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ABSTRACT: Despite recent technological developments in analytical chemistry, separation and direct characterization of transient 

intermediates remain an analytical challenge. Among these, separation and direct characterization of quinonoid dihydrobiopterin 

(qH2Bip), a transient intermediate of tetrahydrobiopterin (H4Bip)-dependent hydroxylation reactions, essential in living organisms, 

with important and varied human pathophysiological impacts, is a clear illustration. H4Bip regeneration may be impaired by com-

petitive non-enzymatic autoxidation reactions, such isomerization qH2Bip into a more stable 7,8-H2Bip (H2Bip) isomer and subse-

quent non-enzymatic oxidation reactions. The quinonoid H2Bip intermediate thus plays a key role in H4Bip-dependent hydroxyla-

tion reactions. However, only a few experimental results have indirectly confirmed this finding while revealing the difficulty of 

isolating qH2Bip from H4Bip containing solutions. As a result, no current H4Bip assay method allows this isomer to be quantified 

even by LC-MS/MS. Here, we report on isolation, structural characterization, and abundance of qH2Bip formed upon H4Bip autox-

idation using three methods integrated to tandem mass spectrometry. First, we characterized the structure of the two observed H2B 

isomers using IR photo-dissociation spectroscopy in conjunction with quantum chemical calculations. Then, we used differential 

Ion Mobility Spectrometry (DMS) to fully separate all oxidized forms of H4Bip including qH2Bip. The obtained data show that 

qH2Bip can be unambiguously identified thanks to its specific MS/MS transition. This finding paves the way for the quantification 

of qH2Bip with MS/MS methods. Most importantly, the half-life value of this intermediate is nearly equivalent to that of H4Bip 

(tens of min) suggesting that an accurate method of H4Bip analysis should include the quantification of qH2Bip. 

Since the elucidation of its pivotal role as cofactor of several 

essential hydroxylation reactions in living organisms, 

tetrahydrobiopterin (H4Bip)
1,2

 (Fig. 1) raised a considerable 

interest in the field of human medicine.
3-6 

H4Bip synthesis, 

regeneration, or transport defects are involved in several in-

born errors of metabolism including hyperphenylalaninemia, 

neurotransmitter disorders, and several neurodegenerative 

disorders such as Alzheimer and Parkinson diseases, autism, 

and depression.
4 

H4Bip defects are also involved in inducible 

nitric oxide synthase (NOS)-dependent processes, and other 

important aspects of vascular homeostasis, inflammation, and 

cardiac function.
4, 5

 This ubiquitous pterin also seems to play a 

growth or proliferation factor role for various cell lines.
4
 

The pathophysiology of H4Bip remains an open field of in-

vestigation as evidenced by the recent disclosure of a genetic 

disorder of neurotransmitter translocation into synaptic vesi-

cles
7
 or by the renewed interest in its pathophysiological role 

in vitiligo.
8,9

 More recently, H4Bip was also found to be in-

volved in autoimmunity and cancer.
10

 It was also suggested 

that this molecule could be a biomarker for kidney injury in 

diabetes.
11

 

In this context, understanding the origin of H4Bip defects 

through the characterization of its oxidation pathways (Fig. 1, 

bottom)
12-16

 has always been and remains an important issue 

from both pathophysiological
 
and diagnostic points of view. 

6
 

 

Figure 1: Mechanism of action of tetrahydrobiopterin (H4Bip) 

(According to refs. 2 – 4). Phe: phenylalanine; Tyr: tyrosine; Trp: 

tryptophan; Arg: arginine; L-DOPA: di-hydroxy-phenylalanine; 

OH-Trp: Hydroxy-tryptophan, Cit: citrulline; qH2Bip and H2Bip: 

quinonoid and 7,8-dihydrobiopterin; Bip: biopterin; H2Ptr: 

dihydro-pterin; Ptr: pterin. Full arrows denote enzymatic reac-

tions: PCD (pterin-4 -carbinolamine dehydratase), DHPR 

(dihydro-pteridine reductase), and DHFR (dihydrofolate 

reductase). Dashed arrows denote non-enzymatic auto-oxidation 

reactions. 

