
Research Paper

Oxidation of Free L-histidine by tert-Butylhydroperoxide
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Purpose. L-histidine, a commonly used buffer for protein formulations, has the potential to oxidize and
form multiple byproducts. Previous studies were performed using metal catalyzed oxidation with Fe2+ or
Cu2+. We re-examined the oxidation of L-histidine under conditions more appropriate to protein
formulations.
Methods. Solutions of free L-histidine, protected from light, were initially reacted with tert-butylhy-
droperoxide and the products analyzed by UV absorption spectroscopy, reversed phase HPLC and mass
spectrometric analysis and NMR. Experimental parameters investigated were oxidizing agent, pH,
temperature, metal ion and metal chelator content.
Results. The initial reaction produced a number of known products, along with an unknown product that
was identified as 4(5)-imidazolecarboxaldehyde. The reaction was highly pH and oxidizing-agent specific.
The product was not observed at pH 5.0 or below, while there was a dramatic increase for reactions
carried out at pH 6.0 or above. Addition of FeSO4 to the reaction dramatically increased the amount of 4
(5)-imidazolecarboxaldehyde produced, while addition of the metal chelators EDTA or DTPA com-
pletely inhibited the reaction.
Conclusions. The presence of oxidants and trace concentrations of metal ions in high purity L-histidine
solutions results in the formation of 4(5)-imidazolecarboxaldehyde which has the potential to covalently
modify proteins.

KEY WORDS: histidine; metal catalyzed oxidation; metal chelators; tert-butylhydroperoxide; 4(5)-
imidazolecarboxaldehyde.

INTRODUCTION

L-histidine has the potential to oxidize through a wide
variety of mechanisms. Themost common oxidationmechanism
observed is photooxidation, which produces a yellowing of
aqueous solutions upon extended exposure to ambient light.
The byproduct(s) responsible for producing the yellow color
have not been elucidated in any publications, although its
presence has been noted in publications describing protein
formulations (1). L-histidine is susceptible to singlet molecular
oxygen-mediated photooxidation, which is also known as the
“photodynamic effect” (2–5). The attack by singlet oxygen onL-
histidine occurs at the imidazole ring via unstable endoperoxide
intermediates (6,7), resulting in a large variety of products, most
of which are unstable and occur as intermediates for the overall
reaction. Of the over 25 known photodegradation products,
aspartic acid and urea are the most common end products (8).

L-histidine is also commonly known to form chelates
with ditrivalent and trivalent metal cations. In fact, Chen et.

al. have cautioned against storage of L-histidine HCl sol-
utions in stainless steel vessels as there is the potential for the
chloride ions to corrode the stainless steel and cause iron to
be leached into the solution (1). Because of this propensity to
bind metals, many studies have examined the metal catalyzed
oxidation products of L-histidine, such as the Fenton reaction
upon addition of metal cations. The Fenton system consists of
Fe2+ and hydrogen peroxide in the presence of bicarbonate
ion generating hydroxyl radicals that can attack the amino
acid and lead to modifications (9–12). In general, the products
from the oxidation of amino acids by Fenton chemistry are
NH4

+, carbon dioxide, oximes, α-ketoacids and upon the loss
of a carbonyl, the corresponding aldehyde, which is further
oxidized to a carboxylic acid (13,14). Known metal catalyzed
oxidation products of L-histidine include aspartate, 2-
oxohistidine, (15,16) imidazole pyruvic acid, (17,18), 4(5)-
imidazole acetaldehyde (19–22), 4(5)-imidazole acetic acid
(23), imidazole lactic acid (23), 4(5)-imidazole acetonitrile
(19,20,24,25), and β-imidazolylpyruvic acid (17,18).

While L-histidine-containing solutions can be protected
from light and chelators added to prevent hydroxyl radical
formation and eliminate potential metal-catalyzed oxidation,
peroxide formation still occurs. Polysorbates typically contain
peroxides, which are commonly used during purification of
membrane proteins (26,27) and in solutions for storage of
purified proteins (28). The pH of many protein storage
solutions is in the range of 5–7 (29), making L-histidine an
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attractive buffer, as it has a pKa of 6.0 on its imidazole group.
Because of its pH buffering properties, its low volatility and
minimal pH change upon freezing, it has been used extensively
in lyophilized protein formulations (30). L-histidine has histor-
ically been used only sparingly in liquid formulations of proteins,
although lately it has gained more prominence for its use
including those for monoclonal antibodies (1) and cytokines
(31,32). To our knowledge, there is a scarcity of available
information on the reaction between inorganic and organic
peroxides with free L-histidine. Therefore, in the current study,
the oxidation of L-histidine was re-examined under conditions
more appropriate to protein storage solutions using high purity
L-histidine without intentionally adding metal cations. Past
work has been done examining this system using chemilumi-
nescence, but the reaction products were reported simply as
carbonyls and were not fully characterized beyond this point
(33). Here, we report that free L-histidine is degraded by tert-
butylhydroperoxide in a pH- and temperature-dependent
manner to form 4(5)-imidazolecarboxaldehyde, imidazole-4-
acetic acid, 4(5) imidazolecarboxylic acid, and a variety of other
products. The reaction was dependent on the presence of at
least catalytic amounts of Fe2+ found in highly purified L-
histidine and could be completely inhibited in the presence of
diethylene triamine pentaactic acid (DTPA).

