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Trivalent boron species readily react with protonated phosphopeptides to give addition
products with the loss of boron ligands. In the present study, trimethoxyborane (TMB),
diisopropoxymethylborane (DIPM), and diethylmethoxyborane (DEMB) were allowed to react
with four phosphopeptides, VsSF, LSsF, LsGASA, and VSGAsA (lower-case s indicates
phosphoserine). Each of the phosphopeptides contains one serine that is phosphorylated and
one that is not. Under collision-activated dissociation (CAD) conditions, the boron-derivatized
peptides give fragmentation patterns that differ significantly from that of the protonated
phosphopeptide. The patterns vary, depending on the number of labile (i.e., alkoxy) ligands on
the boron. In general, boron derivatization increases the yield of phosphate-containing
sequence ions, but dramatic effects are only seen with certain reagent/peptide combinations.
However, the suite of reagents provides a means of altering and increasing the information

content of phosphopeptide CAD spectra.
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modification in proteins and has been the subject

of intense interest in recent years [1-4]. It is an
important control mechanism of cellular activity and
plays a variety of other roles in biological systems.
Phosphorylation levels are often low, so highly sensi-
tive analytical techniques, such as mass spectrometry,
are needed [5]. Although mass analysis of the peptides
derived from the digestion of phosphoproteins is a
powerful tool for identifying phosphorylation sites
[6-18], it gives ambiguous results if the peptide con-
tains more than one of the commonly phosphorylated
amino acids, serine, threonine, or tyrosine. Identifica-
tion of the phosphorylation site in these cases requires
fragmentation of the peptide and the CAD process with
phosphopeptides is plagued by H;PO, loss rather than
sequence ion formation, which greatly complicates the
analysis [19, 20]. However, electron-capture dissocia-
tion is less prone to this problem [14, 15, 18]. Recently
we showed that treatment with trimethoxyborane
(TMB) in the gas-phase before fragmentation has a
strong influence on the breakdown of phosphopeptides
and can lead to more fragments that retain the phos-
phate [21, 22]. As a result, boron derivatization provides
a novel approach for gaining additional information

Phosphorylation is a critical post-translational
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about phosphorylation sites. More recently, others have
used boron derivatization to analyze sugars [23, 24] and
nucleotide [25].

In the present work, we begin with a computational
study focused on the competition between H;PO, loss
and peptide cleavage in a model peptide, the N-methyl
amide of Gs (lower-case s indicates phosphoserine).
Next, experiments are presented that illustrate how the
nature of the boron reagent as well as subtle variations
in the phosphopeptide structure can have dramatic
effects on the fragmentation behavior during CAD. The
results suggest that derivatization experiments can be
tailored to acquire the information needed to determine
the phosphorylation site. For this study, we have fo-
cused on two very similar tetrapeptides, LSsF and VsSF
that contain adjacent serines, one of which is phosphor-
ylated. This situation provides a reasonably demanding
test of a method’s ability to identify a phosphorylation
site. In addition, we have included two peptides from
previous work, VSGAsA and LsGASA [22]. Three bo-
ron reagents have been used: trimethoxyborane (TMB),
diisopropoxymethylborane (DIPM), and diethylme-
thoxyborane (DEMB). The major change across this
series is the number of labile ligands (alkoxy) on the
boron. This variation has an impact on the number of
coordination sites that the boron has available for
binding to the phosphopeptide. The data show that
both the location of the phosphorylation site and the
coordination state of the boron has a marked effect on
the fragmentation pattern of the phosphopeptide.
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Methods

All experiments were completed in a modified Finni-
gan-LCQ (San Jose, CA) 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 helium buffer gas of the
ion trap [26—28]. Liquid reagents are introduced into a
measured, fast flow of helium by a syringe pump. We
developed this approach a number of years ago and it
provides a convenient method for studying gas-phase
ion molecule reactions at near thermal energies [27].
The peptides were obtained from United Biochemi-
cal Technologies (Seattle, WA) and used without fur-
ther purification. For the studies of acetylated peptides,
1 mL of the peptide solution (~ 0.1 mM in a 75/25 mix
of CH;OH/H,0) was treated with 5 uL of acetic anhy-
dride and allowed to react for 2 h. Typical conditions
were used in the ESI source to generate the peptide
ions. For the derivatization experiments, 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 reaction was conveniently controlled. The appropri-
ate product ion was isolated by applying a notched
waveform and then was subjected to CAD. This process
was repeated until sequence ions were generated. Be-
cause the derivatization reagent is in the trap through-
out the experiment, secondary reaction product ions are
formed, but this problem can be minimized by careful
choice of the time delays (typically 2 to 3 s for reactions
and 30 ms for subsequent CAD activation) and reagent

