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Glycation of horse heart metmyoglobin with p-ribose 5-phosphate (R5P), p-2-deoxyribose 5-phosphate
(dR5P), and p-ribose with inorganic phosphate at 37 °C generates an altered protein (Myo-X) with
increased SDS-PAGE mobility. The novel protein product has been observed only for reactions with
the protein myoglobin and it is not evident with other common sugars reacted over a 1 week period.
Myo-X is first observed at 1-2 days at 37 °C along with a second form that is consistent in mass with that
of myoglobin attached to several sugars. MALDI mass spectrometry and other techniques show no evi-
dence of the cleavage of a peptide from the myoglobin chain. Apomyoglobin in reaction with R5P also
exhibited this protein form suggesting its occurrence was not heme-related. While significant amounts
of 0,~ and H,0, are generated during the R5P glycation reaction, they do not appear to play roles in
the formation of the new form. The modification is likely due to an internal cross-link formed during a
glycation reaction involving the N-terminus and an internal amine group; most likely the neighboring
Lys133. The study shows the unique nature of these common pentose sugars in spontaneous glycation

reactions with proteins.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The spontaneous glycation of proteins by cellular sugars
produces various advanced glycation end-products (AGEs), some
of which negatively impact protein structure and activity [1].
Hemoglobin slowly reacts with serum glucose at the N-termini of
its B chains to form glycated hemoglobin HbA;., a marker used to
assess long-term hyperglycemia in diabetics. Myoglobin reacts
similarly with glucose forming glycation products with solvent-ex-
posed Lys side chains [2] and the N-terminal amine group. These
heme proteins are especially prone to inactivation in the process
of glycation [2]. The source of the damage is not due to sugar mod-
ification alone, but instead to H,0, produced as a byproduct of a
glyoxidation reaction. Over extended time, methemoglobin and
metmyoglobin undergo irreversible damage to the heme group in
reactions with glucose as evidenced by a complete disappearance
of the Soret band [2-5].

Dimerization of sperm whale metmyoglobin can also occur
upon exposure to H,O, as the heme iron transitions to the ferryl
form with a corresponding transfer of a second electron from

Abbreviations: AGEs, advanced glycation end-products; A5P, p-arabinose
5-phosphate; CML, carboxymethyl lysine; dR5P, 2-deoxyribose 5-phosphate;
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spectrometry; MALDI-TOF, matrix-assisted laser desorption ionization-time of
flight; metMb, metmyoglobin; R5P, p-ribose 5-phosphate.
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Tyr103 producing a tyrosine free radical. In dimer formation, the
tyrosine radical is transferred to Tyr151 and intermolecular free
radicals combine to form dityrosine (mainly Tyr103-Tyr151)
cross-links [6,7]. Bovine and horse myoglobins fail to show these
oligomerizations as they lack the Tyr151 residue required for
homodimerization. Using free radical Tyr103, horse myoglobin
can, however, form heterodimers with sperm whale myoglobin
(using Tyr151) and lactoperoxidase [7,8].

In aerobic solutions, spontaneous glycation reactions between
sugars and amines are known to generate reactive oxygen species
such as superoxide (O,~) and hydrogen peroxide (H,0;) [9]. The
rate of these and other glycation reactions depends on the nature
of the sugar (high acyclic form is favorable) and the amine (low
pK, is favorable). In a reaction between ribose 5-phosphate (R5P,
10 mM) and the amines contained in cytochrome c (82 uM), O~
was generated at a rate of approximately 50 uM min~! [10]. O,
can subsequently reduce ferricytochrome c to ferrocytochrome c
[10]. Similarly, glycation of myoglobin with fructose [11] or with
R5P (see below) creates superoxide that can lead to reduction of
metmyoglobin to oxyferromyoglobin. O, can also spontaneously
dismutate to H,0, causing the formation of tyrosine free radicals,
possible dimerization, and heme loss.