MATERIALS AND METHODS

Materials

Materials were obtained from the following sources: L-
histidine (Fluka, Ultra >99.5%, catalog # 53319, Lot #
1272044 54106207), 50% hydrogen peroxide (EMD, catalog
numberHX0630-1, lot# 47065720), 70% tert-butylhydroperoxide
(Sigma, catalog number B-2633, lot # 68H1310), ferrous sulfate
heptahydrate (Mallinckrodt, Lot # 1312H26), ethylenediamine
tetraacetic acid, EDTA, (Teknova, catalog number E0306, Lot #
E030619G501), diethylene triamine pentaacetic acid, DTPA,
(TCI America, lot # 0GM01), 4(5)-imidazolecarboxaldehyde
(Aldrich, 98% purity, Lot #30402), 2-imidazolecarboxaldehyde
(Aldrich, 98% purity, Lot #3 01019JU), histidine methyl ester
(Bachem, catalog number E2020, lot number 513104), N-acetyl
histidine (M.P. Biochemicals, catalog number 1000092, lot
number 7069H), His-Gly (Bachem, catalog number G2305,
lot number 510864), Gly-His (Sigma, catalog number G1627, lot
number 016K1277), lysine-tyrosine-lysine, KYK, (Sigma, 99%
Purity, catalog number L3271, lot number 016K1024), sodium
cyanoborohydride (Fluka, catalog number 71435, lot number
1259328 24806204).

Oxidation of L-histidine

Immediately prior to analysis, control solutions of
10 mM L-histidine, 10 mM, 70 mM and 100 mM tert-
butylhydroperoxide and 100 mM hydrogen peroxide were
prepared in 100 mL volumetric flasks, protected from light
and stored in an incubator controlled at 37°C unless noted
otherwise. The volumetric flasks containing the solutions
were gently agitated by hand prior to storage at the desired
temperature. Similarly, solutions of tert-butylhydroperoxide
and hydrogen peroxide at the above concentrations in
10 mM L-histidine were prepared in the same manner as

the control solutions. The rate of reaction was monitored by
UV absorbance by periodically taking 1 mL aliquots from the
volumetric flask and analyzing the sample using a quartz
cuvette and a Hewlett Packard 8452A Diode Array Spec-
trophotometer against a water blank.

Buffer solutions containing 10 mM sodium acetate and
10 mM sodium phosphate adjusted with either hydrochloric
acid or sodium hydroxide to pH 3, 5, 6, 7, or 9 were prepared
to a final volume of 100 mL in volumetric flasks containing
the reactants at 10 mM L-histidine and 100 mM tert-
butylhydroperoxide to assess the effect of pH on the reaction.
The pH 7.0 sample was also prepared in triplicate as
described above and evaluated at the additional temperatures
of 20, 30, and 40°C. Upon completion of the reaction for all
experiments, the UV absorbance was recorded, and this
unadjusted UV absorbance of the reactants was subtracted
from the UV absorbance obtained after the reaction was
allowed to proceed to reveal the absorbance of the products.

To evaluate the effect of metal cations on the reaction,
varying amounts of ferrous sulfate heptahydrate from a
0.1 mM stock solution in 10 mM L-histidine prepared
immediately prior to these experiments were added to
solutions of L-histidine in 10 mL volumetric flasks protected
from light with or without 100 mM tert-butylhydroperoxide to
achieve final concentrations of the metal salt of 0.01 mM,
0.02 mM, and 0.1 mM. The reaction was also conducted in the
presence of 0.01, 0.025, 0.050, 0.100, 0.250, and 0.500 mM
ethylenediamine tetraacetic acid, EDTA, or in 0.01, 0.025,
0.050, 0.100, 0.250, and 0.500 mM diethylene triamine penta-
acetic acid, DTPA, prepared from stock solutions at an initial
chelator concentration of 0.5 mM in 10 mM L-histidine.
Samples were analyzed using the reversed-phase HPLC method
described below.

The Fenton reaction was examined according to the
procedure detailed by Stadtman, et al. (14) Specifically, a
solution of 50 mM L-histidine in 23.5 mM sodium phosphate,
pH 7.6 containing 23.5 mM sodium bicarbonate was prepared
and allowed to sit for 15 min at room temperature. 100µM
EDTA, from the stock solution of 0.5 mM EDTA described
above, was then added and allowed to sit for 5 min, after which
100µM ferrous sulfate, again from the stock solution described
above, was added, followed by the direct addition of either
30 mM hydrogen peroxide or 30 mM tert-butylhydroperoxide.
The solution was incubated at 37°C for 48 h in a 250 mL
volumetric flask protected from light. Analysis of all samples
was accomplished by reversed-phase HPLC. Further experi-
ments were conducted to investigate the role of hydroxyl
radicals. The hydroxyl radical scavenger, mannitol (34), was
weighed and added to the reactionmixture of 10mML-histidine
and 100 mM tert-butylhydroperoxide in a 10 mL volumetric
flask protected from light at a final concentration of 100 mM,
and the results were compared directly to control experiments
without mannitol.

