimated DEPC-modification number
of 8.3 per molecule (corresponding to the level where all the
His residues including the two heme-coordinating His
residues were modified) (Fig. 2B). The absorbance change
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Fig. 2. Changes in difference UV spectra upon the DEPC-
treatment of oxidized LMWDb5. Optical quartz cells (light path,
1.0 cm) containing 1.0 ml each of oxidized LMWb5 [11.2 pM in
50 mM potassium-phosphate buffer (pH 6.5)] were placed in
sample and reference cell holders of a spectrophotometer. The
base line was recorded before the reaction started. DEPC (16.7 pl
of 30 mM solution in dried MeOH) and an equal amount of MeOH
were added to the sample [final DEPC concentration, 0.5 mM
(panel A) or 3.0 mM (panel B)] and the reference cells, respectively.
The spectral change was recorded in a 2.5 min-interval in the
region from 500 to 220 nm (taking 1 min and 40 s for each scan)
at room temperature. Insets in each panel showed visible absorp-
tion spectra of the DEPC-treated LMWDb5 in oxidized and dithio-
nite (NayS;04)-reduced states. Other conditions were described
in the text.

in the Soret band region was also significant; as the reac-
tion proceeded, a clear derivative-shaped spectral change
(minimum at 418 nm and maximum at 375 nm) developed
(AA 490 = ~ —1.2) indicating the conversion of a low-spin to
a high-spin heme species. The absorption spectra of the
DEPC-treated (at a higher concentration with 1:100)
LMWDb5 in oxidized and reduced states after the removal
of the unreacted reagent with gel-filtration were so much
different from those of the untreated sample or the sample
treated at a lower concentration of DEPC (Fig. 2A, inset).
In the absorption spectrum of the oxidized form, intensity
of the Soret band decreased dramatically and a shoulder
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Fig. 3. Effect of DEPC modification
on the proton NMR spectrum of
oxidized LMWb5 in the aromatic
region. LMWb5 was treated with
DEPC, and the proton NMR spectra

© were obtained at pD 7.4 and 24°C as
described under Materials and Methods.
(Trace a), untreated native form,;
(trace b), DEPC-treated at a lower con-
centration; (trace c), DEPC-treated at

(b) higher concentration.

(a)

T T T T |
9.0 8.5 8.0 7.5 7.0
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band around 360 nm increased in its intensity (Fig. 2B,
inset). In the reduced form, intensity of the Soret band
decreased significantly; less than 20% of the original inten-
sity of the six-coordinated species remained as judged by
the intensities of the Soret and o-bands (Fig. 2B, inset).
These observations indicated that a significant part of
the heme moiety became unstable after the treatment
with a higher concentration (1:100) of DEPC, probably
by a rupture of at least one Fe?"-His coordination bond.
Subsequently, a significant release of the heme prosthetic
group from the protein moiety might occur (12, 13).

EPR Spectral Changes of LMWb5s upon the DEPC-
Treatment—Effects of the DEPC-treatments on the heme
moiety of LMWb5 were examined by EPR spectroscopy.
Upon the treatment at a lower concentration of DEPC
(1:16), the spectrum did not show any appreciable changes
in both at 15 K and 8 K (Fig. 1, A and B; traces b). However,
upon the treatment at a higher concentration of DEPC
(1:100), the situation changed drastically. In the spectrum
measured at 15 K, there was a trace amount of the native
low-spin signals remaining at g, = 3.03, g, = 2.02, and
g, = 1.41 (Fig. 1A, trace c) (19, 20, 17). In the spectrum
measured at 8 K, a strong g = 6.0 high-spin signal domi-
nated and there was no low-spin signals (Fig. 1B, trace c).
These observations suggested that the treatment with
DEPC at a lower concentration (1:16) did not cause any
appreciable influence on the heme moiety; but the treat-
ment at a higher concentration (1:100) caused a rupture
of at least one of the two Fe®"-His coordination bonds.
These results were fully consistent with the results
obtained from visible and ultraviolet absorption spectra.