Since pioneering investigations,
2
 a consensus has been 

reached on that H4Bip-dependent hydroxylation reactions 

(Fig. 1) involve a stoichiometric enzymatic oxidation of 

H4Bip into quinonoid dihydrobiopterin (qH2Bip). H4Bip is 
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then regenerated by enzymatic reduction of the latter short-

lived intermediate involving a dihydro-pteridine reductase 

(DHPR).
4
  

H4Bip regeneration may be impaired by competitive non-

enzymatic autoxidation reactions (Fig. 1). First, part of 

qH2Bip may rearrange into 7,8-dihydrobiopterin (H2Bip), a 

more stable isomer as reflected in the increase of the latter in 

case of DHPR deficiency.
3,4 

As shown in Figure 1, autoxida-

tion of H2Bip into biopterin (Bip), and of qH2Bip into 

dihydropterin (H2Ptr), and pterin (Ptr) may also occur. As a 

result, quantification of pterins, notably H4Bip, H2Bip, and 

their precursor dihydro-neopterin (H2N), in biological fluids
 
is 

of importance for both diagnosis and monitoring of H4Bip 

supplementation efficacy in patients with genetic defects.
6, 16-21

  

The oxidation pathways of H4Bip and the number of inter-

mediates as well as their structures have been questioned.
12,13

 

The occurrence of qH2Bip as transient intermediate in the 

H4Bip-dependent hydroxylation reactions was first proposed 

in 1963.
2
 It was later suggested that qH2Bip should be the first 

product of aerobic or chemical oxidation of H4Bip.
12-14

 Only a 

few attempts have been made to synthesize
22

 or to separate and 

characterize qH2Bip.
17,19

 While these attempts indirectly con-

firmed the occurrence of qH2Bip, it has never been directly 

characterized.
17-19 

Data regarding the half-life of qH2Bip and 

the stability of H4Bip thus remain scarce and conflicting. First 

studies suggested that the half-life of this intermediate is very 

short, but different values were reported, i.e. 5 min
17 

or from 

0.9 to 3.5 min.
22

 These values were determined at different pH 

values and using different buffer types which are known to 

strongly affect oxidation pathways.
13

 In this respect, it has 

been reported that H4Bip is resistant to oxidation by oxygen at 

acidic pH,
8
 which is particularly unexpected. Finally, in bio-

logical samples, H4Bip may oxidize within minutes, without 

molar relationship between loss of H4Bip and increase of 

H2Bip and Bip in terms of concentration.
18

  

Characterization of qH2Bip following its separation from 

different oxidation products of H4Bip should provide essential 

insights into reaction mechanisms involved in H4Bip defects. 

No current H4Bip assay method including LC-MS/MS meth-

ods 
20, 21, 23-27

 allows this isomer to be quantified. Approaches 

based on ion mobility spectrometry (IMS) coupled to MS/MS 

which have been shown to be very efficient for separation and 

characterization of molecular ions,
29-34 

including short-lived 

intermediates,
28

 could thus be interesting for improving the 

characterization of qH2Bip. 

Ion mobility spectrometry (IMS) coupled to MS is currently 

experiencing considerable development in the field of 

bioanalysis, notably for metabolite separation and identifica-

tion.
35

 Thanks to the recent development of new commercial 

ion mobility instruments in both time
36 

and space domains
36, 37

 

and the enhancement of the resolving power by introducing a 

fraction of He
39

 or polar molecules
39-41

 in the carrier gas, many 

challenging separations including separation of isobaric and 

isomeric species in complex media such as plasma and urine, 

have been successfully achieved.
35, 42-49

 

 Among IMS techniques, differential mobility spectrometry 

(DMS, also referred to as Field Asymmetric waveform Ion 

Mobility Spectrometry (FAIMS), allows for the reduction of 

the number of false positive assignments.
31

  A great advantage 

of DMS is that separation of small isomeric molecular ions 

such as drugs can be achieved through modifier-assisted DMS, 

i.e. by adding polar molecules to the N2 carrier gas.
38 

Coupled 

to MS/MS, the coverage achieved with DMS is comparable to 

that achieved with chromatographic methods, while overcom-

ing a low LC resolution resulting in the convoluted MS/MS 

spectra from isomeric or isobaric species.
42, 43

  

Here, we used IR spectroscopy integrated to mass spectrom-

etry, in conjunction with quantum chemical calculations, to 

prove the presence of both H2Bip isomers and derive their 

structures. Then, we used DMS coupled to tandem mass spec-

trometry to fully separate oxidation products of H4Bip includ-

ing qH2Bip and H2Bip isomers.  

