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ABSTRACT

A time-of-flight mass spectrometric study of the metastable decomposition of ions
produced by #*2Cf fission fragment bombardment of bovine insulin is presented. The positive
secondary ion insulin species investigated include the protonated molecular ion, the doubly
charged quasi-molecular ion, the dimer ion, intact A- and B-chain fragment ions, and ions
constituting the intense continuum which underlies the discrete peaks. A high proportion of
secondary ions which enter the flight tube are observed subsequently to undergo unimolecular
fragmentation during flight. Investigation of the temporal distribution of the flight-tube
fragmentation indicate that the decays are heavily weighted to favor early times, i.e. high rate
constants.

INTRODUCTION

The bombardment of surface organic molecules in the condensed phase
by high energy fission fragments gives rise to a significant yield of secondary
quasi-molecular (QM) ions, even for very polar and/or high molecular
weight compounds [1-4]. At the same time, extensive prompt [1,3,5-8] and
metastable fragmentation [6,7,9] is observed, indicating that a large propor-
tion of the bombarded species become highly excited during the desorption
and ionization processes. The fragmentation studies cited were made on a
series of organic compounds with molecular weights less than 1000 u.

In the present work, our earlier investigation of the metastable decomposi-
tion of organic ions formed by fission fragment bombardment is extended to
a considerably higher molecular weight compound, i.e. the polypeptide
hormone bovine insulin with a monoisotopic molecular weight of 5729.6
(Fig. 1). Metastable fragmentation measurements are presented for the decay
of the (M + H)" ion, the doubly charged QM ion, the dimer ion, intact A-
and B-chain fragment ions, and ions constituting the intense continuum
observed in the positive fission fragment-induced mass spectrum.

0168-1176,/85,/$03.30 © 1985 Elsevier Science Publishers B.V.
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Fig. 1. Structure of bovine insulin.

Time-of-flight mass spectra of bovine insulin have previously been ob-
served by the group at Uppsala using 90 MeV 271 accelerator produced ions
[10] and ***Cf fission fragments [4,11]. Fast atom bombardment mass spectra
of insulins have also been obtained using double focussing deflection mass
spectrometers [12-16]. In one of these studies [16], the gas phase decomposi-
tions of the (M + H)* and (M — H) ™ ions of bovine insulin were measured.
The findings of the present investigation are related to these earlier studies.

EXPERIMENTAL

The mass spectral measurements were made with the time-of-flight fission
fragment ionization mass spectrometer built in this laboratory and described
previously [3], A schematic drawing of the apparatus is given in Fig. 2. It
contains three grids positioned close to the ion detector, the primary purpose
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Fig. 2. Fission fragment ionization mass spectrometer, EPG is the electrostatic particle guide.
Intergrid distances: d(,;_, =35 mm, d,_g=64 mm, dg_=64 mm, dp_g =87 mm,
dg_g=11.9 mm and dg_g = 6.3 mm.

of which is to provide a retarding potential for the study of fragmentation
reactions occurring in the 3 m flight tube of the mass spectrometer [9]. It also
contains three grids in the ion acceleration region. These enable measure-
ments of rates of ion fragmentations in the acceleration region to be made as
described in ref. 7.

The instrument also incorporates an electrostatic particle guide (EPG) [17]
to enhance the transport of ions through the 3 m long flight tube. The EPG
does not enhance the transport of neutral fragments, which are thus strongly
discriminated against in the present instrument.

Samples of bovine insulin were obtained from the Sigma Chemical Co., St.
Louis, MO. Following the Uppsala group [4,10], initial studies were per-
formed with samples dissolved in neat trifluoroacetic acid (0.5 g 17!) and
electrosprayed [18] to a thickness of 20-40 ug on to an aluminized polyester
foil with an area of 1 cm?. This method of sample preparation produced a
heterogenous mixture of compounds containing up to three trifluoroacetyl
esters of insulin. Thus, for all the work described here, the sample was
dissolved in and electrosprayed from glacial acetic acid, which yielded no
significant ester formation. The fission fragment flux through the sample foil
was 2000 fission fragments s~ ! and run times typically ranged between 1 and
2 h.