pressure. CAD spectra in the absence of the derivatiza-
tion reagent were generated in the normal way. In
general, final CAD voltages were adjusted to reduce the
parent ion to ~ 25% relative to the base peak in the
spectrum. Higher CAD voltages only had a minor effect
on the observed spectra because the multi-collisional
nature of CAD in the ion trap does not allow for
excessive activation.

TMB, DIPM, DEMB, acetic anhydride, as well as the
ESI solvents were obtained from commercial sources
and used without further purification.

Calculations were completed with the Spartan02 [29]
and Gaussian03 [30] quantum mechanical packages.
Conformational searches were completed at the PM3
level using Spartan02. For the peptide models (Scheme
1), the most stable conformations then were used for
optimizations and subsequent frequency calculations at
the HF/6-31 + G(d) level. All of the species in the study
exhibited the proper number of imaginary frequencies.
Next, optimizations were completed at the MP2/6-31 +
G(d) level. Finally, single-point energies were calcu-
lated at the MP2/6-311 + G(d,p)//MP2/6-31 + G(d)
level. Relative energies reported in Table 1 are at the
MP2/6-311 + G(d,p) level corrected for zero-point
vibrational energies (ZPE, HF values scaled by 0.9153
[31]. The transition-state on Pathway D proved to be
exceptionally complex at the MP2 level. The HF transi-
tion-state collapsed to products at the MP2 level and,
after extensive searches at the MP2 level, we were able
to locate a species that involved an additional proton
transfer component (protonated amide to phosphate).
However, we were not able to get the species to fully
converge and, therefore, we truncated the optimization
at a point that appears to be close to the true transition-
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Table 2. Reaction Energies with TMB: Z—H + B(OCH,); = >
Z—B(OCH,), + CH;OH

Z—H B3LYP/6-311+G(d,p)°
HsPO, -0.9
CH,OH 0.0
CH3NH, 6.9
CH,CO,H 10.3
CH,C(O)NHCH; (on N) 18.8
CH,C(O)NHCH; (on 0) 23.8

2Energies in kcal/mol corrected for ZPE (see text).

state. For the products from the reaction of TMB with
sample functional groups (Table 2), optimizations were
completed at the B3LYP/6-31 + G(d) level; the values in
the table are at the B3LYP/6-311 + G(d,p) level cor-
rected for B3LYP/6-31 + G(d) zero-point vibrational
energies (scaled by 0.9806 [31]). The less computationally
demanding B3LYP density functional theory (DFT)
method could be used here because transition states are
not involved (DFT is known to underestimate transition-
state barriers in eliminations and related reactions [32]).

Results and Discussion
Computational Modeling

The key problem in the analysis of phosphopeptides via
CAD is the facile loss of H;PO,. Clearly, low-energy
pathways are available for this process that can com-
pete with typical peptide backbone cleavages. To gain
more insight into this issue, we have used computa-
tional methods to explore five reaction paths in a small
phosphopeptide, the N-methyl amide of Gs. The path-
ways are illustrated in Scheme 1. Paths A to D lead to
H;PO, loss, whereas Path E leads to amide bond
cleavage. In Path A, a carbonyl acts as a nucleophile to
displace a protonated phosphate. In Path B, an intramo-
lecular elimination results in H;PO, loss. Path C is like
Path A, but the terminal amine acts as the nucleophile.
In Path D, the terminal amine acts as a base to induce an
elimination reaction similar to that in Path B. These two
paths, C and D, are unique to peptides with a phospho-
serine at position two. In Path E, we have only consid-

Table 1. Relative energies of transition states
and intermediates®

Relative
Pathway energy Description
A 36.8 amide cyclization/H;PO, loss
B 39.7 H3;PO, 1,2-elimination
Cc 37.0 N-terminal cyclization/H;PO, loss
D 37.6 N-terminal induced H;PO,
elimination
E1 30.5 b-ion formation intermediate 1
E2 35.6 b-ion formation intermediate 2

MP2/6-31 + G(d,p)//MP2/6-31 + G(d) level corrected for ZPE (see text).
°Energies in kcal/mol relative to reactant ion.
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Figure 1. Structures of transition states for the loss of H;PO, and
the intermediates in b-ion formation from protonated glycylphos-
phoserine N-methyl amide (MP2/6-31 + G(d) level).

ered the two intermediates in the cyclization process
shown in Scheme 1 [33].