 

EXPERIMENTAL SECTION 

 

Reagents and standards. Bip and H2Bip were purchased 

from Sigma (Saint-Quentin Fallavier, France). H4Bip was 

purchased from Schircks Laboratories (Bauma, Switzerland). 

Standard solutions (10 mM) were prepared in pH 2.5, 0.05 M 

ammonium formate and immediately aliquoted and frozen at – 

20 °C. Working solutions were prepared by diluting standard 

solutions after thawing in the same buffer to a final concentra-

tion of 0.1 mM. This sample preparation procedure lasts about 

10 min, and the analysis is performed right after. Time 0 thus 

refers to the 10th min of pre-incubation of the considered 

pterin working solution. 

High resolution tandem mass spectrometry. We used a 7T 

hybrid FT-ICR (Apex IV, Bruker) instrument equipped with an 

electrospray ionization (ESI) source. Collision induced disso-

ciation (CID) and infrared multiple photon dissociation 

(IRMPD) MS
2
 experiments were performed. IR activation was 

provided by an IR OPO/OPA laser (LaserVision), pumped by a 

non-seeded 25Hz Nd:YAG laser (Innolas Spitlight 600, 550 

mJ per pulse, 1064 nm, 4–6 ns pulse duration) as described in 

detail elsewhere.
50

 

IR spectroscopy. IR spectra can be derived from IR MS
2
 

experiments where mass-selected ions are irradiated for ~500 

ms while trapped in the ICR cell.
50

 When the IR laser is tuned 

in resonance with a vibrational mode of a particular isomeric 

form of the mass-selected ions, fragmentation can be induced 

following a multiple photon absorption process.
45, 50

 Gas phase 

IRMPD spectra thus correspond to the fragmentation efficien-

cy as a function of the laser wavelength. 

Differential mobility tandem mass spectrometry (DMS-

MS/MS). DMS-MS/MS experiments were performed using a 

modified commercial 3D ion-trap (Esquire 3000+, Bruker) 

instrument equipped with an electrospray ionization (ESI) 

source. Details on the DMS device and its coupling to the 

tandem mass spectrometer have been described previously.
50, 51

 

Briefly, the DMS device is threaded to match the spray shield 

of the ESI source, such that the spray shield can be removed 

and the DMS assembly can be screwed on in its place. A 4-kV 

voltage is applied to the ESI emitter. Ions are transported by a 

carrier gas stream at atmospheric pressure between two 25 x 6 

mm parallel plates, separated by 0.7 mm. Desolvation (N2) 

gas, which is redirected through the outer housing of the DMS 

assembly, serves as carrier gas through the DMS assembly as 

well as for desolvation when coupled to ESI. For these exper-

iments, temperature of the DMS assembly was about 86 °C. 
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The standard glass transfer capillary of the source was re-

placed by a custom flared glass transfer capillary which allows 

for a better ion transmission.
52

  

For DMS separation we used a bi-sinusoidal waveform gen-

erated by applying a sinusoidal waveform at 1.7 MHz to one 

DMS electrode and a second sinusoidal waveform at the se-

cond harmonic to the other. 
51

 The V0-p defined as the disper-

sion voltage (DV) was tuned to 1.8 kV (26 kV/cm). A dc off-

set, termed the compensation voltage (CV), is applied to one 

electrode allowing transmission of ions of interest through the 

DMS device based on their differential ion mobility. DMS 

spectra are generated by plotting ion abundance as a function 

of CV. 

