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Abstract: An explanation is proposed for the dominance of arginine in the dissociation patterns of peptides.
Experiments measuring the kinetic energy lost by parent ions of a number of arginine-containing peptides in the
formation of particular product ions provide a means of gauging the amount of energy required to observe the
dissociation. Itis proposed that the higher amounts of energy needed to observe dissociation adjacent to an arginine
residue are due to secondary interactions between the arginine side chain and an adjacent amino acid. The appearance
of the (bn—1 + OH) ion in the MS/MS spectra of many arginine-containing peptides and data acquired on a quadrupole

ion trap help support these findings. We further suggest that the differences in the dissociation between peptides
with arginine and those without may be due to the predominance of different reaction mechanisms, i.e. charge-
remote versus charge-directed.

Introduction ions8 Also the degree to which a charge is fixed on a peptide,
as by a basic amino acid, controls the dissociation patterns for
that peptid€®. Experiments under low-energy-collision condi-
tions show that peptides containing basic residues give little
sequence information, presumably due to the localization of
protons on highly basic sites rather than on the peptide
backboné?

The nature of sector instruments allows information about
the energy content of ions to be obtained, and this ability has
been especially useful in studying the thermochemical aspects
of ion dissociatiort! In particular, since the internal energy

g{:g:;;tgfa:](;etl}:lnealrezzﬁirr?y nguitci?nn;ucg;egé g’nn; g:glﬂsitr? obtained during CID is converted from an ion’s kinetic energy
gp y ghpon collision, the magnitude of the energy transfer can be

tandem mass spectrometry (MS/MS). The structure of the . L L
. . . gauged by measuring the kinetic energy lost by the incident
parent ions can be postulated by examining the resulting MS/ ion12-14 According to Rice-RampsbergerKassel-Marcus

m; ?g:gt:gq]hingbg'rgggl'é:ggotggt%%ec'gﬁeig:Cug:;:ﬁa}gﬁj_(RRKM) theory, the rate of ion dissociation should be dependent
P ) on the internal energy of the parent ion, the critical energy of

:anneer;ts 'rc]\éﬁ:\s/;ggsbg\r}) hlg\l'eegirgg S:g&S'ther:ﬁ/\Q atr(l)d df(\;\llj-cethe particular dissociation, and the size of the ion. Since sector
9y y instruments provide a fixed time frame for dissociations to occur

thnedp:irparé/ StLUCt;J[[ﬁ of dp;eptio:éﬁ? nMquh' tr;%ugril,ri]s Sitri]” tEOt for a given ion, different dissociation pathways of different
understood about the dissociation of peptide 1ons € 985 ;ritical energies will result after distinct energy losses by the

phase. parent ion. In this paper we describe measuring energy losses

It is well-known that the presence of a strongly basic residue, ¢ 5o\ e arginine-containing peptides to better understand the
SUCh. as arginine, S|g_n|f|cantly affects dissociation pathway_s of dissociation processes of arginine-containing peptides.
peptides and often limits the amount of structural information

available?™° It has been seen that the presence of arginine in gxperimental Section
either the N-terminal or C-terminal position results in spectra

Desorption techniques such as Fast-Atom Bombardment
(FAB) and Matrix-Assisted Laser Desorption/lonization (MAL-
DI) are effective means for producing protonated peptide and
protein ions (M4 H)™ in the gas phask? When coupled with
collision-induced dissociation (CID), these ionization methods
have permitted the structural analysis of peptides and proteins
by mass spectrometfy® CID involves activation of ions by
collisions with neutral target gases, in which some of an ion’s
kinetic energy is converted into internal energyf a sufficient

filled predominantly with N-terminal or C-terminal product Sector instrument experiments were performed using a Finnigan