NMR Spectroscopic eExamination of the Effects of
DEPC-Treatment—The hydrophilic domain of human cyto-
chrome b5 (LMWDb5) contains total of 7 His residues (His20,
His22, His31, His32, His44, His68, and His85)? including

2 Numbering of amino acid residuesin the present study is different
from the crystallographic numbering. The seven His residues,
His20, His22, His31, His32, His44, His68, and His85, correspond
to His15, His17, His26, His27, His39, His63, and His80, respec-
tively, of the crystallographic data for bovine cytochrome b5 (Protein
Data Bank, 1CYO).

Vol. 140, No. 4, 2006

two heme-coordinating His residues (His44 and His68).
To clarify the modification level of each His residue, we
conducted 'H-NMR spectroscopic measurements both in
the oxidized (for the non-coordinating His residues and
His44) and the reduced (for His68) forms. The *H-NMR
spectra for the aromatic region of the LMWDb5 sample
pretreated with DEPC at a lower concentration (1:16)
already showed a significant modification (Fig. 3, trace
b), compared to those of the untreated sample (Fig. 3,
trace a). The Cg; protons of non-coordinating His residues
[His20 (7.96 ppm), His22 (7.80 ppm), His31 (8.27 ppm),
and His32 (8.13 ppm)] and the Cso proton of His22
(7.50 ppm) completely disappeared and only the C;; proton
of His85 (7.79 ppm) remained in the spectrum (the
assignments were made based on Ref. 21). This His85 is
known as a residue with a low reactivity towards DEPC
(21). On the other hand, intensities of the Csy proton of
His44 (-13.5 ppm; for the oxidized form) (22) and C,; and
Cse protons of His68 (0.77 and 0.35 ppm, respectively;
for the reduced form) (23, 24) did not show appreciable
changes upon the DEPC treatment at a lower concen-
tration (spectra not shown), although the peaks showed
some broadenings and slight chemical shifts. Upon treat-
ment with a higher concentration of DEPC (1:100), all
these proton signals disappeared completely (Fig. 3,
trace ¢). These observations indicated that the modification
sites with a lower DEPC concentration (1:16) were
restricted only for the non-coordinating His residues;
while with the treatment at a higher concentration of
DEPC (1:100), the heme-coordinating His residues were
also modified.

MALDI-TOF-MS Spectrometric Analyses of the DEPC-
Treated LMWb5—To evaluate the histidyl modification
sites and other possible modification sites with DEPC,
we conducted MALDI-TOF-MS analyses on the tryptic
peptides of LMWDb5. The modification of a His residue(s)
with DEPC could be detected by a mass increment of
72 m/z (or its multiples) of the untreated tryptic peptides
(Table 1) due to a mono-substituted carbethoxy group on an
imidazole ring or other possible reactive sites (9, 25-27).

The MALDI-TOF-MS spectra of the tryptic peptides
obtained from the DEPC-treated LMWDb5 (where LMWb5
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Fig. 4. MALDI-TOF mass spectra of
tryptic digests obtained from con-
trol (untreated) LMWb5 (a) and
from LMWb5 pretreated with
DEPC at the lower concentration
(1:16) (b) and at the higher concen-
tration (1:100) (c). Tryptic digests were
obtained as described in the text. A
mixture of the polypeptides was directly
analyzed with MALDI-TOF mass spec-
trometry. Other conditions are described
in the text. The number for each peak
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tion of and its number of carbethoxy
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peptides having a ring-opened derivative
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part of the corresponding peak. Peaks
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cated by a + are due to oxidation (most
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Fig. 5. A part of the MALDI-TOF mass
spectrum of tryptic digests obtained
from LMWDb5 treated with a lower
concentration of DEPC. Tryptic digests
were obtained from LMWb5 treated with
a lower concentration of DEPC (1:16) as
described in the text. A mixture of the
peptides, but in a digestion stage different
from that of Fig. 4, was directly analyzed
with MALDI-TOF mass spectrometry.
Other conditions were the same as in Fig. 4.
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was pretreated with DEPC in a 1:16 ratio and the resulting
sample contained about 4.5 N-carbethoxy groups on its His
residues) were characterized as followings (Fig. 4, traces a
and b). (i) There was no N-carbethoxylation at the axial
His residues (His44 and His68). (ii) Of the five non-axial
His residues, the four reactive His residues (His20, His22,
His31, and His32) showed an almost complete modification
(mono-N-carbethoxylation) as indicated by the appearance
of peptides [2-24+2DEPC (2,892.7 m/z); 2-24+3DEPC
(2,964.8 m/z); 11-24+DEPC (1,860.9 m/z); 11-24+2DEPC