Polar molecules (water, methanol, isopropanol) used as car-

rier gas phase modifiers 
39

 are individually delivered (1 to 10 

μL.min
-1

) into the N2 gas supply line using a low-flow pump-

ing system (Automatisierung und Microsysteme, CETONI 

GmbH, GERMANY). The gas line is heated above the boiling 

point of the modifier thus ensuring a uniform diffusion of the 

modifier into the carrier gas. 

Quantum chemical calculations were performed using the 

Gaussian09 package.
53

 Stationary points on the potential ener-

gy surface were characterized at the B3LYP/6-31G(d,p) level 

of theory. The free enthalpies at 298 K were determined at this 

same level. IR absorption spectra were derived from harmonic 

calculations. A scaling factor of 0.955 was applied to harmonic 

frequencies, as used previously for simulating IR spectra in the 

X-H (X=C, N, O) stretching spectral range. 
50

 

 

RESULTS AND DISCUSSION 

 

The main objective of this work is to isolate and directly 

characterize native qH2Bip isomer from a solution of H4Bip. 

We first focused on the evolution of the MS/MS spectra of a 

fresh H4Bip solution as a function of the incubation time at 

ambient temperature. Assuming that qH2Bip is the first unsta-

ble product of the aerobic oxidation (autoxidation reaction) of 

H4Bip, which rapidly rearranges to form an H2Bip more sta-

ble conformer (Fig. 1), accumulation of the two isomers, as 

well as subsequent autoxidation products, is expected. Then 

we used MS/MS(IRMPD) in conjunction with quantum chem-

ical calculations to derive structural information on observed 

qH2Bip and H2Bip isomers. 

High resolution tandem mass spectrometry. Mass spec-

trum of a 0.1 mM solution of H4Bip, in the positive mode is 

shown in Figure 2a. Spectral peaks corresponding to protonat-

ed Bip, H2Bip, and H4Bip were observed at m/z 238, 240 and 

242, respectively (Fig. 2a).  In order to get more insights on 

m/z 240 ions corresponding to H2B, CID MS
2
 spectra were 

recorded (Fig. 2b, c). As can be seen in Figure 2b, a small 

peak at m/z 220 can be discerned, but the two most abundant 

product ions were observed at m/z 166 and 196. These two 

ions correspond to the loss of C3H6O2 and C2H4O, respective-

ly. 

 

 

Figure 2: Mass spectra (a-c) and IR spectra (d-f). (a) Mass 

spectrum of an electrosprayed solution of H4Bip after 1 h of 

incubation; (b) CID-MS2 spectra of the m/z 240 ions corre-

sponding to the H2Bip fragments, recorded after 1 hour of 

incubation; and (c) CID-MS2 spectrum of an electro-sprayed 

solution of H2Bip. Experimental IRMPD spectra of (d) the m/z 

240 ion fragments of an electrosprayed solution of H4Bip after 

1 hour of incubation; (e) the m/z 240 ions associated with a 

H2Bip solution, and (f) the calculated IR absorption spectra of 

the lowest energy isomers of protonated qH2Bip (blue) and 

H2Bip (red) (see Supplementary Information for more details).  

Interestingly, a clear trend of the evolution of the 166/196 

intensity ratio as a function of the H4Bip incubation time in 

the injector (autoxidation reaction) could be observed. As the 

incubation progresses, there is a gradual decrease in the inten-

sity of the peak at m/z 166 concomitantly with the increase in 

that of the peak at m/z 196. This observation suggests that at 

least two m/z 240 isomeric forms are present in solution and 

transferred to the gas phase. 

In order to investigate this hypothesis, CID MS
2
 mass spec-

trum of an electrosprayed standard solution of H2Bip was 

recorded. As can be seen in Figure 2c, only m/z 196 product 

ions could be observed. Standard long-lived H2Bip isomer is 

thus characterized by its specific m/z 196 fragment. Fragment 

ion at m/z 166 is thus a signature of another isomeric form, 

which could be qH2Bip ([qH2Bip+H]
+
 (m/z 240) → m/z 166). 