Computational data at the MP2/6-311 + G(d,p)//
MP2/6-31 + G(d) level are listed in Table 1. Structures
are shown in Figure 1. For Paths A to D, the key species
are transition states, but for Path E the first and second
intermediate have been used (E1 and E2). Here, the path
involves multiple proton transfers, which likely have
small barriers relative to the intermediates. These pro-
ton transfers will be assisted by basic groups on a
peptide chain and, therefore, cannot be realistically
modeled by a species as small as a dipeptide. Conse-
quently, we will assume that the energies required to
reach these intermediates are rough approximations of
the barriers on this pathway. Because we are only
seeking a qualitative picture of the competing pro-
cesses, this is a reasonable assumption. The transition-
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state on Pathway D is unusually complex and involves
two proton transfers (H, to NH, and protonated amide
to phosphate) along with the H,;PO, expulsion. In this
case, the MP2 structure is only an approximate transi-
tion-state (see the Methods section). The computational
data in Table 1 indicate that the four paths to H;PO,
expulsion have fairly similar barriers and are likely to
compete. Although the two intermediates on the b-ion
formation on Pathway (E) are lower in energy than the
H;PO, expulsion transition states, it is possible/likely
that the proton transfer transition states separating
them are close to the energies of the other transition
states (A to D). Moreover, this pathway is entropically
less favorable because it involves multiple transition
states on the way to products. A survey of all the
transition states on the surface as well as the dynamics
of the processes are well beyond the scope of the
present work and as noted above, could not be directly
extrapolated from a dipeptide to a larger peptide.
Nonetheless, the results highlight the fact that these
reaction surfaces have many paths with similar barriers.
Most importantly, H;PO, loss can occur simultaneously
by multiple paths, particularly in systems where the
phosphoserine is at position 2 in the peptide.

To analyze the effects of boron derivatization on
fragmentation behavior, it is useful to consider the
thermodynamics of the reactions of a phosphopeptide
with a boron reagent. The boron derivatization reac-
tions generally involve the replacement of an alkoxy
ligand on boron with a nucleophilic group from the
peptide. The likely nucleophiles on the peptides in this
study are a hydroxy group (serine side-chain), a phos-
phate, an amino group (N-terminus), a carboxyl group
(C-terminus), or an amide group (N or O). We have
used calculations at the B3LYP/6-311 + G(d,p)//
B3LYP/6-31 + G(d) level to explore the energetics of
the processes. Data are given in Table 2 for the reactions
of TMB with model nucleophiles: methanol (identity
reaction), phosphoric acid, methylamine, acetic acid,
and N-methylacetamide (eq 1). The results indicate that
the favored peptide nucleophiles are hydroxy groups
and phosphates. Reactions with amino or carboxyl
groups are much less favorable. In fact, they are pre-
dicted to be endothermic in the model systems, but
could be driven by collisional activation. Reactions on
either the nitrogen or oxygen of an amide are predicted
to be the least favorable. Therefore, the modeling sug-
gests that there is a thermodynamic preference for the
boron reagents to react with hydroxy and phosphate
groups, if available, before reacting with amino, car-
boxyl, or amide groups. This result is consistent with
our observation that TMB exhibits a preference for
reactions with phosphate groups. We cannot directly
investigate the kinetics of the reactions computationally
using these model systems because they lack the addi-
tional proton donors/acceptors found in a peptide,
which could play a pivotal role in protonating the
departing boron ligand. Nonetheless, the thermody-
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namic data provide useful insights into the derivatiza-
tion process.

Z — H+ B(OCH,); >Z — BOOCH,), + CHLOH (1)

ZH = H,PO,, CH,OH, CH,NH,,
CH,CO,H, CH,C(O)NHCH,

VsSF

In this peptide, the phosphate is adjacent to the N-
terminal residue. When the protonated phosphopeptide
is subjected to fragmentation conditions in a quadru-
pole ion trap, the spectrum is dominated by the loss of
H,PO, (Figure 2a). The only other significant fragment
corresponds to the loss of H,O. This represents the
worst case where no phosphate-containing sequence
ions are formed during CAD and no information about
the site of phosphorylation is obtained. The facile loss of
H;PO, is likely related to the location of the phospho-
serine. In position 2, the phosphoserine is susceptible to
intramolecular reactions with the N-terminal amino
group. Attack either at the a-hydrogen or the side-chain
carbon of the phosphoserine (to give dehydroalanine or
a cyclic amine, respectively) involves a favorable six-
membered ring transition-state (Paths C and D in
Scheme 1). The complete absence of phosphate-contain-
ing sequence ions suggests that the processes in Scheme
2, along with Paths A and B (Scheme 1), occur much
more readily than backbone cleavages in this peptide.