T
3000

1
3500

(1,932.9 m/z); 25-33+3DEPC (1,350.35 m/z) (not shown in
Fig. 4 for the last two peaks)] without any traces of unmo-
dified peptides. (iii) One remaining non-axial His residue
(His85) showed a lower reactivity toward DEPC than
other four His residues as indicated by the appearance
of several pairs of peptides [unmodified peptides 74-99
(3,007.6 m/z), 78-99 (2,530.2 m/z), 74-91 (2,113.1 m/z),
78-91 (1,638.1 m/z), and their mono-N-carbethoxylated
peptides] (Fig. 5). (iv) Other than these His residues, sev-
eral Lys (or Ser) residues were also modified partially as
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indicated by the appearance of di-carbethoxylated or tri-
carbethoxylated peptides with weak intensities [for Lys77,
74-99+2DEPC (3,151.3 m/z), 74-91+2DEPC (2,257.1 m/z)
(Fig. 5); for Lys19, 2-24+3DEPC (2,964.0 m/z); for Ser25,
25-33+3DEPC (1,350.35 m/z); for Ser5, 2-10+DEPC
(1,050.7 m/z) (not shown in Figs. 4 and 5 for the last
two peaks)].

A MALDI-TOF-MS spectrum of the tryptic peptides
obtained from the LMWb5 pretreated with DEPC in a
1:100 ratio is shown in Fig. 4 (trace ¢). Under this higher
DEPC concentration, all His residues were modified on the
basis of the UV absorption spectra and the 'H-NMR spec-
tra, as shown in previous sections. The MALDI-TOF-MS
spectra of this sample were characterized as followings
(Fig. 4, trace c). (i) Both of the axial ligands (His44
and His68) were modified significantly as indicated by
the presence of peptides 40-52+DEPC (1,583.5 m/z) and
53-73+DEPC (2,278.7 m/z). (ii) Appearance of the second
peptides with an additional mass increment of 62 for
the mono-carbethoxylated peptides (1,645.6 m/z for the
peptide 40-52+DEPC and 2,340.5 m/z for the peptide
53-73+DEPC) suggested that bis-N-carbethoxylation
occurred on each of the axial imidazole ring (26, 27). (iii)
One non-axial His residue (His85) with a lower reactivity
toward DEPC also showed a bis-N-carbethoxylation on
its imidazole ring; i.e., appearance of a second peptide
with an additional mass increment of 62 for the mono-
carbethoxylated peptides (1,523.1 m/z for the peptide
80-91+DEPC and 1,771.1 m/z for the peptide
78-91+DEPC). (iv) The mass increment of 62 could be
explained as shown in Fig. 6 (27, 28). In short, the bis-
N-carbethoxylated product was hydrated, and was further
converted to ring-opened derivatives. The ring-opened
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(U] Fig. 6. Reaction pathway of a hisitidine
imidazole group with DEPC. The imidazole
group of the unmodified protein (I) and

IOCsz (I)C2H5 its mono-N-carbethoxylated (II) and bis-N-

OC,_ . CO carbethoxylated products (III) after the
N N* DEPC-treatment are shown. The bis-N-
\24 carbethoxylated product (III) 1is, then,

R hydrated (IV), and is further converted to
ring-opened derivatives (V, and V). The
(M + 145) ring-opened derivatives further decompose

slowly to bis-N-carbethoxylated, deformyla-
ted derivatives (VI) by hydrolysis. These
(Vo) ring-opened derivatives give stronger absor-
bance at 240 nm. The mass increments