P y P MAT 900 double-focusing mass spectrometer which has the forward
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Table 1. Kinetic Energy Losses in the Formation of Various Table 2. Deviations from Expected Energy Losses for Various
Product lons of Leucine Enkephalin and Analogues Product lons of Different Peptides
energy loss (eV) peptide MW product ion OAE
peptide MW N Ya Y3 des-Arg-bradykinin 904 a7 5.87
- . —0.58
leucine enkephalin 555 5.70 3.74 3.58 s Y7
Y-G-L-F-L 611 573 366  3.32 bradykinin 1060 e oo
Y-G-W-F-L 4 .84 . 17 6 ’
Y-g-R-F-L 224 1% %l % 5852 i 89 substance P 1347 ay —0.39
. . . Y10 —0.83
was used as the collision gas, and the parent ion beam was attenuated R 0
65 + 5%. Determination of the energy losses by individual peptide \ H |
ions using this type of scan has been described elsevhere. /}C{\C/N\g/c\
The peptides, substance P (RPKPQQFFGLM\Hbradykinin | \
(RPPGFSPFR), des-Argradykinin (PPGFSPFR), and leucine en- 0 SH
kephalin (YGGFL), were purchased from Sigma Chemical Co. (St. ' HZC\
Louis, MO). The leucine enkephalin analogues (YGRFL, YGLFL, /4 /CH2
YGWFL) were synthesized in the department. H/T:’\C/N
Other MS/MS experiments were performed on a modified Finnigan H
quadrupole ion trap mass spectrometer of similar design as previously H,N

reported® lons were produced using a custom-built electrospray Figure 1. Proposed proton sharing between arginine side chain and
ionization source. The peptides were dissolved in a mixture of 20% adjacent carbonyl oxygen.

water, 75% methanol, and 5% acetic acid at a concentration of 250

uM and infused into a capillary using a Harvard Apparatus syringe y, anda-type product ions increase linearly with an increase in

pump (South Natick, MA) at a flow rate of O¢8./min. This capillary ; : .
was connected to a needle that was held at about 4.5 kV, and the samplénass’ with correlation coefficients of 0.990, 0.971, and 0.999,

was sprayed into a differentially pumped region from which ion optics resp_ectlve_ly1.5 For a given product ion, from the !'n?ar
directed the ions into the mass spectrometer. MS/MS experiments were'€lationship between energy logsH) and mass, the deviation
carried out when the singly-protonated peptide ions were resonantly in €nergy loss ¢AE) from that expected can be determined.
excited by applying a variable supplementary low voltage (100's mv) For example AE for the be product ion of bradykinin is 12.77
AC signal to the endcaps which caused the ions to undergo energeticeV, and the expected value forkatype product ion from a
collisions with the bath gas, helium, which was held at a constant peptide with the mass of bradykinin is 12.31 eV. ThosE
pressure of 8.6« 10~ Torr. for the bg product ion is 0.46 eV. Conversely, thg product
Molecular mechanics calculations were performed using the SYBYL g from bradykinin has &E of 17.85 eV, which gives 4AE
5.32 package from Tripos Associates, Inc. (St. Louis, MO). Energy ot5 54 eV, Likewise, they product ion of des-Argbradykinin
minimizations were done interactively using the Tripos force field with has an energy loss that is over 5 eV higher than expected. In

conjugate gradient minimization and an energy gradient termination L . . .
set at 0.005 kcal/mol. Charges applied were from the Kollman-all- each of these cases an arginine is adjacent to the residue at which

atont” charge set and the dielectric constant was set at 1.0. The initial th€ dissociation occurs. Surprisingly, though, substance P,
structures generated were in an all-trans conformation before energyWhich has an arginine in the first position, shows the expected
minimization. The structures generated to examine hydrogen bonding €nergy loss (i.edAE = —0.83 eV) for the formation of thg;g
interactions were produced by adding an unnatural bond between anproduct ion. These values are summarized in Table 2.
atom on the adjacent r_esidue_ir_l question and an _argi_nine nitr_ogen Three of the four arginine_containing pep[ides show anoma-
hydro_gen, then interactively minimized. This combination c_)f_mlnl.- lously high energy losses in the formation of product ions
Q:;ﬁ'%?oag‘igr?fg?x;ﬁ'o?‘oxﬂigfﬁgmgntossiz‘é?df;c;rﬁ“a” ;hzr%rg'n'?)e S"O‘ljeinvolving a dissociation adjacent to an arginine residue. The
P Y ydrogen bond. resulting high energy losses suggests that these product ions

