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Gas phase derivatization in peptide analysis I:
the utility of trimethyl borate in identifying phosphorylation sites
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Abstract

Phosphopeptides can readily lose H3PO4 during collision-activated dissociation (CAD) and this process can complicate efforts to use
mass spectrometry to identify phosphorylation sites in peptides. As a part of a larger project aimed at surveying the gas phase reactivity of
peptide ions, protonated phosphopeptides were derivatized in the gas phase by trimethyl borate (TMB) and subjected to CAD. During the
reaction and subsequent CAD, three CH3OH molecules are lost to give a peptide derivative that contains boron [M+ B − 2H]+. This ion
undergoes backbone cleavages when subjected to CAD. In simple phosphopeptides, AGGsG, GsGGV, AKsF, and AKtF (lower case indicates
phosphorylated residue), the boron derivatization enhances the yields of phosphate-containing sequence ions. In accord with previous work,
it appears that the boron can bind to the phosphate as well as nearby nucleophilic sites and inhibit phosphate cleavage. The method was
also applied to hexapeptides containing two potential phosphorylation sites (i.e., two serines), VSGAsA and LsGASA. In the former, boron
derivatization leads to phosphate-containing sequence ions with greater relative intensities and provides ample information for identifying the
phosphorylation site. The effect is less dramatic with LsGASA presumably because there is a greater amount of non-selective derivatization
(i.e., away from the phosphate). Overall, the results suggest that boron derivatization is a potentially promising new tool for identifying
phosphorylation sites in peptides where more than one site is available.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Protein phosphorylation plays an important role in many
biological processes[1–4] and there has been much inter-
est in the development of mass spectrometric methods for
identifying phosphorylation sites[5–24]. Because phospho-
rylation is a post-translational modification, the site cannot
be inferred by analysis of the DNA coding of the protein.
Instead, the protein itself must be probed. Often the pro-
tein can be cleaved by proteolytic enzymes to give peptides
whose mass shifts (+80 Da) can be used to identify the phos-
phorylation sites. This assumes that each peptide contains
only one residue that could potentially be phosphorylated.
In cases where the phosphorylated peptide contains more
than one of the typically phosphorylated residues (i.e., ser-
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ine, threonine, or tyrosine), the situation is more compli-
cated and the peptide must be probed by collision-activated
dissociation (CAD) experiments. Unfortunately, the CAD
analysis of peptides containing phosphorylated serines and
threonines has been hampered by the fact that the phosphate
group is relatively labile and is easily lost during the pro-
cess in the form of H3PO4 [25,26]. Moreover, the product
of phosphate loss can be indistinguishable from the product
of H2O loss from a non-phosphorylated serine or threonine
residue[12,20] (alkene formation is usually assumed, but
O’Hair and co-workers have shown that H3PO4 loss in small
peptides prefers an internal cyclization pathway rather than
an elimination pathway[27]). In any case, H3PO4 loss can
greatly complicate the determination of peptide phospho-
rylation sites. More recently, Zubarev[19] and McLafferty
[18] have shown that electron-capture dissociation (ECD) is
less susceptible to H3PO4 loss than CAD.

To address the problem of H3PO4 loss during CAD, we
have sought gas phase reactions that could be used to sta-
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bilize the phosphate linkage in peptides containing a phos-
phorylated serine or threonine, and therefore produce more
phosphate-containing sequence ions. This would simplify
the analysis of CAD spectra and lead to a more conve-
nient determination of the phosphorylation site in peptides
with more than one potential site. In 2001, we reported that
trivalent boron species, such as borane and trimethyl bo-
rate (TMB), react readily in the gas phase with amino acids
[28] and phosphate-containing species such as phosphopep-
tides[29]. In collaboration with the O’Hair group (Univer-
sity of Melbourne), we also showed that the boron reagents
could cross-link multiple nucleophilic groups even in weakly
bound complexes[30]. For example, when TMB is allowed
to react with the hydrogen-bonded complex of dihydrogen
phosphate and acetic acid, addition with loss of CH3OH is
observed. Even during the first CAD cycle, CH3OH loss is
observed rather than expulsion of either of the partners in
the initially weakly bound complex (Scheme 1). In addition,
CAD of the reaction product of TMB with deprotonated
phosphoserine led to only a modest yield of dephosphory-
lation products, H2PO4

− and PO3
−. More recently, Leary

and co-workers have reported several instances where boron
derivatization provides useful modifications to the fragmen-
tation behavior of phosphorylated saccharides[31,32].