Purification of the Reaction Products

A Beckman 168 System Gold HPLC was used for all
reversed phase liquid chromatography. Absorbance was
monitored at 215 nm as well as 260 nm with or without mass
spectrometric detection. Unless otherwise specified, an Aquasil
C18, 250×2.1 mm, 5 μm, 100Å column, (Thermo Electron

448 Mason, McCracken, Bures, Kerwin



Corporation) was used. Except for the LC/MSwork, where 10µl
was used, 100µl of the reaction mixture was injected. A gradient
of water and methanol at a flow rate of 0.12 mL/min was used
for purification of the reaction products. For the first 4 min, the
percentage of methanol was maintained isocratically at 10%. At
4 min, the percentage was increased to 25%methanol in 20 min
followed by an additional increase to 50%methanol in two and
a half minutes. The column then was re-equilibrated at 10%
methanol until the end of the 50 min run.

Identification of the Reaction Products

An aliquot, 10µl, of the reaction mixture was examined
via LC/MS by coupling the Beckman 168 System Gold HPLC
system to a Thermofinnigan LCQ Deca ESI/Ion trap
spectrometer. The Thermofinnigan LCQ Deca ESI Ion Trap
mass spectrometer was tuned to the m/z of L-histidine in the
positive ion mode. The mass spectrometer was set up to
analyze the reaction products by MS and MS/MS analysis.
The conditions for the mass spectrometer were as follows:
Sheath gas flow rate, 20 psi; auxillary gas flow rate, 20 psi;
spray voltage, 5.0 kV; capillary temperature, 275.0°C; capil-
lary voltage, 9.00 V; tube lens offset, −15.00 V. For MS/MS
fragmentation, the most intense ion was selected, and the
normalized collision energy was set at 300.00%, activation
energy Q at 0.500, activation time at 300.00 msec, default
charge state at 1, isolation width at 2.0m/z. The mass range
examined was 50 to 500m/z.

Spiking experiments were analyzed by reversed phase
HPLC analysis. Commercially available 4(5)-imidazolecar-
boxaldehyde was added to the reaction mixture to help
identify the reaction product. The same reversed phase
method described previously was used with the exception
that mobile phase A was 10 mM potassium phosphate, pH
6.2. A 2µg solution standard of 4(5)-imidazolecarboxaldehyde
was prepared by mixing 25µl of a 0.1 mg/mL aqueous stock
solution with 225µL of water, and 200µL were injected onto the
column using the reversed phase gradient described above.

To help elucidate the oxidation product of L-histidine,
10 mM L-histidine solution and 100 mM tert-butylhydroper-
oxide in 10 mM sodium phosphate, pH 7.0, were incubated at
45°C. A 1:1 dilution of the reaction mixture with water was
prepared. A 125µL aliquot of the diluted reaction mixture
was mixed with 25µl of the standard solution of 4(5)-
imidazolecarboxaldehyde. This mixture was then further
diluted with 100µL of water for a 200µL injection and
analyzed by reversed phase HPLC.

The UV-vis spectra of a 0.05 mM solution of 4(5)-
imidazolecarboxaldehyde was measured and compared to a
solution of 0.05 mM 2-imidazolecarboxaldehyde. Aliquots,
1 mL, were prepared at a buffer concentration of 0.05 M. 4(5)-
imidazolecarboxaldehyde was a pale yellow crystal, which was
hydroscopic and readily soluble in water. 2-imidazolecarbox-
aldehyde was a fine white crystal, which was not significantly
hydroscopic, and unlike 4(5)-imidazolecarboxaldehyde, was
extremely insoluble in water requiring strongly basic conditions
to be soluble. A Hewlett Packard 8452A Diode Array
Spectrophotometer and quartz cuvettes were used for UV-vis
measurements of 1 mL aliquots. As a comparison, the absorb-
ance of 0.05 mM 4(5) imidazolecarboxaldehyde was measured
in 10 mM sodium phosphate, pH 6.9.

Oxidation of L-histidine Analogs

Reactions between tert-butylhydroperoxide and either
imidazole, histidine methyl ester, N-acetyl histidine, His-Gly,
or Gly-His were attempted under similar conditions as
described above. Specifically, 10 mM of either imidazole,
histidine methyl ester, N-acetyl histidine, the dipeptides of
His-Gly and Gly-His were reacted with 100 mM tert-
butylhydroperoxide in 10 mM sodium phosphate at pH 7.0
and incubated at 37°C in a 100 mL volumetric flask for 17 h.
In all cases, control solutions of the individual components
were incubated under the same conditions and used to obtain
the subtracted UV-vis spectra of the products or analyzed by
reversed phase HPLC alongside the reaction mixtures.