Once a possible conformation was achieved the unnatural bond was . . . S
removed and energy minimization was performed on the altered ion. require additional internal activation to overcome some energy

Semiempirical molecular orbital calculations using the MOPAC barrier. We propose that YGRFL, bradykinin, and des‘Arg
package, version 6.0, were done in conjunction with the molecular bradykinin can adopt a conformation where the side chain of

modeling software program, PCMODEL (Serena Software). PC- the arginine is close to a carbonyl oxygen on the adjacent amino
MODEL was first used to generate a structure based on molecular acid. If the proton is assumed to be localized on the side chain
mechanics. This structure was then used as the starting structure forof arginine, it can then be shared between the carbonyl oxygen
MOPAC, in which the AM1 (Austin Model 1) Hamiltonian was ustéd. and a nitrogen on the arginine side chain (Figure 1) More
energy then is needed to disrupt this interaction and produce
the resulting product ion. In the case of substance P this
Table 1 shows selected energy loss values for leucine intramolecular interaction is not possible due to the cyclic nature
enkephalin and analogues in which the third residue has beenof proline which is the adjacent residue. Since the proton is
changed. It should be noted that energy loss values for threenot shared between the arginine nitrogen and the carbonyl
of the four peptides are very similar. However, the peptide oxygen in substance P, extra energy is not needed to generate
YGRFL shows surprisingly high values for thganda, product the product ion, and the energy loss is what is expected on the
ions. Other peptides such as bradykinin and des-Argdy- basis of data for peptides which do not contain arginine residues.
kinin also show anomalies in their energy loss values. We have  Support for the possibility of this interaction can be found in
shown elsewhere that the energy losses in the formatidn of computer-modeling studies. Molecular mechanics show that

Results

; " .
(15) Vachet, R. W.; Winders, A. W, Glish, G. 1anal. Chemig9g (1€ protonated peptide (M- H)™ can adopt a conformation
68, 522. where the proton is shared between the side chain of arginine

(16) Van Berkel, G. J.; Glish, G. L.; McLuckey, S. Anal. Chem199Q and the carbonyl oxygen on the adjacent amino acid. For
62, 1284. bradykinin, des-Ar&bradykinin, and both cases of YGRFL this

(17) Weiner, S. J.; Kollman, P. Al. Comput. Chenml986 7, 230. . . . . . X
(18) Bingham, R. C.: Dewar, M. J. S.; Lo, D. H. Am. Chem. Soc. interaction is energetically possible. Molecular mechanics

1975 97, 1285. studies of substance P, though, show that it is unable to form
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Figure 2. (a) Quadrupole ion trap MS/MS spectrum of YGRFL. (b) Quadrupole ion trap MS/MS spectrum of leucine enkephalin (YGGFL). (c)
Quadrupole ion trap MS/MS spectrum of YGWFL. (d) Quadrupole ion trap MS/MS spectrum of YGLFL.