The results from our lab suggested that boron reagents
might be able to stabilize phosphate linkages in phosphory-
lated peptides by cross-linking the phosphate to other, nearby
nucleophilic groups on the peptide. As a result, a greater
number of phosphate-containing sequence ions could be re-
alized during CAD analysis, and therefore it would be more
straightforward to determine the site of phosphorylation in
peptide where the sequence alone did not identify the phos-
phorylation site. The approach is somewhat akin to methods
based on derivatizing the phosphopeptide in solution before
mass spectrometric analysis[14–16].

To test this hypothesis, we initially have focused on model
systems where the peptide is small and contains a single
phosphorylated residue. As a derivatization reagent, we have
used TMB. By comparison with the CAD spectra of the

underivatized peptide, we can assess the efficacy of the bo-
rate in generating a greater number and relative intensity of
phosphate-containing sequence ions. In addition, we have
included in the study peptides with two serines, one that is
phosphorylated and one that is not. This provides a direct
test of the method in a system where the phosphorylation
site would not be evident from the amino acid sequence.

2. Methods

All experiments were completed in a modified Finnigan-
LCQ quadrupole ion trap with an electrospray ionization
(ESI) source. The instrument is equipped with an external
gas manifold that allows reagents to be mixed into the he-
lium buffer gas of the ion trap[33–35]. Liquid reagents are
introduced into a measured, fast flow of helium by a syringe
pump. Although no rates were measured in the present study,
the apparatus is suitable for kinetic studies[35]. We devel-
oped this approach a number of years ago and it provides
a convenient method for studying gas phase ion molecule
reactions at near thermal energies[33].

The peptides were obtained from United Biochemical
Technologies (Seattle, WA, USA) and used without further
purification. Typical conditions were used in the ESI source
to generate the peptide ions. For the derivatization experi-
ments, the external manifold was used to spike the helium
buffer gas with the derivatization reagent. The peptide ion
was isolated with a notched waveform and then held in the
trap for a preset time delay to allow for reactions with the
derivatization reagent. By varying the time delay and the
derivatization reagent’s partial pressure, the extent of reac-
tion is conveniently controlled. The appropriate product ion
was then isolated by applying a notched waveform and was
subjected to CAD. This process was repeated until sequence
ions were generated. Because the derivatization reagent is
in the trap throughout the experiment, secondary reaction
product ions are formed, but this problem can be minimized
by careful choice of the time delays (typically 2–3 s for reac-
tions and 30 ms for subsequent CAD activation) and reagent
pressure. CAD spectra in the absence of the derivatization
reagent were generated in the normal way.

TMB as well as the ESI solvents were obtained from
commercial sources and used without further purification.

3. Results

3.1. AGGsG

This peptide contains only simple amino acids with no
side chain functional groups except for a single phosphory-
lated serine.Fig. 1ashows the CAD spectrum of protonated
AGGsG (lower case ‘s’ indicating phosphorylated serine).
The parent ion is atm/z = 428 and the spectrum is domi-
nated by a peak atm/z = 330, which corresponds to the loss
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Fig. 1. (a) CAD spectrum of protonated AGGsG. Parent ion atm/z = 428.
(b) Spectrum from reaction of protonated AGGsG with TMB. Parent ion
at m/z = 428. Small mass shifts seen with multiple addition products
are a mass scanning artifact that occasionally occurs with adducts in the
ion trap. (c) CAD spectrum of AGGsG(+B − 2H)+ ion (m/z = 436).
The signal labeled with a symbol (#) is a secondary reaction product,
b4 +TMB −2CH3OH. Sequence ions are labeled, but some ions resulting
from the loss of small molecules (i.e., H2O) are not.

of H3PO4. The only significant sequence ion is atm/z = 353
(b4). Very small signals occur atm/z = 410 (loss of H2O),
m/z = 312 (loss of H3PO4 and H2O), m/z = 282 (GGs),
andm/z = 255 (b4 − H3PO4).