HsC,0 OC,Hs (in Da) caused by the carbethoxylation and
| | by the subsequent hydrolysis are indicated
OC\N N CcO in parenthesis.
OHC™ \__

derivatives were further decomposed slowly to bis-N-
carbethoxylated, deformylated derivatives by hydrolysis.
The formation of the bis-N-carbethoxylated product
might be a major reason for the discrepancy between the
estimated number of the modified His residues based on
the UV-absorption at 240 nm and the actual number of His
residues in LMWDb5 (Table 1); in which mono-N-car-
bethoxylated derivative had a smaller absorbance than
the bis-N-carbethoxylated derivatives or the subsequent
ring-opened derivatives (28, 11, 29). This lead to the esti-
mated value of 8.3 at a higher DEPC concentration,
whereas the total number of His residues in LMWb5
were only 7. Assuming the number of the modified His
residues at a lower DEPC concentration to be correct
(this is a reasonable assumption, since the MALDI-
TOF-MS data indicated that 4 His residues were fully
mono-N-carbethoxylated, about a half of one His residue
was mono-N-carbethoxylated, and there was no bis-IV-
carbethoxylated derivatives), we could obtain a molar
extinction coefficient value of 3.2 mM™ em™ at 240 nm,
an identical value with Miles (11). Upon treatment with
a higher DEPC concentration, we assumed that 4.48
imidazole groups of the five non-axial His residues were
mono-N-carbethoylated and 0.32 residues were ring-
opened structure via bis-N-carbethoxylation; whereas
for the remaining two axial ligands, 0.46 residues were
mono-N-carbethoxylated, 0.64 residues were ring-opened
structure via bis-N-carbethoxylation (Table 2). These
estimations lead to an extinction coefficient value of
11.2 mM™! em™ at 240 nm for the ring-opened derivatives.
This value is much higher than the value for the mono-N-
carbethoxylated derivative and is about a half of the value
obtained for the ring-opened imidazole derivatives (28).
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Table 2. Estimation of the mono- and bis-N-carbethoylated
His residues in LMWb5 (human) upon treatment with a
higher concentration of DEPC (2.0 mM).

Intact Mono- Ring-opened
N-carbethoxylated bis-N-carbethoxylated
His44 0.43 0.20 0.37
His68 0.47 0.26 0.27
His80 0.20 0.48 0.32
His20 0 1.0 0
His22 0 1.0 0
His31 0 1.0 0
His32 0 1.0 0
Total 1.10 4.94 0.96

In the analysis, we assumed that all the bis-N-carbethoxylated
His residues were converted to the ring-opened derivatives.
Although the quantitative analysis using MALDI-TOF-MS data
are not so reliable, we estimated the extent of carbethoxylation
based on a comparison of relative band intensities of the triplets
(intact, mono-N-carbethoxylated, and ring-opened bis-N-car-
bethoxylated derivatives) for the same length of peptides in the
MALDI-TOF-MS spectrum. Such comparisons would be much
more reliable than using an internal standard peptide.

DISCUSSION

Reactivity of Non-Axial and Axial His Residues in
LMWb5 toward DEPC—DEPC is an electrophilic reagent
that has been used to modify His residues of proteins in a
relatively specific manner (71). The crystal structure of
the soluble domain of bovine cytochrome b5 (1CYO) (30-32)
indicated that axial His residues (His39 and His63, corre-
sponding to His44 and His68 of LMWDb5) would not be
available for the chemical modification at a lower concen-
tration of reagents, such as DEPC. However, Konopka and
Waskell showed that the treatment of rabbit and bovine
cytochrome b5 at higher concentrations of DEPC modified
the axial His residues and displaced the heme prosthetic
group (12, 13). Previous 'H-NMR study on bovine cyto-
chrome b5 treated with DEPC showed that the non-axial
His residues were modified sequentially with increasing
DEPC concentration in the order His31 ~ His32 >
His20 = His22 > His85 (21). Although no detailed analysis
was made for the axial His residues, it was postulated
that the reactivity of the two axial His residues (His44
and His68) were much lower than other non-axial His
residues (12).