this interaction due to the twisting of the backbone caused by considered to be a slow activation process where lower energy
the proline residue. Another possibility is that the proton on dissociation pathways are favor&d2* The absence of thay

the side chain of arginine could be shared with a backbone product ion in the YGRFL spectrum suggests that it is a higher
nitrogen on an adjacent residue, however; computer modelingenergy process relative to the other dissociation pathways, and
shows that this interaction is not favorable for any of the above- extra energy is needed to perhaps overcome secondary interac-
mentioned peptides. Semiempirical molecular orbital calcula- tions. Also, observing the MS/MS spectra of leucine enkephalin

tions verified these results. and its analogues at the threshold of dissociation (data not
Previous experimental results suggest that 2@ kcal/mol  shown) provides some information on which pathways are the

of stabilization should be obtained for the proposed proton |owest energy. It has been shown that the threshold resonance

bridge. It has been estimated from experiments vt excitation amplitude can be related to the critical energy of a

diamines that, without steric or strain factors, a stabilization of djssociatior?®> Thus, the product ions observed at the threshold
24 kecal/mol should be obtainéd. For proton-bound dimers  are those that have the lowest critical energies for their
similar values have been obtained. For example, the sym-formation. For leucine enkephalin (YGGFL), YGWFL, and
metrical pyridiné®and symmetrical acetoffedimers have been  YGLFL the resonance excitation voltages required to bring about
measured to be stabilized by 24.6 and 32.1 kcal/mol, respec-the onset of dissociation are some-BD mV lower than those
tively. The strain energy expected from the structure in Figure for the onset of dissociation of YGRFL. No attempt, however,
1is 12 kcal/mol*® This leads to the estimate of a stabilization a5 made to measure more accurately the voltages required for
of 24-30 kcal/mol for the intramolecular bridge. Therefore, the onset of dissociation for any of the peptides.

this interaction would in fact provide further stabilization of To further determine that the, product ion of YGRFL is a

the ionizing proton. higher energy dissociation than thgproduct ions of the other

Experiments conducted using a quadrupole ion trap also entapeptides, the energy involved in the ion trap CID process
reveal information about the energy needed for these dissocia-PE"aPep N gy lish h P pf
tions. The MS/MS spectrum of YGRFL under moderate was increased. This was accomplished by the addition of xenon

0,
excitation conditions shows that tlag product ion is missing o the byﬁer gas atalevel of about 2%. It has been noted that
(Figure 2a), but the MS/MS spectra of leucine enkephalin the addition of a small percentage of heavy target gases, such

YGWFL, and YG_LFL clearly ShO_W that they product ion is (22) March, R. E.; Hughes, R. Quadrupole Storage Mass Spectromgtry
one of the dominant peaks (Figures 2b, 2c, and 2d). As john Wiley and Sons: New York, 1989.
performed in the quadrupole ion trap, CID is generally  (23) Todd, J. F. J.; Penman, A. Bit. J. Mass Spectrom. lon Processes

1991, 106 1.
(19) Aue, D. H.; Webb, H. M.; Bowers, M. T. Am. Chem. Sod973 (24) Louris, J. N.; Cooks, R. G.; Syka, J. E. P.; Kelley, P. E.; Stafford,
95, 2699. G. C., Jr.; Todd, J. F. Anal. Chem1987, 59, 1677.
(20) Meot-Ner, M.; Sieck, L. WJ. Am. Chem. S0d.983 105, 2956. (25) Hart, K. J.; McLuckey, S. AJ. Am. Soc. Mass Spectroff®94 5,

(21) Larson, J. W.; McMahon, T. B. Am. Chem. S04982 104, 6255. 250.



Dissociation Patterns of Arginine-Containing Peptide lons J. Am. Chem. Soc., Vol. 118, No. 26,6P%5

100 —H+
b, L Ho 0\
0
804 b 4 +OH " ‘) /C: o
\C/N\CH/C\N/C
= 60 (”) P‘h \Arg
2 b, - 17 ¢
2 %
£ 407
H+
(0]
201 H 0
\C/N\CH/C\ '\/\/C:()
[ | 1\
0 0 Phe N—CH
200 300 400 500 600 \
Arg
m/z
Figure 3. Quadrupole ion trap MS/MS spectrum of YGRFL with 2% -CO
xenon. -NH=CH-Arg
as xenon, increases the internal energy deposition in CID
experiments performed on the ion t#p?® Figure 3 shows H+
the MS/MS spectrum of YGRFL after the addition of 2% xenon. H H(‘)
Thea, product ion is now present in the spectrum, presumably ~c-Nwcy-C=0
due to the higher energy now involved in the CID experiment. [ [
Another compelling piece of evidence for the proposed o Phe

interaction is found in observing the presence of certain product Figure 4. Previously proposed mechanism for the formation of the
ions in the MS/MS spectra of YGRFL, bradykinin, and des- (Pn-1 + OH) product ions.
Argl-bradykinin. In each case an ion that correspond®oy(