When treated with TMB, boron addition with loss of
two CHZ;OH molecules is observed. CAD of this ion
leads to the loss of the third CH;OH molecule (Scheme
3) to give an ion with an m/z value that is eight units
greater than the parent ion ("B containing ions). This
pattern is the same one seen in our earlier work [22],
and CAD on the “+8” ions leads to a breakdown of the
peptide. For VsSF, CAD of the boron derivatized ion
leads to the spectrum in Figure 2b. The impact is
dramatic and H3PO, loss is almost completely inhib-
ited. Instead, a b, ion that retains the boron modifica-
tion dominates the spectrum. Further CAD on this ion
does not lead to an ion that would reveal the site of
phosphorylation (e.g., a b, ion). Instead H;PO, and
small molecule loss (e.g., CO) are observed. Although
boron derivatization helps retain the phosphate in this
case, it does not provide the information needed to
unambiguously assign the site (i.e., produce a sequence
ion which retains the phosphorylated serine, but has
lost the other serine). Recognizing that the N-terminal
amine could be the problem, we treated the peptide
with acetic anhydride to convert it to its N-acetyl amide.
CAD of the resulting peptide (no boron derivatization)
gives a more complex spectrum that exhibits combina-
tions of H;PO,, H,0O, and CH, = C = O loss (Figure 2c).
In addition, relatively weak signals are seen for y3, bs,
and b; — H3;PO, ions. Finally, a very small peak for a
phosphate-retaining b, ion is observed (1% relative to
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Figure 2. Spectra for VsSF and derivatives. M represents proton-
ated peptide. The asterisk symbol indicates boron-containing ion.
Products that have lost H;PO, are designated with the double
dagger symbol and those that have lost H,O are designated with
the pound symbol. Boxed labels are for phosphate-containing
sequence ions. (a) CAD spectrum of protonated VsSF. (b) CAD
spectrum of protonated TMB-derivatized VsSF. (¢) CAD spectrum
of protonated N-acetyl-VsSF.
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H;PO, loss). This ion definitively identifies the phos-
phorylation site. Nonetheless, the spectrum indicates
that N-acetylation offers only limited protection against
H;PO, expulsion in this case. As a result, Pathways A or
B (Scheme 1) must be viable and active with this
peptide. However, the reduction in H;PO, loss seen in
the acetylated peptide suggests that Pathways C or D
are playing significant roles in the fragmentation of the
parent peptide. When the protonated, acetylated pep-
tide is treated with TMB before CAD, the spectrum (not
shown) shows a mixture of H;PO,, H,O, and CO loss.
The only major sequence ion corresponds to a y; ion
retaining the phosphate and boron. Interestingly, the
N-acetylation alters the nature of fragments from the
boron-derivatized peptide. Instead of forming N-termi-
nal ions (b;, see Figure 2b), C-terminal ions (y;) are
formed from the acetylated peptide. This result sug-
gests that the bulk of boron derivatization has also
shifted from the N-terminus to the C-terminus in re-
sponse to acetylation. As noted above, amides have a
low affinity for TMB, so it is not surprising that reaction
would shift towards the C-terminus in the N-acetylated
peptide. In any case, the combination of acetylation and
TMB derivatization does not yield any definitive infor-
mation concerning the site of phosphorylation in VsSF.