When protonated AGGsG is allowed to react with TMB,
the major product is addition with the loss of CH3OH
(Fig. 1b). In addition, signals are seen for multiple addi-
tions of TMB. As in our earlier work[30], CAD of the
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addition products mainly leads to the sequential loss of all
the boron ligands as CH3OH molecules (Scheme 2) rather
than peptide cleavages. Applying CAD conditions to the
reaction product ion, AGGsG(+B(OCH3)2)+, eventually
leads to AGGsG(+B − 2H)+. Therefore, the derivatization
with TMB effectively adds 8 Da to the ion as a result of
incorporating boron (isotope 11) and losing three hydro-
gens from the peptide to form the three CH3OH molecules
that are expelled. As shown previously, these hydrogens
are likely to come from relatively acidic sites in the pep-
tide [28]. The “+8” ions will be the key players in this
study because CAD of them leads to sequence ions. All
of the protonated peptides in the study follow the general
reaction/CAD pattern outlined inScheme 2.

Fig. 1cshows the CAD spectrum of the derivatized pep-
tide ion, AGGsG(+B−2H)+. The effect of the TMB deriva-
tization is dramatic and the dominant ion now is a b4 species
containing the boron (m/z = 361). Throughout the text,
boron-derivatized ions will be indicated by an asterisk (e.g.,
b∗

4). Loss of H2O (m/z = 418) and H3PO4 (m/z = 338) are
also large peaks in the spectrum. Smaller signals are seen at
m/z = 401 (loss of H2O and NH3) andm/z = 320 (loss of
H3PO4 and H2O). Fig. 1a and chave no peaks in common
so it is clear that the boron generally is being retained during
the fragmentation process and is greatly affecting the path-
ways. More importantly, it is inhibiting the loss of phosphate
during CAD.

3.2. GsGGV

This peptide is much like the previous one except that
the phosphorylated serine is near the N-terminus rather
than the C-terminus. The CAD spectrum of protonated
GsGGV (m/z = 456) is very simple and the only strong
peak is the result of H3PO4 loss (Fig. 2a). No significant
phosphate-containing sequence ions are seen in the spec-
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Fig. 2. (a) CAD spectrum of protonated GsGGV. Parent ion atm/z = 456.
(b) CAD spectrum of GsGGV(+B − 2H)+ ion (m/z = 464). Sequence
ions are labeled, but some ions resulting from the loss of small molecules
(i.e., H2O) are not.

trum! When treated with TMB, addition with the loss of
two CH3OH molecules dominates, and this product yields
GsGGV(+B − 2H)+ during CAD. When subjected to CAD
conditions, the boron-derivatized peptide (m/z = 464) also
produces a relatively simple spectrum (Fig. 2b), but H3PO4
loss is almost completely inhibited. Instead the dominant
products are atm/z = 446 (loss of H2O) andm/z = 347
(b∗

4). A small signal is seen for an a∗
5 ion at m/z = 418

(i.e., loss of H2O and CO). The b∗4 ion is nearly 10 times
more intense in this spectrum than the ion corresponding to
H3PO4 loss. Clearly, boron-derivatization can have a dra-
matic impact on the stability of the phosphate linkage in a
phosphopeptide.