Our present study indicated as follows. (i) Upon treat-
ment with a lower concentration of DEPC, five non-axial
His residues (His31, His32, His20, His22, His85, in which
the least modified residue being His85) of LMWb5 were
easily modified; but remaining two axial His residues
(His44 and His68) were not modified at all. (ii) Upon treat-
ment with DEPC at a higher concentration, the two axial
His residues were modified and subsequently the heme
prosthetic group was displaced. (iii) During the reaction
of the axial His residues with DEPC, bis-N-carbethoxyla-
tion of the imidazole ring might occur (Fig. 6), although the
bis-N-carbethoxylated peptide (containing the derivatives
either IV, V,, or V,) was not identified directly in our
present MALDI-TOF-MS spectra. However, formation of
the ring-opened derivatives (V, and V},) followed by hydro-
lysis to produce the bis-N-carbethoxylated, deformylated
derivatives (VI), identified in the present study, suggested

N. Nakanishi et al.

unambiguously that the bis-N-carbethoxylation had
occurred at the heme-coordinating imidazole rings (both
His44 and His68). (iv) The least reactive non-axial His
residue (His85) was also found to form bis-N-carbeth-
oxylated, deformylated derivatives (VI), upon treatment
with a higher DEPC concentration.

Mechanism of the DEPC Reactivity for His Residues in
LMWb5—The neutral imidazole ring of a His residue can
exist in two tautomeric forms: either the No-H tautomer or
the N3;-H tautomer (33). DEPC reacts with the deproto-
nated nitrogen atom of an imidazole ring according to the
reaction scheme of Miles (11); i.e., the reaction occurs by
an initial attack of the electrophilic carbon of DEPC at
the nitrogen without a hydrogen atom. The reactivity of
an imidazole group with DEPC will be influenced by (i)
the steric accessibility of the imidazole to the solvent, (ii)
the hydrogen-bonding interactions with other amino acid
residues, and (iii) the pK, of the imidazole group. However,
it must be noted that these factors will be mutually
influenced.

One may be puzzled that non-axial His residues (His20,
His22, His31, and His32) of LMWb5 did not show any
formation of the ring-opened derivative upon treatment
with DEPC at a higher concentration, despite of their
initial higher reactivity towards DEPC. Such higher reac-
tivity might be considered as due to the higher accessibility
of their imidazole groups to the solvent. If so, this should
lead to a higher probability to form a bis-N-carbethoxylated
derivative, leading to the formation of ring-opened
derivatives at these residues. However, it did not actually
occur.

It was demonstrated previously that non-axial His resi-
dues form a mixture with approximately a 4:1 (or 7:3) pre-
ference for N o-H protonation over Njs;-H protonation
based on the analysis of free histidine (or N,-acetylhisti-
dine methylamide). This is due to the fact that N, and Nj;
atoms of the imidazole ring have distinct microscopic pK,:
the Njs; pK, (=6.12) being more acidic than the N o pK,
(=6.73) (33, 34). This would lead to a preferable carbeth-
oxylation at the Nj; position for the non-axial His residues,
if steric factors were not considered. Once such a mono-
Njq-carbethoxylated derivative was formed, further
carbethoxylation at N, atom of the same ring will be
depressed due to a still higher pK, value at the N5 position
(33). Therefore, only for the derivative in which the first
N-carbethoxylation occurred at N o atom, there will be a
further Nj;-carbethoxylation to take place on the same
imidazole ring, resulting in the formation of the bis-N-
carbethoxylated derivatives and the subsequent ring-
opened derivatives (11, 27, 28).

The formation of the bis-N-carbethoxylated derivatives
at non-axial His85 is exactly following this scenario.
Although its solvent accessibility is rather high, the Nj;
atom of His85 works as the hydrogen acceptor in a strong
hydrogen bond with a nitrogen atom of the main-chain
amide of Asp87 (21, 35). Therefore, the only nitrogen
available to react with DEPC is the N, atom but in a
protonated form. This is the reason for the low reactivity
of His85 toward DEPC as previously suggested (21).
However, once the first N-carbethoxylation occurred at
the N5 atom with a higher DEPC concentration, the sub-
sequent Njsi-carbethoxylation by breaking the strong
hydrogen bond would take place leading to the formation

J. Biochem.

2702 ‘62 Jequeldes uo A1sieaiun Bued e /Bio'seulnolplioixoql/:dny woiy papeojumoq


http://jb.oxfordjournals.org/

N-Carbethoxylation of Heme-Coordinating Histidyl Residues

of the bis-N-carbethoxylated derivatives and the subse-
quent ring-opened derivatives.