Reaction of 4(5) Imidazolecarboxaldehyde with a Tripeptide

A 1 mg/mL solution of tripeptide lysine-tyrosine-lysine,
KYK, in 10 mM sodium phosphate, pH 6.9 was prepared. L-
histidine or 4(5) imidazolecarboxaldehyde was added to the
solution containing theKYK at a final concentration of 1mg/mL
in 1:1, 1:2, and 1:3 ratios to KYK. These experiments were
performed in both the absence and presence of 10 mg/mL
sodium cyanoborohydride. All samples were incubated at 37°C
for 1 h. The samples were then analyzed by LC/MS using a
Beckman HPLC coupled with a Thermofinnigan LCQ Deca
ESI-ion trap mass spectrometer and a Polaris C18-ether 250×
2.1 mm column (Varian, part number A2020250X020, serial
number 1000815) with a simple gradient between mobile phase
A, 0.1% trifluoroacetic acid and mobile phase B, 90%
acetonitrile with 0.085% trifluoroacetic acid.

RESULTS

Oxidation of L-histidine

Initial experiments were conducted to investigate the
potential of free L-histidine to oxidize under conditions that

Fig. 1. Monitoring the reaction between 100 mM tert-butylhydroper-
oxide and 10 mM L-histidine in 10 mM sodium phosphate, pH 6.9, by
UV-vis spectroscopy over 1, 2, 3, 7, 20, 27, 44, 51, and 78.5 h storage
at 37°C resulted in an increase in absorbance at approximately
260 nm and 320 nm. The insert shows the growth of the reaction
products after subtracting the spectra of the 100 mM tert-butylhy-
droperoxide reactant over the same 78.5 h period.
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exclude the addition of metals or light. It was observed that in
the presence of tert-butylhydroperoxide the UV-spectrum
changed and produced spectrum with apparent maxima at
260 and 320 nm (Fig. 1). The absorbance increase was not
observed when individual components of the reaction were
incubated under similar conditions. From the UV spectrum, it
was observed that the product from this reaction has apparent
maxima at 260 nm with the peak intensity being less at
320 nm; therefore, all future experiments were monitored at
260 nm. Hydrogen peroxide was also tested but found to be
less reactive such that the organic peroxide, tert-butylhydro-
peroxide, produced significantly more of the unknown
product with an absorbance maxima of 260 nm (data not
shown). The reaction was dependent upon both the concen-
tration of tert-butylhydroperoxide and pH with higher con-
centrations of tert-butylhydroperoxide resulting in more of
the product. The reaction proceeded rapidly at pH 6 and
above with little or no reaction observed at pH 5 and below
(Fig. 2). An increase in the rate of product formation by the
reaction was seen as the temperature was increased from 20
to 40°C (data not shown).

Purification of the Reaction Products

In an effort to purify the product from the reactants, a
reversed phase HPLC method was developed, which allowed
the main products to be monitored by LC/MS. The UV
spectrum of the product at 13 min (peak #5) was the only
peak with an absorbance maxima at 260 nm, identical to that
of the incubated sample in Fig. 1 with an absorbance
maximum at 260 nm (Fig. 3).

Identification of the Reaction Products

The products of the reaction with tert-butylhydroper-
oxide and L-histidine that were separated by reversed phase
HPLC (Fig. 3) were analyzed by mass spectrometry. For ease
of identification, the masses were designated as peaks 1 to 5

and found to have m/z ratios of 184.2, 127.1, 113.1, 168.2, and
97.2. The MS/MS of peak #1 having the (M+H) ion of 184.2
yielded m/z ratios of 156.1, 137.9, and 110.1. The m/z ratio of
156.1 represents a loss of 28.1 and corresponds to the neutral
loss of carbon monoxide to yield the mass of L-histidine. The
m/z ratio of 137.9 corresponds to the subsequent neutral loss
of water from the parent ion with m/z of 156.1. Finally, a
successive neutral loss of an additional carbon monoxide
results in the peak at m/z 110.1. For peak #2, having a
[M+H]+ of 127.1, the loss of 46.1 results in an m/z ratio of
81.0, which can be attributed to the neutral losses of water
and carbon monoxide from a carboxylic acid functional group
on the precursor ion. This is consistent with imidazole-4-
acetic acid. Peak #3 has an m/z ratio of 113.1, which upon
fragmentation loses 45.1, consistent with the neutral losses of
carbon monoxide and ammonia. For peak #4, which has an
[M+H]+ of 168.2, the MS/MS fragmentation produced ions
having the m/z ratio of 124.1, 107.0, and 95.1. The loss of 44.1
is due to the loss of a carbon dioxide (CO2). The fragment
having a m/z ratio of 107.0 may represent the additional loss
of ammonia from the product with an m/z ratio of 124.1. The
m/z loss resulting in the fragmentation product with an m/z
ratio of 95.1 can not be definitively assigned at this time. Peak
#5 has an m/z of 97.1 with the MS/MS spectrum showing a
single ion with an m/z ratio of 69.6 amu corresponding to a
loss of 27.6 from the [M+H]+ ion. These masses match those
expected for the intact imidazole ring and the neutral loss of
carbon monoxide. Based on this analysis, a likely candidate
for this unknown product was 4(5)-imidazolecarboxaldehyde
that also has a molecular mass of 97.2 and an m/z of 69.0
upon fragmentation (Fig. 4) matching that observed for peak
#5. Identification of the product was further confirmed by
adding the 4(5)-imidazolecarboxaldehyde standard directly to
the reaction mixture of L-histidine and tert-butylhydroperoxide
followed by analysis by reverse phase HPLC (Fig. 5). Both the 4
(5)-imidazolecarboxaldehyde standard and the product of the
reaction mixture had identical retention times of 11.8 min with
peak heights of 700mAuand 200mAu, respectively. The reaction
mixture containing the spiked 4(5)-imidazolecarboxaldehyde
standard also showed a single peak with a retention time of
11.8 min and a peak height of 900 mAu, which was equal to the
sum of the combined peak heights for the standard and the
sample.