3.3. AKsF

In the previous peptides, all of the amino acids, with
the exception of the phosphorylated serine, had alkyl side
chains. In this peptide, a much more reactive residue, ly-
sine, has been incorporated to test the effect of added nucle-
ophilic groups (i.e., the amino side chain of the lysine) on
the ability of the boron to inhibit phosphate cleavage.Fig.
3ashows the CAD spectrum of protonated AKsF. The dom-
inant ion in the spectrum ism/z = 434, which corresponds
to the loss of H3PO4. The other major fragment ism/z =

Fig. 3. (a) CAD spectrum of protonated AKsF. Parent ion atm/z = 532.
(b) CAD spectrum of AKsF(+B − 2H)+ ion (m/z = 540). Sequence ions
are labeled, but some ions resulting from the loss of small molecules
(i.e., H2O) are not.

497, which corresponds to a loss of H2O and NH3. Smaller
signals are seen atm/z = 514 (loss of H2O), m/z = 416
(loss of H3PO4 and H2O), andm/z = 399 (loss of H3PO4,
H2O, and NH3). The only significant sequence ions appear
atm/z = 367 (b3), m/z = 333 (y2), m/z = 269 (b3−H3PO4),
and m/z = 200 (b2). Of these, only b3 and y2 correspond
to phosphate-containing ions and their intensities are only
about 5–10% relative to the loss of H3PO4 (m/z = 434).

When treated with TMB, addition occurs and up to three
CH3OH molecules are lost (Eq. (1)). We have noticed that
when the peptide contains many nucleophilic groups, it is
possible to lose all the boron ligands during the initial re-
action. As before, ions that have not lost all three CH3OH
molecules will undergo CH3OH expulsion during CAD to
eventually give the “+8” ion.

AKsF(+H)+
m/z=532

+ (CH3O)3B

→ AKsF(+B − 2H)+
m/z=540

+ 3CH3OH (1)

When the ion atm/z = 540 is isolated and subjected to
CAD, the spectrum shown inFig. 3bresults. The spectrum
is much richer than with the underivatized peptide and there
are many peaks with similar intensities. The dominant peaks
are m/z = 522 and 523 (loss of H2O and NH3, respec-
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tively), but m/z = 442 (loss of H3PO4) is also strong. The
most interesting products in the spectrum are the sequence
ions. At m/z = 393, there is a relatively strong signal for
a (b∗

3 + H2O) ion that retains the phosphate and the boron
derivatization (this type of C-terminal cleavage ion is often
seen with metal cationized peptides)[36,37]. Large peaks
also appear for a∗4 (m/z = 494) and y∗3 (m/z = 469) ions.
Signals for derivatized b∗3 and b∗3 − H2O ions are seen at
m/z = 375 and 357. Atm/z = 277, a weak signal is seen
for a b∗

3 + H3PO4 ion. Finally, strong signals are also seen
for derivatized b∗2 and a∗2 ions (m/z = 208 and 180, respec-
tively). The latter two ions are interesting because they re-
tain the boron despite losing the phosphate with the serine
residue at position 3. Clearly, the reaction of the borate with
a peptide is complicated and addition may occur at more
than one site. Here, it is possible that the boron is interacting
with the lysine at position 2 and directing the cleavage at that
residue to give the b∗2 and a∗2 ions. In any case, the enhanced
yield of phosphate-containing sequence ions again suggests
that the borate generally helps to stabilize the phosphate
linkage.

Spectra were also taken in the negative ion mode for
this peptide. Under these circumstances, loss of H3PO4 was
the exclusive fragmentation pathway from the underivatized
peptide. TMB readily derivatized the deprotonated peptide,
but during CAD, H3PO4 loss still dominates the spectrum
although the boron is retained with the peptide (spectra not
shown). The only significant difference in the fragmentation
pattern is that H2O loss is also seen in the spectrum as a
minor ion. From these and other results, we have concluded
that the lability of the phosphate group in deprotonated pep-
tides will not allow the boron derivatization to significantly
enhance phosphate retention.