For the two axial His residues (His44 and His68), a simi-
lar but distinct mechanism might be operative. Since the
N,, atom of an imidazole ring coordinates to Fe®" iron of
the heme prosthetic group as found in cytochrome b5 and
many other heme-containing proteins, the N;;-H tautomer
is stabilized for the axial His residues in hemoproteins.
Presence of the hydrogen-bonding interaction (mediated
by N;;-H) with surrounding amino acid residues strength-
ens further the Njs;-H tautomer (24). Therefore, the pri-
mary reactive site of the axial His ligands with DEPC is
expected to be as the N, position, if enough concentrations
of DEPC were provided to overcome the protective effect by
the Fe®-N,, coordination bond. As expected, our present
results showed that the displacement of the heme pro-
sthetic group occurred upon the treatment with a higher
concentration of DEPC, indicating a rupture of the Fe®*-
Ngo—bond by the N-carbethoxylation of the coordinating
N, atom, and the other Nj; atom in the same imidazole
ring was also N-carbethoxylated concomitantly. Indeed,
it was reported that the formation of a mono-N.»-
carbethoxylated derivative caused a lowering of pK,
value at the Nj; position (33). This effect (applicable for
the axial His residues and His85) would cause a further
promotion of the carbethoxylation at the Nj; position lead-
ing to the ring-opened derivatives.

Comparison of the DEPC Reactivity with Other Heme
Axial His Ligands—At this moment, it might be very infor-
mative to compare the present results with those obtained
for other hemoproteins having a bis-His coordination. Our
recent study on a six-coordinated myoglobin mutant
(VHA-Mb), in which triple mutations (H64V/V68H/
H93A) were introduced in porcine myoglobin to adopt a
six-coordinated heme prosthetic group, showed similar
results with those obtained in the present study
(Nakanishi et al., unpublished). VHA-Mb contains 6 non-
axial His residues (His24, His36, His48, His81, His82, and
His119) besides two axial His residues (His68 and His97)3.
The non-axial His residues were easily modified with
low concentrations of DEPC (0.02-1.0 mM) but the other
two axial His residues showed no indication of the
modification under the same conditions. However, once
N-carbethoxylation occurred at the Ny position of one
axial His (His97) with a higher concentration of DEPC

3 The heme-coordination of VHA-Mb in ferrous state is found to
have a bis-His (His68/His97) structure based on visible absorption
spectra, resonance Raman spectra, and cyanide-binding affinity (3).
On the other hand, VHA-Mb in ferric state is reported to have a
His68/hydroxide structure based on resonance Raman profiles and
visible absorption spectra (3). However, cyanide-binding affinity of
VHA-Mb in ferric state (Kq=2.04 mM) was much lower than those of
WT-Mb (1.87 uM), VHAF-Mb (5.85 uM), or VHGF-Mb (5.65 uM),
where a water or hydroxide ion was expected to bind to the ferric
heme as a distal ligand (3) and was comparable to that of the VH
double mutant (8.51 mM), in which the bis-His coordination struc-
ture was verified by X-ray crystallography (4). Further, the pH
titration of VHA-Mb in ferric state showed a very similar profile
in spectral changes with that of VH double mutant (3). These obser-
vations suggested that the distal hydroxide ligand of VHA-Mb in
ferric state might be strongly stabilized by a hydrogen bond with
distal His97 residue to prevent the ligand exchange with cyanide ion
or, more likely, that the His97 imidazole itself might coordinate
directly to the ferric heme.
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(2.0-5.0 mM), as evidenced by a displacement of a heme
prosthetic group from the protein moiety, it facilitated
the second N-carbethoxylation to take place at the Nj;
position of the same imidazole ring, leading to a bis-N-
carbethoxylated derivative and further to a ring-opened
derivative (Nakanishi et al., unpublished). The other
axial His (His68) did not show any indication of N-car-
bethoxylation even at the highest DEPC concentration
(5.0 mM). These results are consistent with the notion
that His68 is located deeply inside of the protein moiety
and its Fe®>"-N,, bond must be strong enough to withstand
the attack from DEPC. On the other hand, His97 is
expected as locating relatively closer to the protein surface
(leading to the lowering of the shielding effect) and its
elongated Fe?"-N,, bond might be vulnerable to the attack
from DEPC.