4(5)-imidazolecarboxaldehyde has the same mass as 2-
imidazolecarboxaldehyde, making it difficult to differentiate

Fig. 2. The reaction between 100 mM tert-butylhydroperoxide and
10 mM L-histidine was monitored with respect to pH. The reactants
were placed into 10 mM sodium acetate, 10 mM sodium phosphate
buffer that was adjusted throughout the pH range of 3.0 to 9.0. The
absorbance was monitored over time using a Hewlett Packard 8452A
Diode Array Spectrophotometer. Data is unsubtracted. (key:
pH 3.0, pH 5.0, pH 6.0, pH 7.0 pH 9.0).

Fig. 3. Reversed phase HPLC of tert-butylhydroperoxide and L-
histidine reaction products. The identified peaks have been labeled 1
to 5 for reference. Peak #5 has an absorbance maximum at 260 nm.
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between the two structures based only on the MS and RP-
HPLC data. Interestingly, 2-imidazolecarboxaldehyde is soluble
around pH 13 but extremely insoluble at low pH. The UV
spectrum of 2-imidazolecarboxaldehyde has an absorbance
maximum at approximately 320 nm, distinctly different from 4
(5)-imidazolecarboxaldehyde that has an absorbance maximum
at 280 nm at pH 13 in 10 mM sodium phosphate / NaOH buffer
(Fig. 6). For comparison, 4(5) imidazolecarboxaldehyde has an
absorbance maximum of 260 nm at pH 6.9 in 10 mM sodium
phosphate. The absorbance maximum of the 4(5)-imidazolecar-
boxaldehyde is the same as that for the reaction product
between L-histidine and tert-butylhydroperoxide (Figs. 1 and
3), further confirming the identity of the reaction product under
investigation.

Proton NMR experiments were conducted on samples
resuspended in deuterated water using a 600 MHz NMR with a
cryoprobe (data not shown). The following chemical shifts were
observed for the peak having a mass of 97.1m/z: a singlet at
9.7 ppm typically assigned to the proton of an aldehyde, singlets
at 8.1 and 7.9 which correspond to the two protons of the
imidazole ring. These observations were consistent with the
expected chemical shifts for 4(5)-imidazolecarboxaldehyde.

Role of Metal Cations

The role of metal cations in the reaction was also
monitored by reversed phase HPLC. As seen in Figs. 7 and
8, the reaction of L-histidine with tert-butylhydroperoxide
produced a variety of reaction products with different UV
spectrum. The peak with unique absorbance spectra relating
to absorbance maxima at 260 nm, labeled as peak #5 in Fig. 8,
elutes at either 11.5 or 13.5 min, depending upon whether the
HPLC system or the LC/MS system was used for detection.
The impact that metal cations have on this reaction system
was examined using the metal chelator ethylenediamine

Fig. 4. Mass spectroscopic analysis of 10 mM 4(5)-imidazolecarbox-
aldehyde in water showed the expected mass and a similar MS/MS
spectrum as that of the reaction product of L-histidine and tert-
butylhydroperoxide.

Fig. 5. A Spiking experiment of 4(5)-imidazolecarboxaldehyde with
the product from the reaction between L-histidine and tert-butylhy-
droperoxide was conducted. A standard solution of 4(5)-
imidazolecarboxaldehyde was prepared, and 2µg was loaded on the
column. The reaction mixture of 10 mM L-histidine and
100 mM tert-butylhydroperoxide in 10 mM Sodium Phosphate, pH 7.0
was incubated at 45°C and subsequently loaded on the column by
taking 125µl of the sample and diluting it with 125µL of water and
then injecting 200µL of the resulting solution. A 25µL aliquot of the 4
(5)-imidazolecarboxaldehyde solution was spiked with 125µL of the
reaction mixture and then the solution was further diluted with 100µL
of water. A 200µL aliquot of the resulting spiked solution
was injected on the column.

Fig. 6. Both 4(5)-imidazolecarboxaldehyde and 2-imidazolecarbox-
aldehyde have the same MS spectrum and fragmentation pattern;
therefore, both could be the product. A comparison of the UV-vis
absorbance at pH 13 revealed that 2-imidazolecarboxaldehyde
has an absorbance maximum at approximately 320 nm while 4
(5)-imidazolecarboxaldehyde has an absorbance maximum at 275 nm.
As a comparison, 4(5)-imidazolecarboxaldehyde has an
absorbance maximum at 260 nm in 10 mM sodium phosphate at pH 6.9.