3.4. AKtF

In this peptide, the only change is that the phosphate is
borne by a threonine rather than a serine residue. The CAD
spectrum of the protonated peptide is shown inFig. 4a. The
dominant fragment ion occurs atm/z = 448, which is the
result of H3PO4 loss. Other prominent ions in the spectrum
correspond to the loss of H2O and NH3 (m/z = 511), the
loss of H3PO4 and H2O (m/z = 430), a b3 ion (m/z = 381),
a y2 ion (m/z = 347), a b3 − H3PO4 ion (m/z = 283), a
y2 − H3PO4 ion (m/z = 249), and a b2 ion (m/z = 200). Of
the sequence ions, only the b3 and y2 ions retain the H3PO4.
Fig. 4b shows the CAD spectrum of the boron-derivatized
peptide. At m/z = 554 is the parent ion resulting from
the addition of TMB followed by the loss of three CH3OH
molecules. The dominant peaks in the spectrum correspond
to loss of NH3 (m/z = 537), H2O (m/z = 536) and H3PO4
(m/z = 456). There are several significant sequence ions in
the spectrum, including a∗4 (m/z = 508), y∗3 (m/z = 483),
b∗

3 + H2O (m/z = 407), b∗3 (m/z = 389), b∗3 − H2O (m/z =
371), b∗3 − H3PO4 (m/z = 291), b∗2 (m/z = 208), and a∗2
(m/z = 180). Overall, the two derivatized peptides, AKsF

Fig. 4. (a) CAD spectrum of protonated AKtF. Parent ion atm/z = 546.
(b) CAD spectrum of AKtF(+B − 2H)+ ion (m/z = 554). Sequence ions
are labeled, but some ions resulting from the loss of small molecules
(i.e., H2O) are not.

and AKtF, give similar fragmentation patterns with almost
equivalent information content. Moreover, it is clear that the
derivatization can lead to additional phosphate-containing
sequence ions from the peptides.

3.5. VSGAsA

VSGAsA provides a more challenging peptide because
it contains two potential sites for phosphorylation, the two
serines. In this case, the serine near the C-terminus is phos-
phorylated. The CAD spectrum of the protonated peptide
is shown inFig. 5a. Loss of H3PO4 dominates this spec-
trum. The significant sequence ions in the spectrum are b5
(m/z = 482), b5 − H3PO4 (m/z = 384), y4 (m/z = 385),
b4 (m/z = 315), and y4 − H3PO4 (m/z = 287). Of these,
the b5 and y4 ions retain the phosphate, but are weak sig-
nals compared to H3PO4 loss. Their intensities are only 3
and 7%, respectively, relative to the peak corresponding to
H3PO4 loss. The critical peak is the y4 ion because it re-
tains the phosphate, but does not include the other serine
(residue 2). Consequently this ion could be used as defini-
tive proof that the phosphate is located on the serine at
residue 5.

The spectrum resulting from the fragmentation of the
derivatized peptide (+TMB−3CH3OH) is shown inFig. 5b.
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Fig. 5. (a) CAD spectrum of protonated VSGAsA. Parent ion atm/z = 571.
(b) CAD spectrum of VSGAsA(+B − 2H)+ ion (m/z = 579). Sequence
ions are labeled, but some ions resulting from the loss of small molecules
(i.e., H2O) are not.

The base peak is for loss of H3PO4 (m/z = 481) and sig-
nificant peaks also are seen for H2O loss (m/z = 561) as
well as H3PO4 combined with H2O loss (m/z = 463). The
major derivatized sequence ions are b∗

5 (m/z = 490), y∗4
(m/z = 393), b∗5 − H3PO4 (m/z = 392), b∗4 (m/z = 323),
and y∗4 −H3PO4 (m/z = 295). Each of these signals is mod-
erately strong and has an intensity that is about 5–10% rel-
ative to the base peak (H3PO4 loss). As noted above, the
key ions are those that retain the phosphate, but have lost
the non-phosphorylated serine. For the derivatized peptide,
y∗

4 fits these criteria. In addition, a y3 ion (m/z = 328) also
appears in the spectrum and provides evidence of the phos-
phorylation site despite having lost the boron derivatization
with the neutral fragment.