When treated with DIMB, protonated VsSF under-
goes addition followed by the loss of two (CH;),CHOH
molecules to give an ion whose m/z value is 24 units
greater than the parent ion. CAD of the “+24” ion does
not lead to the loss of the last boron ligand (CHj;), but
results in a breakdown of the phosphopeptide (Scheme
4). In this case, the boron reagent only has two labile
ligands (alkoxy groups) so it retains one of its ligands
during the fragmentation of the peptide. As a result, the
boron has one less site available for coordinating to the
phosphopeptide. CAD of this ion leads mainly to the
loss of H;PO, and gives a spectrum (not shown) that is
fairly similar to that obtained for the underivatized ion
(Figure 2a). The only significant difference is a very
small signal for a derivatized b; ion. Apparently, the

O, ser—Phe 0 =
H \\C/ o \\C/Ser Phe ’ O\\ /Ser—Phe

N / 0 G

e~ >C ,O o —> \\C/N\C/ \\C/N\C/

[ W\ N ’ / \ ;. OHT
Re=Si e S R Ry—CH CH, Ri=CH___CH,

NH,
OH NHz 4 HyPo, i + H3PO,

Scheme 2



1910 GRONERT ET AL.

MH* + s [M-H+BCH; |
-2 (CH3),CHOH
((CH3)2CHO),BCH3 CAD l
DIMB
peptide
fragmentation

Scheme 4

presence of only two ligand exchange sites on the boron
reagent reduces its ability to retain the phosphate group
in this peptide.

The information from the computational modeling
(see above) helps to rationalize the results with DIMB. If
the reagent preferentially reacts with the hydroxy and
phosphate groups on VsSF, it will leave the N-terminal
amino group free to engage in the processes outlined in
Scheme 2. After the derivatization, the phosphate
would be tethered to the boron, but the boron-phos-
phate bond is relatively labile and could breakdown if
the bond between the serine and phosphate were
cleaved (i.e., Scheme 2). These results suggest that the
third coordination site available in (CH;0),B allows it
to sequester the N-terminal amino group and, therefore,
prevents H;PO, expulsion in this peptide.

When treated with DEMB, protonated VsSF yields
two abundant derivatization ions corresponding to ad-
dition followed by the loss of CH;OH (“+68” ion) or the
loss of CH,OH and CH,;CH; (“+38” ion). Both of these
ions lead mainly to peptide fragmentation when sub-
jected to CAD (Scheme 5). The “+68” ion involves the
loss of a single ligand from the boron and during CAD
gives a high yield of H;PO, loss as well as the loss of
H;PO, along with the boron group (spectrum not
shown). The latter ion is consistent with the boron
reagent bonding only to the phosphate group of the
peptide. The “+38” ion results from the boron losing
two ligands, and it gives H;PO, loss as its major CAD
product (spectrum not shown). The loss pattern is
similar to that observed with DIMB, a reagent where the
boron also loses two ligands before the peptide back-
bone breaks. It is interesting to note that although the
“+68” and “+38” ions would seemingly be on the same
fragmentation pathway (i.e., the “+68” ion leads to the
“+38” ion), they give unrelated CAD spectra.

LSsF

When protonated LSsF is subjected to CAD, it gives a
rich spectrum (Figure 3a). Although the loss of H;PO,
dominates, significant signals are seen for b; and y, ions
as well as a y, ion that has lost H;PO,. The y, ion is
noteworthy because it includes the phosphate but not
the adjacent serine at position 2 of the chain. Therefore,
this ion definitively indicates that the phosphate is at
position 3 in the peptide. When treated with TMB,
addition with the loss of two CHZ;OH molecules is
observed. CAD causes the loss of the third CH,OH

J Am Soc Mass Spectrom 2005, 16, 1905-1914

molecule and subsequent CAD causes the breakdown
of the peptide (Scheme 3). The CAD spectrum of the
boron-derivatized peptide is simplified and is domi-
nated by H;PO, loss (Figure 3b). Along with H,O loss,
there is also a significant signal for the loss of H,O and
CO. Here, the TMB derivatization has the opposite
effect—it seemingly promotes the loss of H;PO,. This
reversal of effect is particularly striking given that the
two peptides, LSsF and VsSF, are very similar in
structure. The most likely explanation is that the boron
derivatization impedes the backbone breakdown pro-
cesses and therefore H;PO, loss is more common than
sequence ion formation.