This report describes a unique reaction between horse heart
myoglobin and ribose sugars with particular attention given to
R5P. Along with the expected O, and H,0, generation leading
to heme reduction and degradation, we show the reaction creates
a novel protein form (Myo-X) that presents as a highly mobile form
on an SDS-PAGE gel. Our results suggest Myo-X contains an
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intramolecular glycation cross-link that is independent of heme
involvement and the reactions that involve myoglobin dimeriza-
tion. The reaction is only observed for ribose-containing sugars
and the cross-link appears to involve the N-terminus connected
to a second group of the protein. The results further demonstrate
the destructive effects of glycation events on proteins and add fur-
ther evidence on the unique nature of some sugars and peptide
groups in the glycation process.

2. Materials and methods

All sugars, proteins, and reagents were obtained from Sigma
Chemical Co. and were of the highest purity available. The horse
heart myoglobin employed was approximately 85% ferric form as
purchased. Prepared by the butanone extraction method [2], apo-
myoglobin concentration was determined at 280 nm using an
extinction coefficient (13,940 M~ cm™!) [12]. LC-MS analysis of
the final preparation indicated a successful removal of heme.

All reactions were incubated at 37 °C using 1.0 mg/mL myoglo-
bin and, unless indicated otherwise, 50 mM sugar. The pH of each
solution was brought to 7.5; no additional buffers were used other
than the phosphate contained by the sugar or added to the ribose
solution.

Spectrophotometric methods were used to monitor heme loss
and myoglobin reduction. The relative amounts of oxidized and
reduced myoglobin were calculated based on modified Krzywicki
equations [13]. SDS-polyacrylamide gel electrophoresis (SDS-
PAGE, on 8-25% gradient gels) was performed on a Phast System
electrophoresis unit (GE Healthcare). Traditional SDS-PAGE gels
(15%) were used for the in-gel digestion study.

Liquid chromatography/mass spectrometry (LC-MS) analysis
was performed using an Agilent Series 1100 LC/MSD Trap XCT Plus
LC-MS with electrospray injection. Samples (5-25 puL) were sepa-
rated using a 4.6 x 150 mm C8 Zorbex reverse phase column and
typically a 50% water/50% isopropanol mobile phase (containing
0.1% formic acid). Photodiode array and MS detection (in positive
mode) were used to monitor the eluant flow. Ion extraction of
m/z signals was used to quantify the concentrations of certain
compounds (e.g., heme) and to identify (through charge state
analysis) the extent of glycation on myoglobin.

LC/MS fragmentation studies were performed to locate sites of
glycation. The method is based on the premise that glycated Lys
and Arg sites will resist trypsin cleavage and, hence, peptides
straddling this site will disappear from an extracted ion chromato-
gram. Myoglobin/R5P incubation samples were treated with 6 M
urea for 1h at 50 °C to denature the protein and then filtered
through 10,000 MWCO filters (with two washes) to remove both
the urea and R5P. Proteomics grade trypsin (at 1:25 wt. ratio)
was added to reconstituted (with 0.5 M NH4HCO3) protein and
the solution was incubated at 37 °C for 15 h to ensure complete
trypsin digestion. For the in-gel digestion studies, the band of
myoglobin was dissected from the 15% gel, and treated with pro-
teomics grade trypsin (Sigma-Aldrich, product T7575) as per the
instructions provided by the supplier. LC/MS analysis was
performed as mentioned previously using an acetonitrile/water
gradient (0-70% acetonitrile, containing 0.1% trifluoroacetic acid)
over a 50 min period with an m/z =800 target. Tryptic peptides
were identified by their mass and by peptide sequencing. Glycation
sites were determined by comparing ion signal intensities (includ-
ing signals for the multiple charged states) of each of the tryptic
peptides vs. the intensity of the signals at the zero time point.
The resulting A5 and A,go chromatograms were also monitored
(and integrated) to assess peptide changes.