3.6. LsGASA

This hexapeptide has nearly the same structure as the pre-
vious one, but the site of phosphorylation has been shifted
from residue 5 to residue 2. In this case, the most valuable
sequence ions will be bn ions containing the phosphory-
lated serine. The CAD spectrum of the protonated peptide is
shown inFig. 6a. The parent is atm/z = 585 and again the
major fragment results from loss of H3PO4 (m/z = 487). A
large signal is also seen for loss of H2O (m/z = 567). The

Fig. 6. (a) CAD spectrum of protonated LsGASA. Parent ion atm/z = 585.
(b) CAD spectrum of LsGASA(+B − 2H)+ ion (m/z = 593). Sequence
ions are labeled, but some ions resulting from the loss of small molecules
(i.e., H2O) are not.

most intense sequence ions are b5 (m/z = 496), b5 − H2O
(m/z = 478), b4 (m/z = 409), b5−H3PO4 (m/z = 398), and
b4−H3PO4 (m/z = 311). Only one of these ions definitively
identifies the phosphorylation site, b4, but it is relatively in-
tense in this spectrum.

The spectrum resulting from CAD of the TMB-derivatized
peptide is shown inFig. 6b. Here, the parent ion (LsGASA+
TMB − 3CH3OH + H+) is at m/z = 593. Strong signals
are seen in the spectrum for the loss of H2O (m/z = 575)
and H3PO4 (m/z = 495). The major sequence ions are b∗

5
(m/z = 504), b∗4 (m/z = 417), b4 (m/z = 409), a4 (m/z =
381), and b4 − H3PO4 (m/z = 311). The latter two sig-
nals are very weak. Like the spectrum of the underivatized
peptide, the b4 ion provides sufficient information to deter-
mine the site of phosphorylation. The b∗

4 ion also points out
the phosphorylation site, but is very weak. Here, derivati-
zation offers little advantage because clear evidence of the
phosphorylation site was apparent in the absence of deriva-
tization. Moreover, the phosphorylated sequence ions ap-
pear to be relatively weaker in the CAD spectrum of the
derivatized peptide. Because the derivatization process sig-
nificantly reduces the overall ion signal (unwanted ion pro-
duction and losses from multiple CAD cycles), it has a nega-
tive impact if the CAD spectrum does not contain additional
information.



S. Gronert et al. / International Journal of Mass Spectrometry 231 (2004) 179–187 185

4. Discussion

It is clear that the boron derivatization can have an im-
pact on the fragmentation patterns of the phosphorylated
peptides, and across the series of six peptides, the boron
derivatization has a variety of effects on the CAD spec-
tra. In the simplest of the peptides, AGGsG and GsGGV,
the impact is very impressive and greatly enhances the
yield of phosphate-containing sequence ions, specifically
b4 ions. Here, the boron derivatization does not alter the
fragmentation pathways (i.e., the same sorts of ions gen-
erally are seen), but phosphate loss is inhibited. With the
lysine-containing species, AKsF and AKtF, phosphate loss
is inhibited to a large extent, and richer spectra result from
the boron-derivatized ions. In addition, there is evidence
of new pathways (i.e., the a∗

2 ions) and the retention of
boron on the non-phosphorylated portion of the peptide.
In the most complicated peptides, VSGAsA and LsGASA,
the impact of the boron is more limited. In the former,
there is an enhancement in the relative intensities of the
phosphate-containing ions (about twofold), but H3PO4 loss
is the dominant pathway. In the latter, the derivatization has
almost no impact on the CAD spectrum of the peptide. To
better understand the effect of boron derivatization, three
questions need to be addressed: (i) where does the boron add
to the peptide chain, (ii) what is its mode of action, and (iii)
why is it more effective in some cases rather than others.