Treatment with DIMB yields the reactivity pattern
shown in Scheme 4. When the “+24” ion is subjected to
CAD, a rich spectrum results (Figure 3c). The strongest
signal is for H;PO, loss, but significant signals are also
seen for a derivatized b, ion as well as a y, ion that has
lost the boron group. Again, the spectrum provides
useful information (i.e., the y, ion) for identifying the
site of phosphorylation. Treatment with DEMB follows
the pattern in Scheme 5 and produces a “+68” and
“+38” ion. The “+68” ion gives a CAD spectrum with
many peaks, the largest being for the loss of H;PO,,
H,O, and the boron group. There are significant deri-
vatized sequence ions, including bs, y,, and b, ions.
There is also a strong signal for a y, ion missing the
phosphate group. The “+38” ions give a CAD spectrum
that is dominated by a y, ion lacking the boron group.
The intensity of this ion is striking in this spectrum and
as noted above, it is critical in determining the site of
phosphorylation (Figure 3d). Here, apparently the bo-
ron reagent is not intimately involved with the phos-
phate (it is not retained in the y, ion) but, instead,
promotes backbone cleavage. In addition, there is a
signal for a derivatized b; ion in the CAD spectrum of
the “+38” ion. As in the previous peptide, there is a
marked difference between the CAD spectra for the
“+68” and “+38” ions. Again there are similarities in
the loss patterns for the two systems that involve the
loss of two boron ligands, the “+24” from DIMB and
the “+38” ions from DEMB.

Other Peptides

In VsSF and LSsF, the choice of the boron reagent was
critical in determining the information content of the
CAD spectra. In each case, one of the three boron
reagents was capable of suppressing H;PO, loss and
yielding CAD spectra with strong signals for sequence

MH* + > + +
CH30B(CH,CHa), [M +B(CH,CHy), | * + [M-H + BCH,CHy|
DEMB l CAD l CAD

peptide
fragmentation

peptide
fragmentation

Scheme 5
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Figure 3. Spectra for LSsF and derivatives. M represents protonated peptide. The asterisk symbol
indicates boron-containing ion. Products that have lost H;PO, are designated with the double dagger
symbol and those that have lost H,O are designated with the pound symbol. Boxed labels are for
phosphate-containing sequence ions. (a) CAD spectrum of protonated LSsF. (b) CAD spectrum of
protonated TMB-derivatized LSsF. (c) CAD spectrum of protonated DIMB-derivatized LSsF. (d) CAD
spectrum of protonated DEMB-derivatized LSsF (“+38” ion).

ions. To test the generality of the reagents, we have
considered two other phosphopeptides that contain a
phosphorylated and unphosphorylated serine, LsGASA
and VSGASA [22].

The CAD spectrum of protonated LsGASA is rela-
tively simple (not shown) and is dominated by the loss
of H;PO,. The sequence ions in the spectrum, bs and by,
have intensities of 7 and 13%, respectively, relative to
the signal for H;PO, loss. Although the phosphorylated
serine is in position 2 in this peptide, it seems to be
somewhat less susceptible to the H;PO, loss pathways
shown in Scheme 2. Nonetheless, the signals for the
sequence ions are relatively weak. When treated with
TMB before fragmentation, the intensities of the se-
quence ions are greatly reduced and the signals for the
peptide losing H,O and losing H;PO, dominate the
spectrum. Treatment with DIMB before fragmentation
causes a dramatic change in the final CAD spectrum
(Figure 4a). The loss of H;PO, is greatly reduced. The
dominant peak is for H,O loss, but strong signals
appear for (b, + H,O) ions, with (m/z 451) and without
(m/z 427) the boron group. These ions are useful in
identifying the site of phosphorylation because they

retain the phosphate but have lost the second serine
residue. Here, the boron derivatization has opened up a
new fragmentation pathway that was not observed in
the parent peptide. Because the majority of the (b, +
H,O0) ions lack the boron group, apparently the boron
reagent is most often or most strongly interacting with
the serine at position 5, which is lost during this
fragmentation. Moreover, it appears to be assisting the
cleavage of the bond between residues 4 and 5. Treat-
ment with DEMB (“+68” ion) before fragmentation
does not have a positive effect on the CAD spectrum
(not shown). The loss of H;PO, dominates and the
sequence ions have relative intensities of 10% or less. As
with LSsF, one of the boron reagents is capable of
greatly enhancing the information content of the phos-
phopeptide’s CAD spectrum.

In the CAD spectrum of protonated VSGAsA (not
shown), H,;PO, loss dominates and there are weak
signals (<10%) for sequence ions (bs, by, and y,).
Treatment with TMB before fragmentation does not
suppress H;PO, loss and offers only a modest increase
in the intensities of sequence ions. The same is true for
treatment with DIMB. However, derivatization with
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Figure 4. Spectra for LsGASA and VSGAsA derivatives. M
represents protonated peptide. The asterisk symbol indicates
boron-containing ion. Products that have lost H;PO, are desig-
nated with the double dagger symbol and those that have lost H,O
are designated with the pound symbol. Boxed labels are for
phosphate-containing sequence ions. (a) CAD of protonated
DIMB-derivatized LsGASA (“+68” ion). (b) CAD spectrum of
protonated DEMB-derivatized VSGAsA (“+38” ion).