Infrared spectroscopy. Assuming that two protonated 

H2Bip isomers, [qH2Bip+H]
+
 and [H2Bip+H]

+
, are trapped in 

the ICR cell, infrared spectra of these two m/z 240 isomers 

could be recorded. Using an IR MS
2
 sequence, m/z 240 ions 

were mass-selected and then irradiated with the IR laser while 

trapped in the ICR cell. As shown in scheme 1, m/z 166 (or 

196) photo-fragment can only be observed if the IR laser is 

tuned in resonance with a vibrational mode of [qH2Bip+H]
+
 or 

[H2Bip+H]
+
. As a result, IR spectrum of these two isomeric 

ions could be recorded by monitoring the fragmentation yield 

of the two m/z 166 and 196 specific product ions, respectively, 

as a function of the laser wavelength. 

The resulting IR spectra recorded under different experi-

mental conditions are shown in Figure 2 (charts d-f). At short 

autoxidation reaction time (chart d), two distinct IR spectra 
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could be recorded. At longer autoxidation reaction time, how-

ever, only the m/z 196 photo-fragment ions could be observed. 

IR spectra associated with m/z 196 photo-fragment ions when 

recorded at different autoxidation reaction times are similar to 

the IR spectrum of the m/z 240 ions associated with a H2Bip 

standard solution (Fig. 2e). They are characterized by a strong 

IR feature with a maximum at 3445 cm
-1

 and a shoulder on its 

red side. These spectra can be assigned to H2Bip isomer. IR 

spectra of m/z 240 ions associated with m/z 166 photo-

fragment ions are clearly different. In particular, the maximum 

of the photo-fragmentation signal is observed at 3435 cm
-1

. 

These spectra can be tentatively assigned to qH2Bip tautomer. 

Quantum chemical calculations. In order to challenge the 

above structural assignment quantum chemical calculations 

have been carried out on the [qH2Bip+H]
+
 and [H2Bip+H]

+
 

ions. Different protonation sites have been envisaged (Fig. 3). 

Overall, for both neutral and protonated H2Bip, the most 

stable structures correspond to H2Bip. The qH2Bip H2Bip 

isomerization reaction was found to be exothermic by -62.9 

and -75.9 kJ/mol for neutral and protonated systems, respec-

tively. In the case of H2Bip, lowest energy structures corre-

spond to protonation on the N(5) site, while the N(3) is the 

preferred protonation site for the qH2Bip form. We primarily 

focused on the assignment of the most intense band observed 

for the two photo-fragmentation channels which was observed 

in the 3430-3445 cm
-1

 range. 

The most intense IR band predicted for all the lowest energy 

conformers of the [qH2Bip+H]
+
 and [H2Bip+H]

+
 ions corre-

sponds to the symmetric elongation of the amino NH bonds. 

This band is essentially insensitive to the conformation of the 

diol side chain. This aliphatic chain is the most flexible part of 

the systems, and may lead to relatively complicated conforma-

tional landscape (Fig. SI1). In this context, an exhaustive 

conformational search was not required for assigning the two 

experimental spectra. The position of the symmetric elonga-

tion of the amino NH bonds, however, is very sensitive to the 

conjugation between the amino and the bicyclic group as 

evidenced by calculated IR absorption spectra. 

Theoretical IR absorption spectra of the lowest energy iso-

mers of protonated qH2Bip and H2Bip are given in figure 2f. 

Consistent with the experimental observation, a blue shift (~15 

cm
-1

) of the symmetric elongation of the amino NH bonds is 

predicted from protonated H2Bip to qH2Bip structures (Tables 

SI1 and SI2, respectively).  In the case of the IR spectrum 

associated with m/z 166 fragment, a broad and intense band 

has a maximum at 3435 cm
-1

, which is the predicted value for 

the symmetric NH2 stretching mode of the lowest energy 

structure of the [qH2Bip+H]
+
 ion. The maximum of the broad 

and intense band was observed at 3450 cm
-1

 for the IR spec-

trum associated with the m/z 196 ion, which is in good agree-

ment with the predicted value (3452 cm
-1

) determined for the 

symmetric NH2 stretching mode of the lowest energy structure 

of the [H2Bip+H]
+
 ion. 

 

Figure 3: Protonation sites of qH2Bip and H2Bip. (a) Atom 

numbering for H4Bip; (b) Protonation sites envisaged for each 

H2Bip tautomer; (c) relative 298K free enthalpies (in kJ/mol), 

given in bold along with a sketch of the protonated isomer.   