The ion acceleration voltage applied to the sample foil was 10.1 kV. To
increase the detection efficiency for high molecular weight species, the front
face of the microchannel plate ion detector (G in Fig. 2) was coated by
vacuum evaporation with a 500 A thick layer of CsI and an additional 3.4
kV of post-acceleration was applied just prior to ion detection. In addition, a
grid (F in Fig. 2) with a potential 130 V more negative than the front face of
the detector was positioned 6.3 mm from the detector. This potential causes
secondary electrons ejected from the front face of the microchannel plate to
be reflected back into the plate and detected.
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RESULTS AND DISCUSSIONS

The time-of-flight spectrum of bovine insulin with no metastable rejection
is shown in Fig. 3. This spectrum was taken with the potentials on grids A,
B, and E (Fig. 2) set to 0 V. Under these conditions, ions formed close to the
sample foil, which survive further fragmentation until they are fully accel-
erated but which subsequently undergo metastable fragmentation in the
field-free flight tube, contribute to the same peaks in the spectrum as do
their precursor ions [9,19]. Such a time-of-flight spectrum thus provides a
“snapshot” of the distribution of ions after a time equal to that required for
full acceleration of the precursor species, e.g. 100 ns for a m/z 400 fragment
and 380 ns for the (M + H)* ion from bovine insulin at m /z 5734 (isotopi-
cally averaged value). The primary effect of flight-tube metastable species on
the spectrum is to broaden the peaks through the release of internal energy
of excitation as translational energy of the fragments.

The spectrum given in Fig. 3 corresponds closely with that previously
obtained by the Uppsala group [4,11]. The major ion peaks observed above
m/z 2200 are listed in Table 1. The estimated errors on the measured masses
include as their main components (a) calibration errors arising from the
extrapolation from the calibration peaks at m/z 1 and 23 and (b) errors
arising from the post-acceleration of ions which have undergone fragmenta-
tion in the flight tube. This latter error tends to give measured masses lower
than the authentic values. The dominant high mass peak observed at m/z
5733.7 + 2.0 corresponds, within the error of the determination, to the
protonated molecular ion of bovine insulin. The other high mass ions

FULL SCALE = 15800 COUNTS

(M+H)*
(A*+Na-H)*| 5734
«
(M+2H)2*
> '3
- +72
-
-
(2M+H)*
0 ps TIME OF FLIGHT 400 us

Fig. 3. Time-of-flight spectrum of bovine insulin with no metastable ion rejection. The mass
range covered is 0-31600 u.
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TABLE 1

The measured isotopically averaged values of m /z for high mass peaks of bovine insulin
compared with the calculated m /z values for the probable ion species observed

Probable ion Calculated *® Measured
species m/z m/z
(A+Na-H)* 2359.6 2360.24+ 2.0
B* 3399.6 33984+ 2.0
M+H)"* 5734.7 57337+ 20
(M +2H)?* 2867.9 28642+ 2.0
M +H)* 11468 11463 +10

? Isotopically averaged mass.

observed (dimer, doubly charged QM ion, and A- and B-chain fragments)
have been previously described by other workers [10,14-16]. The origin of
the ion which we have designated (A + Na— H)" is puzzling because no
significant (M + Na)* peak is observed in the spectrum. We note that a low
intensity peak with a corresponding mass can be seen in the high resolution
fast atom bombardment spectrum of insulin given in ref. 16.

A considerable intensity of low mass ions is also observed (see Fig. 3).
Most of the structurally significant fragment ions identified below m /z 1000
appear to be related to the B-chain of insulin. These fragments will not be
discussed in detail in the present paper.

A striking feature of the spectrum shown in Fig. 3 is the intense con-
tinuum of 1ons stretching from low to high masses. This continuum com-
prises the bulk of the ions observed above m/z 100 and will be discussed
presently. For the purpose of peak identification, it is convenient to subtract
this smooth continuum from the spectrum. The results of such a continuum
subtraction is shown in Fig. 4 for the mass region between m/z 2000 and
40000. In addition to the peaks already described, two higher mass peaks
can be discerned which correspond in mass approximately to trimer and
tetramer cluster ion species of insulin. To enhance the signal-to-noise ratio
for these weak cluster ion peaks, the acceleration distance d;;_, (Fig. 2)
was decreased to 1.5 mm and the run time increased to 1068 min for this
run.

Close inspection of the structure centered at the protonated molecular ion
peak reveals that it has a complex shape with at least three components.

(a) A small sharp roughly symmetrical component with a full width at half
maximum (FWHM) of 125 ns, corresponding to a mass width of 8 u. This
very narrow peak is too sharp to be apparent in the highly compressed
representation of the spectrum given in Fig. 4. The measured width of 8 u is
consistent with the width of the distribution of the isotopic components of
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Fig. 4. Continuum subtracted time-of-flight spectrum of bovine insulin. The mass range
covered is 2000-40000 u. The expected positions for the trimer and tetramer insulin ions are
indicated.

insulin. Experiments described later in this section reveal that tnis sparp
component is either stable over the full flight time or decays to fragment
ions with a mass greater than 84% that of the precursor (M + H)* ion.

(b) A large broad roughly symmetrical component with a FWHM of 4000
ns which corresponds to a mass width of 271 u. At least some of this width
can be attributed to broadening arising from the release of internal energy of
excitation as fragment kinetic energy during metastable fragmentation of
(M + H)" ions in the flight tube.