+ OH), wheren is the number of residues in the peptide, is o R H\ ﬁ)
present in the MS/MS spectrum. Previous studies using isotopic H | | o ¢\ _nu
labeling have shown that, in the case of bradykinin, the product /N\lé'/C\N/g\é\ Nk
ion atm/z904 results from the loss of the C-terminal arginine H2C/ H (l‘) N

\

and the retention of one of the carboxyl oxygens, and not by
the loss of the N-terminal arginine that would give the isomeric
ys product ion (Figure 432 This rearrangement was seen to
occur only appreciably in peptides containing arginine. Of the NH,

peptides studied here, only the MS/MS spectra of the three notedig e 5. currently proposed mechanism for the formation of the {
above (bradykinin, des-Atgoradykinin, and YGRFL) show the 4 oH) product ions.

formation of this ion. As Figure 4 depicts, the formation of

this ion was proposed to involve the transfer of a hydrogen to those that do not is the inability of the proton to migrate along
the carbonyl oxygen on the amino acid adjacent to the arginine the backbone and charge-direct dissociatidnsThe results

and subsequent loss of CO and &8H-Arg. It is possible presented here indicate that while there is even greater stabiliza-
that this rearrangement occurs because the carbonyl carbon ofion of the proton than due to the proton affinity of arginine
the amino acid adjacent to arginine has a h|gher than normal alone, this has little effect on the critical energy requirements
partia| positive Charge and is therefore more susceptib|e to for dissociations other than those adjacent to arginine, as
nucleophilic attack by the C-terminal hydroxyl group (Figure indicated by energy loss measurements. The results in this and
5). The carbonyl carbon would have a higher than normal other studie¥**3*suggest that both charge-direct and charge-
partial positive charge if the proton from the arginine side chain remote mechanisms are operative in peptide dissociation. It
is being shared with the carbonyl oxygen. Electron density Seems that in peptides that do not contain arginine, charge-
would be pulled from the carbon in the formation of the directed dissociations are favored, and in peptides containing
hydrogen bond between the carbonyl oxygen and the proton_arginine, charge-remote dissociations predominate. There are
Thus the same interaction that raises the energy of dissociationssufficient data showing that the location of an arginine on the
adjacent to arginine facilitates the formation of thg ¢ + OH) N- or C-terminus results in N- or C-terminal product idns.
product ions. This is illustrated experimentally in the quadru- These dissociations presumably occur by charge-remote mech-
pole ion trap MS/MS spectrum of YGRFL (Figure 2a). Tae anisms. If the proton is mobilized and directing dissociation,

product ion is absent from the spectrum, but thg € OH) one would not expect to see such ordered series of product ions
product ion is noticeably present. favoring the charge on the N- or C-terminus. The threshold

_ _ measurements performed on the ion trap show that the lowest
Discussion energy dissociation pathways in YGRFL require more energy

It has been suggested that the reason for the differences inthan the lowest energy pathways in the other leucine enkephalin

dissociation behavior between peptides that contain arginine and@nalogues. Along with the fact that the proton in YGRFL is
(26) Gronowska, J.; Paradisi, C.. Traldi, P.; Vettori,R&pid Commun. strongly localized, these data suggest that the dissociations in

Mass Spectroml99Q 4, 306. YGRFL have different mechanisms than the dissociations in

(27) Nourse, B. D.; Cox, K. A.; Morand, K. L.; Cooks, R. G. Am. the other leucine enkephalin analogues. In YGRFL the
Chem. Soc1992 114, 2010.