DEMB (“+38” ion) has a major impact on the formation
of sequence ions (Figure 4b). Specifically, a strong
signal (36% relative to HsPO, loss) is observed for a y,
ion lacking the boron group. This ion is valuable
because it retains the phosphate but only has one serine.
The absence of the boron in this fragment ion suggests
that its parent ion was derivatized on the N-terminus
rather than near the phosphate. Support for this conjec-
ture can be found in the b, ions in the spectrum, which
are relatively weak, but do retain the boron.

Efficacy of the Method

In each of the four peptides in this study, boron
derivatization altered the fragmentation spectra of the
phosphopeptides and led to CAD spectra with greater
relative intensities of sequence ions. The boron deriva-
tization appears to have several modes of action in the
altering the fragmentation behavior. It can (1) suppress
H;PO, loss by coordination to the phosphate group or
an active nucleophile in the peptide, (2) open up new

J Am Soc Mass Spectrom 2005, 16, 1905-1914

fragmentation pathways by inducing peptide bond
cleavages, or (3) suppress peptide bond cleavages by
changing the peptide conformation or sequestering a
nucleophilic group. Given the complexity of the sys-
tems, it is difficult to predict how the boron reagent will
affect the fragmentation pattern of any particular pep-
tide. However, the ability to vary the number of labile
ligands on the boron offers flexibility and the possibility
of “tuning” the reagent to give the desired effect. Table
3 provides a summary of the results with the four
peptides. The data confirm that the derivatization gen-
erally inhibits H;PO, loss. More importantly, derivati-
zation leads to a greater yield of sequence ions. In three
peptides, boron derivatization causes a marked increase
(3- to 9-fold) in the relative abundance of critical se-
quence ions (i.e., those giving definitive phosphoryla-
tion site information). In one peptide, VsSF, no critical
sequence ions are generated with or without the boron
derivatization; however, N-acetylation of this peptide
led to a small signal of a diagnostic ion. It is disappoint-
ing that boron derivatization did not materially im-
prove the information content of the VsSF spectra, but
this peptide is a challenging case. Nonetheless, the
results indicate that boron derivatization is a viable
approach for modifying the nature and quality of the
information generated in the CAD spectra of phosphor-
ylated peptides.

Table 3. Percent yields of ions in CAD spectra
of phosphorylated peptides

Critical
Derivatization =~ H;PO, Sequence sequence
Peptide reagent loss® jons® ions®
VsSF None 91 0 0
TMB 6 67 0
DIMB 70 1 0
DEMB (+68) 94 0 0
DEMB (+38) 70 0 0
LSsF None 69 23 8
TMB 74 1 0
DIMB 30 35 24
DEMB (+68) 70 18 6
DEMB (+38) 13 81 72
LsGASA None 74 16 9
TMB 74 7 4
DIMB 23 35 32
DEMB (+68) 68 11 3
DEMB (+38)4
VSGAsA None 85 10 4
TMB 66 16 7
DIMB 75 9 5
DEMB (+68)¢
DEMB (+38) 63 20 14

aTotal yield of ions lacking phosphate group.

bTotal yield of sequence ions retaining the phosphate group.

°Total yield of sequence ions containing one serine and retaining the
phosphate group. Bold values indicate higher yield than underivatized
peptide.

dlon was formed in low yield during initial reaction. No CAD spectra
were obtained.
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Conclusions

Gas-phase boron derivatization has a large impact on
the fragmentation behavior of phosphopeptides and
can lead to greater phosphate retention and to spectra
with added information content. The substitution pat-
tern of the boron reagent plays a role and the three
reagents examined in this study led to different frag-
mentation patterns that provided varying types of
sequence data. Although it is not possible to a priori
choose the best reagent for a particular peptide, the
suite of reagents studied here provides a means of
increasing phosphate retention and, in most cases,
significantly enhancing the signals of key sequence ions.
Moreover, by altering the CAD patterns, the boron deri-
vatization provides a relatively general means of increas-
ing the sequence information available from fragmenta-
tion experiments. Additional studies focused on the scope
and limitations of the method are underway.
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