4.1. Site of derivatization

From our previous work, we found that boron has a rea-
sonably high affinity for phosphate groups and can have a
bidentate linkage with the phosphate[30]. There seems to
be a fairly delicate balance between the boron being tri- or
tetracoordinate so the peptide must provide three to four nu-
cleophiles to bind to the boron. Finally, the boron linkages
are relatively labile so during CAD, extensive structural rear-
rangements are possible. Even in a small peptide, like AKsF,
there are seven potential nucleophilic sites (C-terminus,
N-terminus, three amide bonds, lysine side chain, and
the phosphate). This leads to numerous, possible bonding
schemes. Moreover, there is no reason to believe that they
would retain their structural integrity during CAD. As a re-
sult, it is not possible to make any definitive statements about
the coordination of the boron to the peptide. However, some
broad generalizations can be ascertained from the CAD spec-
tra. First, although the boron is retained in the great majority
of the fragment ions, the phosphate is lost from 10 to 70% of
the time, most often with the boron remaining on the peptide.
This indicates that the boron does not always bind tightly
to the phosphate. In the collision complex, it might simply
encounter other nucleophiles on the peptide and react with
them before the phosphate. For example, we have shown in
the past that trivalent boron will react with the neutral amine
group of an amino acid[28]. If the boron is localized on an-
other part of the peptide, it will not have a significant effect

of the stability of the phosphate linkage. The greater effec-
tiveness of the boron in the simpler peptides offers some
support for this analysis. As the size of the peptide grows
and it incorporates more nucleophilic sites, the probability of
non-selective binding to the peptide also grows. Of course,
this has implications on the potential utility of the method
and we are presently investigating size effects. Overall, it
appears that a mixture of selective and non-selective binding
is occurring in the reactions of these peptides with TMB.

4.2. Mode of action

As noted inSection 1, our hope was that the boron would
link to the phosphate as well as other nucleophilic sites on the
peptide and create a bridge to inhibit phosphate expulsion.
To explore the possible bonding schemes, we have turned to
molecular modeling on a simple system,O-phosphoserine
capped on the N-terminus with an acetyl group and on the
C-terminus with anN-methylamide. We have chosen these
end groups to produce a compact species with two peptide
bonds. In the modeling, it was assumed that the boron would
interact with one or both of the peptide bonds as well as
the phosphate. From previous computational work, we have
found that the boron can form either a mono- or bidentate
linkage with the phosphate so both were considered[30].
In addition, it was assumed that the boron could interact
with the nitrogen or oxygen of a deprotonated amide. These
options lead to eight distinct bonding schemes. The confor-
mational space of each one was explored in a Monte Carlo
search using the MMFF force field in MacSpartan[38]. The
geometries of all of the resulting conformers were refined at
the PM3 level in MacSpartan and the five best conformers of
each bonding scheme were subjected to B3LYP/6-31+G(d)
single point calculations in Gaussian98[39]. The best rep-
resentative of each bonding scheme finally was optimized at
the B3LYP/6-31+ G(d) level in Gaussian98. Although this
approach is not guaranteed to identify the global minimum,
it does serve to give an overview of the bonding possibili-
ties and points out the more stable arrangements. The two
most stable structures are shown inFig. 7 and outlined in
Scheme 3. In each case, there is monodentate coordination
to the phosphate and connections to the deprotonated amide
bonds are either through oxygen or nitrogen. This bonding
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Fig. 7. B3LYP/6-31+ G(d) optimized structures of models for the boron derivatization product of theN-methylamide ofN-acetyl-O-phosphoserine. See
Scheme 3for an outline of the bonding scheme.

leads to a bicyclic, cage-like structure. There is not a large
variation in the energies of the different bonding schemes,
and the structure on the left is about 2 kcal/mol more sta-
ble than the one on the right. However, the species with
a monodentate boron/phosphate linkage tend to be about
10–20 kcal more stable than the ones with a bidentate link-
age. It is easy to imagine how bonding schemes, like those
shown inFig. 7, would aid in phosphate retention. Instead of
a single bond cleavage to release the phosphate, two bonds
must fracture. Entropically, this is less favorable and it is
likely that it also makes phosphate cleavage enthalpically
less favorable. The fact that it is rare in the spectra to see the
combined loss of the phosphate and the boron also suggests
that if the boron binds to the phosphate, it is also making
strong linkages to other sites so that it cannot be expelled
simply by cleaving the phosphate bond. Of course, these
model systems are very simple and do not allow for the pos-
sibility of boron bonding to a side chain functional group or
a terminal functional group (amine or carboxylic acid), but
they do provide a glimpse into the possible mode of action
of the boron derivatization.