(28) Morand, K. L.; Cox, K. A.; Cooks, R. GRapid Commun. Mass (30) Johnson, R. S.; Martin, S. A.; Biemann, K.; Stults, J. T.; Watson,
Spectrom1992 6, 520. J. T.Anal. Chem1987, 59, 2621.

(29) Thorne, G. C.; Ballard, K. D.; Gaskell, S. J. Am. Soc. Mass (31) Alexander, A. J.; Thibault, P.; Boyd, R. IRapid Commun. Mass

Spectrom199Q 1, 249. Spectrom1989 3, 30.
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is bound so tightly in arginine-containing peptides, charge-
directed dissociations are not favored in these peptides. There-
fore the arginine-containing peptides require more internal
energy to observe their charge-remote dissociations. In the time
frame for the sector experiments, the charge-remote fragmenta-
tions can now compete favorably with charge-directed dissocia-
tions at similar activation energies, thus explaining the similar
energy loss values.

Data that show less sequence information is obtained from
peptides that contain arginiecan be explained by recognizing

Internal Energy —> the conditions of those experiments. The results in that paper

Figure 6. Theoretical plot of the log of the rate of dissociation versus were obtained using a triple quadrupole instrument where the
internal energy for charge-remote and charge-directed dissociations:time frame for the experiment is orders of magnitude shorter
(a) charge-remote dissociations; (b) charge-directed dissociations forthan the time frame for experiments on a quadrupole ion trap.
pept?des W_ithout _a_rginine; and (c) charge-directed dissociations for It is possible that the energies involved in those experiments
peptides with arginine. are not sufficient to observe extensive charge-remote dissocia-

tions in the time frame involved. However, the dissociations

predominant mechanisms are perhaps charge-remote Onesye ghserved in the quadrupole ion trap due to the significantly
involving homolytic or heterolytic bond cleavages, which have longer reaction times involved.

higher critical energies than charge-directed dissociations.
Recently, charge-remote dissociatior_ls ina _quad_rupole ion trapconclusions
have been observed to be the dominant dissociation pathway
for peptides containing both arginine and acidic residges. An attempt to give an explanation for the well-noted difficulty
The anomalous trend in the energy losses for dissociationsin obtaining structural information from peptides containing
of bonds near arginine can be explained by the proton sharing,arginine has been presented here. It seems very likely that the
while the energy loss values for dissociations distant from greater amount of internal energy needed to observe fragmenta-
arginine can be explained by considering the high-energy- tions along the backbone of arginine-containing peptides may
collision conditions. Due to the time frame of the experiment, be due in some part to secondary interactions. The greater
all dissociations in a sector-type instrument result with signifi- Stabilization of the proton in peptides with arginine seems to
cant kinetic shifts. It is possible that dissociations distant from Precipitate the formation of product ions by charge-remote
arginine' while still Charge-remote, show similar energy losses Processes. Also, the secondary interaction facilitates the forma-
to the charge-directed dissociations of other peptides becausdion of certain rearrangement ions that are often observed in
during the time frame and at the energies involved for Spectra of arginine containing peptides. These experiments
dissociation, the rates of these two reactions are very similar. Provide a means of better understanding spectra from peptides
This agrees with a large amount of data that show charge-remotecontaining basic residues. It may also have implications on the
fragmentations compete more favorably at high collision ener- ability of peptides or proteins to retain some higher order
gies33 This situation can be better understood by looking at Structure in the gas phase.
Figure 6. At internal energies nearer the threshold (i.e. in the )
ion trap experiments) the charge-directed dissociations are the Acknowledgment. This work was supported by NIH grant
only ones seen for peptides without arginine. Since the proton GM49852. M.R.A was supported by an NIH training grant

(GM08332).
(32) Qin, J.; Chait, B. TJ. Am. Chem. S0d.995 117, 5411.
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