Matrix-assisted laser desorption ionization-time of flight
(MALDI-TOF) analysis was performed using an Applied Biosystems

Voyager-DE  Pro MALDI-TOF

spectrometer.

Biospectrometry Workstation

3. Results and discussion
3.1. Heme group reduction and degradation

Over a period of several days at 37 °C, metmyoglobin-R5P incu-
bation solutions showed significant changes in UV/vis absorbance
characteristics (Fig. 1A) that indicated the formation of advanced
glycation end-products (AGEs) (increase in absorbance in the
270-320 nm range) and the destruction of the heme group (loss
of Soret band in the 400-420 nm range). (Heme loss was confirmed
by LC-MS.) Increased absorbance in the 300-350 nm range is likely
due to the formation of dicarbonyls from the R5P reaction. These
results were expected as R5P is known to be a highly glycation-
reactive sugar [10,14,15] that rapidly generates H,0, leading to
porphyrin ring degradation. Heme loss rates are correlated with
R5P concentrations and heme destruction could be observed by
as low as 100 uM R5P. The rate of heme loss was approximately
the same for p-ribose plus equimolar phosphate. dR5P reacted sig-
nificantly more slowly (approximately 10-fold) due to its inability
to rearrange to a traditional Amadori product as it lacks the
required C2 oxygen [15]. Comparative heme loss for p-ribose with-
out phosphate and for other common sugars was practically unno-
ticeable over this time frame (<10% over 5 days of reaction).
Interestingly, a reaction of myoglobin with arabinose 5-phosphate
(A5P, 50 mM) failed to exhibit Soret band loss at a significant rate.
As previously shown [10], A5P is similar in reactivity to R5P in
cytochrome c systems, it is therefore curious that A5P fails to show
comparable heme loss in the metmyoglobin system. The addition
of the spin trap reagent DMPO (50 mM) to a R5P/metmyoglobin
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Fig. 1. (A) Absorbance spectra (250-450 nm) of a reaction solution of horse heart
metmyoglobin (1 mg/mL) with R5P (50 mM) at pH 7.4 and 37 °C at 0 days (O—0),
3 days (M --- W), and 6 days (A - - A). (B) Reduction of metmyoglobin with reaction
time with R5P; in exposure to air (l—M), in presence of catalase (¢ - - - 4), and in
semi-anaerobic conditions (A --- A).
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system slowed heme group loss to negligible levels vs. that of a
myoglobin control. We interpret this as DMPO trapping the O,~
prior to its ability to spontaneously dismutate to the heme-damag-
ing HzOz []6]

The R5P glycation reaction also leads to metmyoglobin
reduction (see Fig. 1B). Upon reaction with R5P, absorbance max-
ima at 540 and 580 nm were evident at 1-2 days suggesting the
formation of approximately 10-15% oxygenated Fe?*-myoglobin
(oxyMb). Higher levels of reduction can be achieved in semi-
anaerobic conditions, in the presence of catalase (0.1 mg/mL),
and with addition of exogenous reactive amines (e.g., with
45 mM spermine, 30% oxyMb produced by 1 h, data not shown).
As previously reported [10], O, is rapidly produced in R5P (or
ribose/Pi) reactions and it is likely the O, that interacts with
metmyoglobin to form the reduced oxymyoglobin form. With time,
oxymyoglobin returns to metmyoglobin by releasing O,~. Other
sugars, including dR5P, reduced myoglobin at significantly lower
rates; for example metmyoglobin reduction and heme loss was
not observed at any significant level using glucose or glucose
6-phosphate.