Fig. 7. The reaction between 10 mM L-histidine and 100 mM tert-
butylhydroperoxide in 10 mM sodium phosphate, pH 7.0, was
monitored by reverse phase HPLC and compared to
reactions containing 0.01 mM EDTA or 0.01 mM DTPA

after incubation at 37°C for 1 day.
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tetraacetic acid (EDTA) to sequester any metal ions that
were present. Since EDTA is known to form oxygen active
metal complexes to produce reactive oxygen species (ROS),
additional experiments were conducted using diethylene
triamine pentaacetic acid (DTPA), which irreversibly binds
metal cations and does not form reactive complexes (35,36).
It was observed that in the presence of either chelator, the
reaction failed to proceed for 24 h at 37°C, while control
experiments without a chelator resulted in degraded L-
histidine. A control experiment in which DTPA was added
to a final concentration of 1 mM after the reaction mixture
with 10 mM L-histidine and 100 mM tert-butylhydroperoxide
was allowed to proceed at 37°C for 24 h showed the formation of
the product (data not shown). Interestingly, the addition of Fe
(II), as FeSO4, to L-histidine alone in the absence of added
peroxides resulted in significant degradation of L-histidine

(Fig. 9), principally to a single peak with an absorbance
maximum of 260 nm, similar to that observed from peak #5 in
Fig. 8. Increasing the amount of FeSO4 within the range of
0.01 mM, 0.02 mM, and 0.1 mM resulted in additional oxidation
of L-histidine.

The similarities of the reaction system to well-known
Fenton chemistry led us to suspect that a similar reaction was
taking place, and we therefore investigated the role of
hydroxyl radicals using the Fenton reaction system as
described in the materials and methods section. The reactions
using either hydrogen peroxide or tert-butylhydroperoxide
both produced chromatograms with a peak having similar
retention times, between 11 and 12 min, and absorbance
maximum at 260 nm (data not shown) similar to the reaction
of tert-butylhydroperoxide with L-histidine alone (Fig. 7).
Differences exist, though, in the number and quantity of
products produced from the reactions with the two peroxides.
Additionally, the complete reaction profiles contain a variety
of other products having different retention times than those
observed for the simple reaction between L-histidine and tert-
butylhydroperoxide. The reaction profiles also differ between
the reactions with the organic peroxide and hydrogen
peroxide. Addition of 100 mM mannitol, a hydroxyl radical
scavenger, resulted in a small decrease in the formation of the
peak having an absorbance maximum of 260 nm, but the
overall result was that mannitol still allowed the reaction to
proceed to the same products, albeit at a slower rate. In the
absence of EDTA, the reaction proceeds at a much faster
rate. Bicarbonate ion dependence of the Fenton chemistry
has been reported in the literature (14). The reaction under
investigation here demonstrated a lack of dependence on the
presence of bicarbonate ion.

Oxidation of L-histidine Analogs

To determine the potential impact of this reaction on
proteins, model compounds were selected based on their
chemical structure. Imidazole, L-histidine methyl ester
(Fig. 10), N-acetyl histidine as well as the dipeptides His-Gly

Fig. 8. The individual peak absorption spectra for the reaction
between 10 mM L-histidine and 100 mM tert-butylhydroperoxide in
10 mM sodium phosphate, pH 7.0, was monitored by reversed phase
HPLC after incubation at 37°C for 1 day.

Fig. 9. The reaction between 10 mM L-histidine and 0.1 mM ferrous
sulfate in 10 mM sodium phosphate, pH 7.0, was monitored by
reversed phase HPLC after 2 days of incubation at 37°C and
compared to incubation of the individual components of 10 mM L-
histidine and 0.1 mM ferrous sulfate during the
same time period.

Fig. 10. To investigate the potential for this reaction to damage
proteins, 10 mM imidazole was incubated with 100 mM tert-
butylhydroperoxide in 10 mM sodium phosphate at pH 7.0. No
reaction was observed. Conversion of the carboxylic acid functional
group to a methyl ester, however, did not inhibit the reaction. The
imidazole reaction mixture is depicted as follows , the
reaction of L-histidine methyl ester is represented by , and
the control reaction of free L-histidine with tert-butylhydroperoxide is
shown by .
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andGly-His (Fig. 11) were examined. Individually, each of these
model compounds was incubated with 100 mM tert-butylhydro-
peroxide at 37°C in 10 mM Sodium Phosphate, pH 7.0. The rate
of reaction was monitored by UV-vis absorbance at 260 nm. It
was observed that imidazole and N-acetyl histidine did not react
with tert-butylhydroperoxide (data not shown), while histidine
methyl ester was able to form a product with an absorbance
maximum of 260 nm as observed by UV-vis absorbance. The
reaction between His-Gly also proceeded to a product with an
absorbance maximum of 260 nm, while the dipeptide Gly-His
was unreactive (Fig. 11). Interestingly, His-Gly formed 4(5)-
imidazolecarboxaldehyde at a faster rate than L-histidine alone
followed by histidine methyl ester producing the least amount
during the same amount of time (Fig. 12).