Conjugation between the amino and the bicyclic group, i.e. 

electron donation from the former to the latter, is strong in the 

case of protonated qH2Bip. The driving force for the electron 

donation of the amino group to the bicyclic group is the stabi-

lization of the positive charge in qH2Bip. This can be illustrat-

ed by the resonance of two Kekule-like structures (Scheme 1). 

Stabilization of the positive charge is evidenced by the calcu-

lated N(3)
+
-H stretching frequency (3414 cm

-1
) of protonated 

qH2Bip (Table SI2), which is strongly blue-shifted as com-

pared to that of N(5)
+
 protonated H2Bip (3268 cm

-1
) (Table 

SI1). 

 

Scheme 1 

Considered together, the results obtained by the 

MS/MS(IRMPD) experiments and the quantum chemical 

calculations allowed us to identify the two isomers. As the 

MS/MS transitions are different, these results also show for 

the first time that MS/MS can be used alone to monitor these 

two isomers through the multiple reaction (MRM) detection 

mode. Nevertheless, we used DMS coupled with MS/MS in 

order to provide more evidence for the existence of the two 

H2Bip isomers and, most importantly, to overcome the chal-

lenge of qH2Bip separation. 

Differential mobility spectrometry. DMS-MS has been 

used to separate qH2Bip from a H4Bip solution incubated at 

room temperature, and to characterize the lifetime of transient 

qH2Bip. For this purpose, DMS-MS spectra were recorded 

over several hours allowing for a relative quantification of 

H4Bip and its autoxidation products, including qH2Bip, 

H2Bip, Bip, H2Ptr, and Ptr (Fig. 1). H2Ptr is observed but at a 

very low level. The evolution of DMS spectra of a H4Bip 

solution as a function of the incubation time, i.e. autoxidation 

time, is also shown in Figure 4. DMS-MS data were recorded 
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without and with addition of polar chemical modifier to N2 

carrier gas. 

Figure 4a shows the extracted ion chromatograms (XIC) of 

m/z 242, 240, and 238 ions, each displaying a single peak at 

0.3 (H4Bip), -0.1 (H2Bip), and -0.2 V (Bip), respectively. 

With N2 only as a carrier gas, a single peak labeled H2B is 

observed irrespective of the DV value. No separation of the 

targeted m/z 240 isomers could be achieved by adding water or 

methanol in the N2 carrier gas, irrespective of the flow rate of 

the chemical modifier (Table SI3). 

Addition of IPA in the carrier gas, however, resulted in a 

significant increase of the peak capacity (Fig. 4b). H4Bip 

could be clearly resolved from all its oxidation products, espe-

cially qH2Bip, and baseline resolution of the two H2B isomers 

(Fig. 4b) could achieved. One DMS peak is observed at a CV 

value of -8.5 V (Fig. 4b). It is characterized by the m/z 

240>166 transition specific of qH2Bip. Conversely, the other 

DMS peak centered at CV -18.2 V can be assigned to H2Bip 

based on its specific m/z 240>196 transition (Fig. SI2). At the 

considered incubation time (49 min), two other low intensity 

peaks corresponding to m/z 238 (Bip) and m/z 164 (Ptr) are 

also well resolved (Fig. 4b). As can be seen in figure 4b, a 

progressive increase of Ptr, Bip, and H2Bip is observed as a 

function of the incubation time, concomitantly with the de-

crease of H4Bip and qH2Bip. 

DMS-MS experiments at higher IPA flow rates have been 

performed in order to further improve DMS resolution, but at 

the expense of sensitivity. The best compromise between reso-

lution and ion transmission is obtained at a flow rate of 5 

µl/min (Table SI3). Upon addition of IPA at this flow rate, 

H2Bip is more shifted (-0.1 to -18.2 V) than qH2Bip (-0.1 to -

8.5 V) resulting in a baseline resolution of both isomers (Fig. 

4b). Beside resolving these two isomers, we were also inter-

ested in resolving qH2Bip and H4Bip that share the m/z 166 

fragment.  