3.2. Myoglobin glycation

Ion trap determination (using charge state analysis) of the
molecular mass of the apomyoglobin generated in the chromato-
graphic flow yielded an initial mass of 16,951 Da appropriate for
the native protein. In short time periods (i.e., 3 h) in reaction with
R5P at 37 °C, ion signals corresponding to the covalent attachment
of one, then two and then three R5P molecules (+212 Da each) to
the protein were observed. At longer incubation times (>18 h),
the mass spectra became un-interpretable as additional R5P
molecules add to the protein and the attached sugars rearranged
through phosphate cleavage, dehydration, CML formation, etc.
Similar analysis of the dR5P reaction shows slower glycation rates;
the primary form at 19h was the addition of a single dR5P
molecule (+196 Da, added to a small portion (estimated 30%) of
the metmyoglobins); by 4 days the signal for the un-modified met-
myoglobin had disappeared.

3.3. Myo-X formation

The results of SDS-PAGE analysis of R5P/metmyoglobin,
R5P/apomyoglobin and dR5P/myoglobin reactions incubated over
a 4-day period are shown in Fig. 2. Under these conditions, the sin-
gle myoglobin band (without R5P or dR5P) at 17 kDa (heme disso-
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Fig. 2. (A) SDS-PAGE gels of reactions of myoglobin or apomyoglobin (1 mg/mL)
with R5P or dR5P (50 mM) at pH 7.4 and 37 °C with incubation time in days listed.
Lanes 1-5, metmyoglobin reacting with R5P; lanes 6 and 7, metmyoglobin without
sugar; lane 8, molecular mass standards (lysozyme (14.4 kDa), carbonic anhydrase
(29.5 kDa), ovalbumin (45.0 kDa), BSA (66 kDa)). (B) Apomyoglobin reacting with
R5P. (C) Silver stained gel. Lane 1, myoglobin reacting with dR5P; lane 2, myoglobin
reacting with R5P (1 mM).

ciates from metmyoglobin during the SDS treatment) splits into
two bands with apparent molecular masses of approximately 18
and 15 kDa. (The decrease in band intensity observed at extended
times results from a lower affinity of the Coomassie stain due to
the loss of positive residues [17]; silver staining did not show sim-
ilar decreases in band intensity (see Fig. 2C).) This “band-splitting”
effect is also seen in the reaction with equimolar p-ribose/P;,
although at a slightly slower rate. The comparative reactions of
myoglobin with p-ribose alone (without P;), P; alone (no sugar),
ADP-ribose, p-glucose 6-phosphate, p-glucose, and p-glucose/P;
failed to generate these band patterns over a 6-day time period
and only gave the single band at 17 kDa. A similar reaction using
A5P produced the band in only low intensity at extended times.
To date, we have not observed an analogous process leading to a
highly mobile product for any other protein reacted with R5P
including BSA, lactalbumin, lysozyme, ribonuclease A, ubiquitin,
bovine hemoglobin, and cytochrome c.

The rate of change of myoglobin from a single band to two
bands was correlated to initial R5P concentration with noticeable
band-splitting occurring for a 50 mM R5P and 1.0 mg/mL myoglo-
bin reaction at pH 7.4 and 37 °C typically at 1-2 days. Addition of
superoxide dismutase (185 U/mL), catalase (95 U/mL), deferoxa-
mine (20 pM), aminoguanidine (20 mM), DMPO (50 mM), or man-
nitol (10 mM) to the R5P/myoglobin reaction mixture or use of
semi-anaerobic conditions did not impact the formation of the
two bands. Apomyoglobin in a reaction with R5P also exhibited a
similar SDS-gel pattern transition over time with an initial single
band for apomyoglobin at 16.9 kDa losing intensity over time in fa-
vor of a protein of apparent size of approximately 15 kDa (Fig. 2B).
The development of Myo-X was significantly faster (~2-fold) than
for metmyoglobin. Unlike the metmyoglobin/R5P results, dimers
and higher molecular weight products were clearly evident in
the apomyoglobin system by 4 days.

In a surprise finding, dR5P was equally capable of generating
Myo-X (Fig. 2C). We have previously characterized the glycation
rate of dR5P with amines [15] and with cytochrome c [10] and have
demonstrated the extremely slow nature of dR5P to form glycation
adducts and to generate O, . At 4 days of incubation with metmy-
oglobin, dR5P gave a similar splitting pattern on the SDS-PAGE gel
as was observed for R5P. Thus, whatever reaction is causing the
formation of the Myo-X is equally favorable for dR5P.