Reaction of 4(5) Imidazolecarboxaldehyde with a Tripeptide

Aldehydes have the potential to form a Schiff base with
the primary amines of a peptide or protein leading to
chemical modifications of that peptide or protein. Generally,
the reaction proceeds through the formation of an imine bond
from the combination of the aldehyde and the primary amine.
This bond is easily reduced to a secondary amine by the
addition of sodium cyanoborohydride. To confirm that 4(5)
imidazolecarboxaldehyde demonstrates this propensity to
form a Schiff base with primary amines, it was incubated
with the model peptide, KYK. Characterization of the
reaction mixture by LC/MS after incubation at 37°C for 1 h
produced the expected mass of 438.2m/z. Upon incubation of
KYK with cyanoborohydride, only one peak was observed
having the same mass. However, upon the addition of 4(5)
imidazolecarboxaldehyde with KYK, a new peak having a
mass of 516.3m/z was observed. Addition of cyanoborohydride
to the reaction of KYK with 4(5) imidazolecarboxaldehyde
resulted in a product with anm/z of 518.5. Further, investigating
the ratio of KYK to 4(5) imidazolecarboxaldehyde by increasing
the aldehyde from 1x, 2x, and 3x, the concentration of KYK
resulted in products with m/z of 518.4, 598.4, and 678.4,
respectively (data not shown).

DISCUSSION

The studies presented here originated from an initial
observation in our labs during liquid protein formulation
stability studies with histidine-based buffer systems. We found
that while monitoring placebo samples over time by size-
exclusion chromatography, the excipient peak appeared to
increase over time with some but not all formulation
preparations. Eventually, it was determined that the increase
in absorbance was due to the presence of histidine and
polysorbate, which together produced a product with a
unique UV spectrum similar to that shown in Fig. 1. It was
suspected that peroxides from the degradation of the Poly-
sorbate (51,52) were reacting with the histidine to produce
the absorbing species. In order to reproduce the system in a
more defined manner and study conditions leading to the
degradation product(s), we set up a model system using free
L-histidine with either tert-butylhydroperoxide or hydrogen
peroxide. We found that despite using >99.5% pure L-
histidine, free L-histidine in the presence of the peroxides
was susceptible to oxidation in the absence of either added
metal cations or exposure to light. Based on UV spectro-
scopic analysis, the new species was likely to be 4(5)-
imidazolecarboxaldehyde, which has not previously been
reported in the literature as an oxidation product of L-
histidine following reaction with tert-butylhydroperoxide or
hydrogen peroxide. This identification was confirmed by mass
spectrometry analysis (MS and MS/MS), proton NMR and
RP HPLC. The only other report in the literature we are
aware of is by Gewitz et al. (37), who reacted free L-histidine
with L-amino acid oxidase and horseradish peroxidase to
yield 4(5)-imidazolecarboxaldehyde, 4(5)-imidazolecarboxylic
acid, carbon dioxide, ammonia, and hydrogen peroxide. 4(5)-
imidazolecarboxaldehyde is commercially available and can
be prepared through a variety of synthetic pathways (37–49),
which are different from the oxidation of L-histidine currently
being discussed.

Fig. 11. His-Gly and Gly-His dipeptides were incubated with tert-
butylhydroperoxide in an effort to investigate the mechanism of
reaction. The dipeptide of His-Gly reacted with tert-
butylhydroperoxide while Gly-His did not. The reaction
was carried out using 10 mM of the respective dipeptide and 100 mM
tert-butylhydroperoxide in 10 mM sodium phosphate, pH 7.0, and
incubated at 37°C for 17 h.

Fig. 12. The reaction between 10 mM L-histidine and 100 mM tert-
butylhydroperoxide in 10 mM Sodium Phosphate, pH 7.0, was
monitored by reverse phase HPLC and compared to similar
reactions between 10 mM His-Gly and 100 mM tert-
butylhydroperoxide and to 10 mM L-histidine methyl ester with
100 mM tert-butylhydroperoxide after incubation at 37°C for
2 days. 100 mM tert-butylhydroperoxide incubated under
the same conditions.
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Formation of the product was found to depend on a
number of factors, including pH, temperature, metal content
and availability of functional groups on the histidine. Addition-
ally, we also found that iron added in the form of ferrous sulfate
increased the formation of the 4(5)-imidazolecarboxaldehyde,
demonstrating that this was also part of the reaction mechanism.
In retrospect, this makes sense, since commercially available
high purity L-histidine contains some amount of contaminating
metal ions. Addition of EDTA to the L-histidine buffer
prevented formation of the 4(5)-imidazolecarboxaldehyde.
Inconsistency in metal ion content in the L-histidine buffer,
along with low level metal contamination from the buffer
preparation process, may also explain the variability of the peak
observed at 280 nm during SEC analysis of the placebo. The pH
dependence on the rate of reaction suggested that the imidazole
ring must be deprotonated for the reaction to occur. Likely, the
imidazole ring needs to be deprotonated to effectively bind the
trace levels of metal in solution and allow the reaction to
proceed (50). Alternatively, the deprotonated imidazole ring
may help stabilize a reaction intermediate. While it is possible
the primary amine of L-histidine is involved in the binding of the
metal, this does not seem to correlate with the pH dependence
of the reaction, as the primary amine is expected to be
protonated and not likely to effectively bind metal cations.