The larger negative CV shift upon IPA addition observed for 

H2Bip than for qH2Bip can be rationalized considering litera-

ture data on the effect of buffer gas modifier such as alcohol 

molecules on DMS peak position. Clear trends were observed 

allowing to propose correlations between the strength of the 

ion-molecule interaction, the magnitude of the negative CV 

shifts and ion structure.
40

 The displacement towards the nega-

tive values is greater for stronger ion-molecule interactions. 

This interaction is strong when the charge is localized and 

accessible, e.g. without steric hindrance. 
40, 41

 In the present 

case, the larger negative CV shift observed for H2Bip as com-

pared to qH2Bip can be understood by considering the locali-

zation of the electric charge in the two protonated isomers 

(Fig. 3). As discussed above, the positive charge resulting 

from the protonation of N(3) of qH2Bip is stabilized by the 

electronic donation of the amino group (Scheme 1), whereas it 

is localized in protonated H2Bip (Fig. 3, Tables SI1, and SI2). 

Thus, the solvation of the ions with isopropanol is more favor-

able for H2Bip than for qH2Bip, which would explain the 

weaker CV shift observed for the latter (-8.5 V) than for the 

former (-18.2 V).  

Taken together these results show that addition of IPA in the 

carrier gas results in the separation of all protonated oxidation 

products from protonated H4Bip, including H2Bip isomers, 

Bip, and Ptr with a resolution higher than 1.3 in all instances 

(Fig. 4b). While the separation of H4Bip and its oxidation 

products H2Bip, Bip, and Ptr can be easily achieved by current 

chromatographic methods, this is the first report of separation 

of qH2Bip from H2Bip. 

 

 

Figure 4: DMS-MS chromatograms (pH 2.3) plotted as a 

function of the compensation voltage (CV in V), (a) without or 

(b) with isopropanol (IPA) addition (5 µl.min
-1

) to the carrier 

gas (N2). The mean value of CV standard deviation is 0.1 V. 

(a) H4Bip, H2Bip, and Bip chromatograms; (b) evolution of 

relative peak areas as a function of the incubation time, and (c) 

kinetics of H4Bip autoxidation as a function of the incubation 

time.  

Interesting new insights into the kinetics of autoxidation of 

H4Bip could also be derived from modifier-assisted DMS-MS 

experiments. In particular, qH2Bip is still present in the medi-

um at a relatively high percentage (18 %) as compared to 

H4Bip after 73 hours of incubation at ambient temperature 

(Fig. 4c, red line). This result questions previous reports where 

qH2Bip half-life time varies from 0.9 to 3.5 min 
26

 or 5.0 min 
28

 at the most. In order to clarify this point, we analyzed fur-

ther the evolution of the DMS XIC of a fresh H4Bip solution 

as a function of the incubation time. 
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As can be seen in figure 4c, H4Bip decreases bi-

exponentially with a terminal half-life value of about 40 hours. 

More precisely, the relative percentage of H4Bip drops to 64 

% after 7 hours of incubation, and then slowly decreases to 

reach about 24 % after 73 hours of incubation. Leaving aside 

the first minutes of stock solution defrosting and working 

solution preparation, the half-life value of qH2Bip can be 

estimated to around 1.7 hours. Although experimental condi-

tions are different, these results are rather consistent with 

previous reports where, in acidic medium (0.1 mol/l HCl) 

without antioxidants, a significant fraction of H4Bip is still 

present after 20 hours of incubation, suggesting that H4Bip 

half-life value should be on the order of several hours.
18

 

At the start of incubation, relative ion population associated 

with m/z 240>166 transition characteristic of qH2Bip is about 

14 % of the total peaks area while the relative areas of other 

oxidation products such as H2Bip, Bip, and Ptr only represent 

less than 1.5 %, 1 %, and 0.6 %, respectively (Fig. 4c). These 

products can be attributed to the autoxidation of a fraction of 

H4Bip during the procedures of preparation/conservation of 

the stock solutions and preparation/incubation of the working 

solutions. 