We initially suspected some type of peptide chain fragmenta-
tion, perhaps promoted by hydroxyl radical formation created by
a Fenton reaction of the glycation-generated hydrogen peroxide.
(Ferric ion could be released by the denaturation of myoglobin dur-
ing glycation.) Peptide fragmentation caused by free radicals (‘OH)
created in aerobic systems exposed to radiation has been demon-
strated for proteins including myoglobin [18-20]. Our gel studies
employing deferoxamine, however, failed to reduce the rate of for-
mation of Myo-X. Furthermore, MALDI-TOF mass spectrometry
analysis showed only progressively higher average molecular
masses for the myoglobin (Fig. 3) in reaction with R5P. At 2 h of
reaction, significant glycation (~up to three R5P molecules added)
was indicated by the presence of higher molecular mass forms of
specific mass. At 4 days, few individual signals were observed, in-
stead a large bell-shaped distribution of signal was evident that
were centered at ~18 kDa. There was no evidence of a signal in
the 15 kDa region that would be suggestive of a peptide cleavage
process. We further confirmed that a small piece was not being
hydrolyzed from the larger metmyoglobin by microfiltration stud-
ies (filtration through a 10,000 MWCO filter), gel filtration studies,
and by a LC-MS separation and analysis study.

An alternative explanation to fragmentation is the formation of
an internal cross-link that allows the modified form to move more
rapidly through the electrophoresis medium. Evidence of intramo-
lecular cross-linking has been less frequently reported even though
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Fig. 3. MALDI-TOF analysis of a reaction mixture of R5P (50 mM) and myoglobin (1.0 mg/mL) for 0 h (A), 2 h (B), and 4 days (C) at 37 °C and pH 7.4. Mass values (m/z) given
are for the largest peak in the distribution. (Note that the scan scale is 25,000 Da for (A) and 30,000 Da for (B) and (C).) Other major peaks in the 0 and 2 h spectra are typically
212 Da apart indicating the addition of R5P molecules to the 16,950 Da myoglobin molecule. The absence of a signal at approximately 15,000 Da indicates the highly mobile
band on the SDS-PAGE analysis is not a result of a cleavage of a piece from myoglobin.

it is likely that this type of event might have higher probability due DMPO however suggests this is not the case. The conjugation of
to proximity effects. Intramolecular cross-links are generally a free radical Tyr to an available amine in a reaction promoted

harder to assess as their occurrence is not always evident in by superoxide [21-23] was likewise discounted due to the lack
SDS-PAGE results. One possibility for such a link is a Tyr103- of effect of DMPO on Myo-X formation.
Tyr146 cross-link formed in a similar manner to the cross-link that All evidence points to a glycation cross-link as being the cause

has been observed in dimer formation. The formation of Myo-X in of Myo-X. In R5P-containing systems with lactalbumin, lysozyme,
apomyoglobin and in conditions with the free radical scavenger RNAse A, BSA, and histones, intermolecular cross-links were rap-
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Fig. 4. Total ion chromatograms (TIC) of trypsin digests of reactions of R5P (50 mM) and myoglobin (1.0 mg/mL) for 0 h (A) and 72 h (B) at 37 °C and pH 7.4. Peak eluting at
35.5 min (noted by arrow) represents the first tryptic fragment (N-terminal) which decreased in intensity with time. Numerous peaks forming at the base of this signal
suggests multiple modifications occur on this myoglobin fragment upon reaction with R5P.

idly generated and observed by SDS-PAGE ([14] and unpublished
data).