The similarity in the reaction rates between pH 7 and 9
also suggests that deprotonation of the amine is not a rate-
limiting step in the reaction. While the pKa of the amino
group did not appear important, the presence of the amine
was important for the reaction to proceed as evidenced by the
lack of reaction between either the Gly-His dipeptide,
imidazole or N-acetyl L-histidine with the organic peroxide.
This is in contrast to the photooxidation of L-histidine, which
is independent of protecting groups at the primary amine or
carboxylic acid functional groups (8). Based on the reaction
of the His-Gly dipeptide and histidine methyl ester with the
tert-butylhydroperoxide, the carboxylic moiety on the L-
histidine was not deemed important for the reaction. However,
it is interesting to note that the relative rate of the reaction for
His-Gly is higher than L-histidine, which in turn is higher than
that observed for histidine methyl ester; therefore, while block-
ing the carboxylic acid functional group does not impair the
reaction, it appears to play a role in the rate of the reaction.

Fenton chemistry produces 4(5)-imidazolecarboxaldehyde,
as was confirmed by spiking experiments, but also produces a
variety of other products that are distinctly different than those
observed by L-histidine and tert-butylhydroperoxide alone.
Close examination of the Fenton system showed no inhibition
of the reaction in the presence of the hydroxyl radical scavenger
mannitol. While it has been noted previously, hydroxyl radical
scavengers may not inhibit Fenton chemistry, since the Fenton
reaction is likely to proceed via a “caged process,” the current
system is also not inhibited by iron concentrations in the range
of 10–100µm, which has been reported as inhibitory for amino
acid oxidation via Fenton chemistry (14). Further, the presence
or absence of bicarbonate ion had little effect on the current
reaction, arguing against the role of hydroxyl radicals in the
current reaction.

In addition to its possible interaction with the imidazole
ring, iron is also expected to be involved with formation of
radical intermediates of the tert-butylhydroperoxide. Fossey et
al. report that in the presence of Fe2+, tert-butylhydroperoxide
forms a t-BuO radical (53). More recently, Guo et al. reported

that the same reaction between Fe2+ and tert-butylhydroperoxide
resulted in the formation of methoxyl radicals (54). Either of
these radicals would be expected to react with the histidine,
forming a variety of oxidation products. This is consistent with
the wide array of products delineated in the reactions described
here. The complexity of the radical-mediated reactions also
makes it difficult to definitively assign structures to the observed
oxidation products and hence derive a reaction mechanism.
Further experiments are underway to identify reaction
intermediates, reaction kinetics and mass balance of the
reactants and products and will be the subject of a future paper.

The data demonstrate that even pure L-histidine con-
tains catalytic amounts of metal cations that allow L-histidine
to degrade at elevated temperatures near physiological pH
leading to the formation of 4(5) imidazolecarboxaldehyde.
Aldehydes are commonly known to form Schiff bases with
primary amines; therefore, it was reasonable to expect that 4
(5)-imidazolecarboxaldehyde has the potential to attack the
primary amines of proteins when histidine is used as a buffer
during protein formulation. It has been pointed out that
aldehydes will even form Schiff bases with the primary amine
of free L-histidine (23). In fact, it was observed that 4(5)
imidazolecarboxaldehyde was indeed able to form a Schiff
base with the primary amines of a tripeptide. The addition
was observed to be stoichiometric, with all three primary
amines reacting upon the addition of a 3-fold excess of the
aldehyde. The importance of this in a liquid formulation of a
protein is that formation of the 4(5) imidazolecarboxaldehyde
could result in modification of the protein at the primary
amines found at the amino terminus and on Lys residues. This
assertion is in agreement with our early observations that the
growth of the 280 nm excipient peak was suppressed in
protein-containing samples.

CONCLUSION

In liquid protein formulations, the stability of the buffer
should be considered, since the buffer can potentially oxidize.
While instability in the presence of light is known, it was
assumed that storage in the dark would prevent degradation
of the L-histidine. In fact, this was not true such that
degradation of L-histidine by tert-butylhydroperoxide was
observed with a major product of the reaction being 4(5)-
imidazolecarboxaldehyde, which has not been fully studied in
the literature as an oxidation product of L-histidine. Despite
using high purity L-histidine, trace metal contaminants lead to
the oxidation of L-histidine that could be prevented by the
presence of metal chelators such as EDTA. It would also be
expected that the presence of surfactants would increase the rate
of reaction, as they are known to produce organic peroxides
(51,52). Carbonyl compounds are known to reversibly form
Schiff bases with amines, thereby altering the chemical proper-
ties of both the amine and the carbonyl compound. It is
reasonable to believe that the product from the reaction of L-
histidine and peroxides, 4(5)-imidazolecarboxaldehyde, would
form Schiff bases with the primary amine of the N-terminus of a
protein and with that of lysine resulting in chemical modification
of the protein. In addition to the degradation of free histidine, it
may also be possible for the N-terminal histidine residue of a
protein to degrade in a similar manner. The presence of a N-
terminal histidyl group would provide the necessary primary
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amine for the reaction to proceed as shown for the dipeptide
His-Gly, resulting in the loss of the N-terminal histidyl residue
from the protein. Together, these data suggest that it is
important not only to understand the degradation pathways of
proteins but also the buffers when developing liquid formula-
tions for protein solutions.
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