The relative area of qH2Bip increases up to about 30 % dur-

ing the first 7 hours, and then starts to slowly decrease to reach 

about 18 % at 73 hours (Fig. 4c). After 4.7 hours of incuba-

tion, the relative area of the H2Bip peak in turn begins to 

slowly increase to reach 19.7 % at 73 hours (Fig. 4c). This 

behavior is consistent with an autoxidation of H4Bip to 

qH2Bip, which in turn slowly rearranges into H2Bip. Along 

with the increase of H2Bip, the relative peak area of its autox-

idation product Bip simultaneously increases to reach about 30 

% at 73 hours. At the end of the experiment, the relative peak 

area of Ptr, which probably arises from the autoxidation of 

qH2Bip, reaches about 8 %. 

Pioneering work carried out in 1987
18

 already showed that 

H4Bip breakdown at room temperature does not generate 

equivalent quantities of H2Bip and Bip. Since then, no study 

added more insights on this point. The data reported herein 

provide a more complete picture of the autoxidation of H4Bip. 

In addition to H2Bip and Bip, our results clearly show that the 

breakdown of H4Bip still produces qH2Bip after several hours 

of incubation. As qH2Bip is the first oxidation product of 

H4Bip and as it slowly isomerizes into H2Bip, a significant 

fraction of qH2Bip is still present after 73 hours of incubation. 

H4Bip decomposition also leads to pterin release, although at 

a very low yield (Fig. 4). A precise quantification based on 

internal standardization will be performed with DMS hyphen-

ated to a triple quadrupole instrument. This work is currently 

in progress in our laboratory. 

The evolution of the abundance of qH2Bip during incuba-

tion, at least from 7 to 53 hours, shows the existence of a 

steady state between its production through autoxidation of 

H4Bip and its transformation into H2Bip (Fig. 4c). The rate of 

formation of qH2Bip from autoxidation of H4Bip should thus 

be very close to that of its conversion to H2Bip (Fig. 4c). Our 

data also show that the half-life of the qH2Bip conformer is 

almost equivalent to that of H4Bip, i.e. about 1.7 hours under 

our experimental conditions. This result disagrees with all 

other previously reported half-lifes varying between 0.9 
26 

and 

5 min.
17

 The observed discrepancies may be attributed to the 

differences in pH, temperature, and type of buffer as previous-

ly suggested.
13

 Nonetheless, previous results observed without 

separation of qH2Bip deserve to be revisited with the pro-

posed method of separation.  

 

CONCLUSIONS 

 

We herein provide evidence that qH2Bip and 7,8-H2Bip 

isomers can be distinguished based on their MS/MS transi-

tions. In addition, structural information on these isomers is 

derived from a combination of quantum chemical calculations 

and infrared photodissociation spectroscopy. From a funda-

mental point of view, it is important to underline that both 

DMS and IR data can be simply interpreted by considering the 

geometrical and electronic structure of both isomers.  

Using DMS hyphenated to mass spectrometry, these isomers 

can be baseline resolved from H4Bip and its other oxidation 

products, which allows for their quantification. Since qH2Bip 

half-life is nearly equivalent to that of H4Bip, these results 

show the importance of integrating the quantification of 

qH2Bip into current methods of pterins analysis. This would 

improve the accuracy in terms of diagnosis of H4Bip deficien-

cies, pharmacokinetics, and therapeutic monitoring, during 

H4Bip supplementation, as well as quality control of H4Bip-

based drugs. 

DMS-MS/MS is clearly a valuable alternative separation 

method for pterins profiling as already proposed for other 

metabolites.
35, 42-48

 An interesting advantage of DMS is that it 

is a solvent-free separation method. As part of our effort for 

green chemistry, it can thus be expected that hyphenated to 

highly sensitive MS/MS instruments such as triple quadrupole 

ones, ion mobility-based instrument will inexorably comple-

ment or even replace current LC-MS/MS methods of molecu-

lar analysis. 

Supporting Information. Quantum chemical calculations (Fig. 

SI1, Tables SI1, and SI2), MS/MS spectra (Fig. SI2), and Table 

SI3 (effects of modifier addition) are supplied as Supporting 

Information. “This material is available free of charge via the 

Internet at http://pubs.acs.org.” 
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