Previous studies in our laboratory have shown that R5P and
ribose/Pi systems in the presence of amines generate Amadori
products and dicarbonyl compounds at relatively rapid rates [15].
In the dR5P-amine reaction, an Amadori-like product is produced
where the new carbonyl forms at C3 rather than at C2 [15]. a-
Dicarbonyl compounds such as methylglyoxal are known to be po-
tent protein—protein cross-linkers. In its formation subsequent to
the Amadori product in the R5P- and ribose/P;-amine systems,
the dicarbonyl is released to solution where it can then link two
available amines [15]. We feel however this set of reactions would
likely also promote intermolecular protein cross-links in addition
to intramolecular cross-links, something we fail to observe in our
SDS-PAGE results. Furthermore, the dR5P-amine system does
not appear to release the amine following its “Amadori” product
formation and instead tends to prefer second (and possibly third)
reactions with additional amines [15]. Deoxyribose compounds
have been demonstrated to link two amines in a glycation reaction
[24].

We employed trypsin fragmentation studies to determine the
participants of the glycation cross-link. LC/MS fragmentation
analysis of the myoglobin/R5P incubation at various times revealed
a rapid loss of a peak from the total ion chromatogram (TIC) (Fig. 4)
which was shown by extracted ion chromatogram analysis (EIC) to
be the tryptic fragment at the N-terminus of myoglobin. Within
24 h, more than 75% reduction of the initial tryptic peptide (amino
acids #1-16) was observed while other peptides showed less mod-
ification (generally in the range 0-30%). The modification of the
first segment is on the N-terminal Gly (as opposed to Lys16) as
was clearly indicated by the MS" spectrum of modified forms of
the initial peptide and by a lack of a corresponding change in the
intensity of the second peptide. The first tryptic peptide contains
two Trp residues that lend it a high 280 nm absorbance in compar-
ison to all other peptides. The A,go chromatograms of the myoglo-
bin/R5P with time (up to 144 h) show a decrease in the A,gq signal

for the first piece but no corresponding increase of a single signal at
other retention times. Possible explanations are that multiple gly-
cation forms are being produced and/or that the Trp residues are
being oxidized by the generated free radicals in a manner to reduce
280 nm absorption [25].

Additionally, we performed in-gel trypsin digestion of the
Myo-X band of the SDS-gel (3-day reaction of R5P with myoglobin
at 37 °C) and compared the relative EIC intensities of the peptide
fragments contained in the digest to those of an unreacted myoglo-
bin band digest. The two fragments that disappeared from the pro-
file at significantly higher amounts were the N-terminal fragment
(G1 through K16, decreased to ~15% of original) and an internal
fragment (H119 through K133, decreased to ~5% of original). No
other trypsin fragment decreased by more than 50% of original.
There was no significant decrease in the fragment immediately
subsequent to the H119-K133 fragment.

We propose the internal cross-link occurs when a newly formed
Amadori product of the glycation-prone N-terminus in the R5P,
dR5P, or ribose system is attacked by a neighboring Lys. The most
likely candidate is Lys133, a residue whose €-amine group associ-
ates via a hydrogen bond with the carbonyl oxygen of the N-termi-
nal glycine in the native protein. The in-gel trypsin digestion of the
SDS-PAGE Myo-X band identified the N-terminus and the frag-
ment terminated by Lys133 as being the two pieces most highly
impacted in this form by the glycation events. Per our proposed
scenario, a reaction of Lys133 with an N-terminal Amadori product
would initially produce a reversible Schiff base, followed by a rear-
rangement (this one being irreversible) to form the observed cross-
link.

This study demonstrates the unique reactivity of ribose sugars
with myoglobin leading to heme reduction, rapid heme degrada-
tion, and protein modification. Only R5P, dR5P, and ribose/P; reac-
tions with myoglobin generated the Myo-X band. Myoglobin
appears unique among proteins in exhibiting the generation of a
protein form with increased mobility. The study has implications
to the status of intracellular myoglobin in the presence of R5P
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and R5P-related compounds which promote these protein modify-
ing and reactive oxygen species-generating reactions.
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