4.3. Structure/reactivity relationships

Given that only a few peptide sequences have been sur-
veyed to date, it is not possible to make definitive state-
ments about the scope of the method or the effect of side
chain functional groups on the fragmentation patterns. The
boron derivatization had the greatest effect on the two se-
quences that did not contain side chain nucleophiles, AG-
GsG and GsGGV. It was also effective in the compact,
lysine-containing peptides, AKsF and AKtF. There are two
factors that seem to be responsible for the greater efficacy
in these peptides. First, the smaller size limits the number of
nucleophilic sites in the peptide and makes it more probable
that the phosphate is one of the ligands on the boron. Second,
if the nucleophilic side chain is near the phosphate, it could
coordinate to it through the boron and lead to stabilization

of the phosphate linkage. This type of coordination could
occur, but to form a linkage from the boron to the phos-
phate as well as the lysine’s amino group would require a
14-membered ring, which is not favored entropically relative
to the formation of smaller rings, such as those inScheme 3.
However, the unusually strong signals for boron-derivatized
a2 and b2 ions in the spectra suggest that the boron may fa-
cilitate cleavage of backbone bonds on the C-terminal side
of lysines. In this role, it is likely that the boron does not
interact with the phosphate group because it is not lost with
the phosphate-bearing residue. Boron reagents are known to
act as Lewis acids and can catalyze nucleophilic cleavage
of carboxylic acid derivatives, such as amides[40].

The hexapeptides with two serines gave less satisfactory
results. In VSGAsA, the boron is somewhat effective in re-
taining the phosphate on the peptide fragments. However, it
has no positive impact on the CAD spectra of LsGASA and
some of the fragment ions do not contain the boron. One
rationalization is that in this peptide, there are two good nu-
cleophilic and acidic sites near the C-terminus (serine hy-
droxyl and the C-terminal carboxylic acid) and they com-
pete with the phosphate in the derivatization process. This
is supported by the fact that CAD of derivatized LsGASA
leads to several a and b ions that do not contain the boron.
Assuming much of the derivatization occurs away from the
phosphate, it is not surprising that it is less effective in re-
taining the phosphate in this peptide. As noted above, this
result does lead to some questions about the scope and gen-
erality of the approach, especially in larger peptides with
many nucleophilic sites. We currently are investigating this
issue with a greater variety of peptides.

5. Conclusions

TMB reacts readily with small protonated peptides to give
addition products that sequentially lose methanol molecules
in the reaction and during CAD. After all the boron ligands



S. Gronert et al. / International Journal of Mass Spectrometry 231 (2004) 179–187 187

have been displaced, backbone cleavages are observed and
sequence ions are formed. In most cases, the boron derivati-
zation inhibits phosphate cleavage and leads to greater rela-
tive intensities for the phosphate-containing sequence ions.
As a result, treatment with TMB can aid in the analysis of
phosphorylation sites in peptides. As a test, the boron deriva-
tization methodology was applied to two small peptides,
LsGASA and VSGAsA, that contain more than one possi-
ble phosphorylation site (i.e., two serines). In VSGAsA, the
boron enhances the yield of phosphate-containing sequence
ions and allows for a straightforward identification of the ser-
ine that is phosphorylated. In contrast, boron-derivatization
has a limited impact on LsGASA and provides little addi-
tional information. However, identification of the phospho-
rylation site is also straightforward in this peptide because
it produces an intense b4 ion in the presence and absence of
boron. These results suggest that boron derivatization is not
wholly selective for phosphates, but could be very useful in
some circumstances. Presently, we are testing the general-
ity of the methodology with a wider range of peptides and
exploring the utility of other trivalent boron reagents.
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