A more interesting comparison might be made with the
results for cytochrome b56;. Cytochrome bs56; contains two
heme centers. One heme center locating on the intravesi-
cular side of the molecule has two His axial ligands (His54
and His122) (36). However, these two His residues did
not show any signs of N-carbethoxylation even after the
treatment with a relatively higher DEPC concentration
(3-5 mM) (7, 9), despite the indications as relatively
surface-exposed (36). Therefore, it might be concluded
that these two His residues each have a strong coordina-
tion bond to the heme iron and their protons at the Ns;
position were well-stabilized, as found for other usual
heme-containign proteins.

On the other hand, the other heme center on the cytosolic
side of cytochrome b5g; showed both a specific N-carbethox-
ylation of'its coordinating histidyl imidazole ligands (His88
and His161) and a significant loss of the fast electron accep-
tance ability from AsA upon the treatment with a lower
concentration of DEPC (0.5 mM) (7-9). Although small but
distinct spectral changes®* occurred upon the DEPC treat-
ment, there was no release of heme b prosthetic group
from the protein moiety (9). Since DEPC specifically
attacks the deprotonated nitrogen atom of an imidazole
ring as described above, it is indicative that the non-
coordinating nitrogen atom (most likely Ns;) of the coordi-
nating imidazole group at the cytosolic heme center is
deprotonated at physiological pH and, therefore, might
be specifically N-carbethoxylated. However, as described
in the previous section, the N;; atom of the heme axial
His residues are generally protonated and participates
in a hydrogen-bond network with nearby amino acid resi-
dues as found for bovine cytochrome b5 (24). Therefore,
there must be a specific mechanism in operation to main-
tain the deprotonated state of the Nj; atom of axial His

4 Such relatively minor perturbation in electronic absorption spec-
tra might be comparable to those found for H93G proximal cavity
mutant of myoglobin, where the proximal His has been replaced
with Gly, creating a cavity which can be occupied by a variety of
exogenous ligands (5, 6). Exogenously added imidazole could coor-
dinate heme iron of H93G myoglobin as the proximal ligand, show-
ing almost identical spectroscopic characteristics with those of
wild-type myoglobin, despite of a significant rotation (~45°) of imi-
dazole plane and a decreased distance between the heme and the
proximal imidazole (5). Further, when imidazole was replaced with
other small organic ligands, such as pyridine and methyl-
substituted imidazoles, relatively minor changes in absorption
spectra occurred (6).
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residues at the cytosolic heme center of cytochrome bsg;.
As one possible mechanism, presence of some positively
charged residue(s) at the immediate vicinity of the Nj;
atom might cause a significant decrease in a microscopic
pK, value of the Nj; atom. Indeed, we have postulated the
presence of an AsA-binding site comprised with well-
conserved Lys and Arg residues near the cytosolic heme
center (7, 37). It must be noted, however, that both LMWb5
and VHA-Mb have an essentially globular domain but cyto-
chrome b56; has hemes being inserted between hydropho-
bic transmembrane helices. Therefore, we may have to
consider an additional possibility that such different envir-
onments of the His axial ligands by definition may cause
some difference in the reactivity with DEPC.

In conclusion, we found that the axial His ligands of
LMWb5 were protected from the modification with
DEPC by a limited steric exposure of the axial imidazole
group to the solvent, by the Fe-N,5 coordination bond, and
by the protonation of N;s; atom forming a hydrogen-bond
with its immediate surroundings. However, once the
N-carbethoxylation at the Ngy position occurred, as evi-
denced by a displacement of the heme prosthetic group,
it facilitates the second carbethoxylation to take place
at the Nj; position of the same imidazole ring, leading to
the bis-N-carbethoxylated derivative and, further, to the
ring-opened derivatives. Present results suggested that
the use of DEPC for the MALDI-TOF-MS analysis might
provide a unique method to characterize the protonation
state of His residues and the strength of their hydrogen
bondings at the active site of enzymes.
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