(c) A broad feature on the low time (mass) side of the (M + H)" peak
extending some 1250 u below the sharp component. We attribute this feature
to a series of unresolved fragment peaks resulting from losses of neutral
molecules with masses up to 1250 u from the (M +H)™" ion. Probable
candidates for the fragmentations are the C-terminal 11 residues of the
B-chain, the N-terminal 6 residues of the B-chain and the N-terminal 5
residues of the A-chain. All of these fragmentations involve the cleavage of
Just a single bond. Because of the intramolecular disulphide bridges, frag-
mentations of the molecular ion involving other parts of the molecule must
occur through the rupture of at least two bonds and are thus less likely.

The results of two kinds of metastable fragmentation experiments are
given.

Experiment 1. Flight-tube fragmentations integrated over 314 cm flight path

In this first experiment, we investigated the integrated metastable frag-
mentation of ions, formed from the insulin sample, throughout the whole
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length of the 3 m long flight-tube, after acceleration to full energy. The
sample foil was maintained at a potential of 10.1 kV and grids A, B, and C
(see Fig. 2) at a potential of 0 V. Ions which decay in the field-free
flight-tube give rise to fragments which have lower energies than their
precursor ions [9,19]. By the application of appropriate potentials to grid E
(Fig. 2), flight-tube metastable fragment ions may either be reflected and
thus not detected or alternatively be separated from the precursor ions [9,19].
In previous work on chlorophyll ¢ and smaller molecules [6,7,9], we were
able to use such separated metastable fragment and precursor ion peaks to
map detailed discrete fragmentation pathways. Due to the complexity of the
present system, it was not practical to obtain analogous discrete fragmenta-
tion pathways. Here, metastable fragmentation distributions were mapped
simply to different mass ranges. Thus, a series of potentials V.. was
applied to grid E (Fig. 2) with magnitudes of 0.0, 2.0, 4.4, 6.5 and 8.5 kV.
Ion fragments with

M(fragment) < (¢, pgc/aVacc) X M(precursor) 1)

where g, 1s the charge on the accelerated ion, ¢, is the charge on the
decelerated ion, and V,.. is the acceleration potential maintained at 10.1
kV, are reflected and are thus not detected. Data showing the effect on the
spectrum of the application of these different potentials to grid E are given
in Fig. 5. Clearly, both the peaks and the continuum get smaller as larger
deceleration potentials are applied, corresponding to the rejection of increas-
ing amounts of flight-tube fragmentation products. Measurements per-
formed at elevated pressures demonstrated that collision-induced dissocia-
tion did not contribute significantly to the observed fragmentation.

FULL SCALE = 15615 COUNTS
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Fig. 5. Time-of-flight spectra of bovine insulin taken with five different magnitudes of the
ratio of the deceleration potential to the acceleration potential, Vg /Vace. The run at 0.84
is only represented up to 90 us for the sake of clarity.
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TABLE 2

The percentage of ions which either do not fragment or which fragment to masses >
(4pVpEC/gaVacc) X M(precursor) during their transit through the field-free flight-tube

lon i Vbec/ Vace

speaies 0.00 0.20 0.44 0.64 0.84
C2M+H)" 100 64+10 25+ 5 <4 <4
M+H* 100 55+ 5 29+ 6 13+ 3 10+3
B* 100 754 7 33410 19+ 6 1746
(M+2H)?* 100 81420 ° 58+16 ° 474132 25+8°
(A+Na—H)* 100 77428 38419 18+ 9 1547

* Special consideration needed (see text).

Data showing the percentage of ions which do not fragment or which
fragment to ions with masses > (gpVppc/qaVace) X M(precursor) during
their transit through the flight tube are given in Table 2. The precursor ion
species investigated were (2M + H)*, (M + H)*, (M + 2H)>*, B* and (A +
Na — H)"'. The indicated errors were estimated by comparing two com-
pletely independent duplicate experiments. Table 3 gives the time ranges
over which the unimolecular fragmentations were measured. These limits
correspond to the time after ion formation required for full acceleration of
the ions and the flight time of ions to the retardation grid E.

It is important to note that the metastable fragmentation data reported in
this paper do not represent absolute survival rates since the detection
efficiency for ions of different masses is not known in the present experimen-
tal configuration. The data are, however, meaningful in operational terms
and will be discussed as such. Inspection of Table 2 indicates that only a
very small percentage (< 4%), if any, of the insulin dimer ions survive the
240 ps flight to the detector. Similarly, only 10% of the protonated molecular
lons which are still intact after 381 ns survive the remaining 170 ps flight to

TABLE 3

The time required for the acceleration of selected ions into the field-free flight-tube and the
flight time of these ions to the deceleration grid E (Fig. 2)

Ion species Acceleration time Flight time
(ns) (ps)

2M+H)* 539 240

M+H)* 381 170

(M +2H)%* 269 120

B* 293 131

(A+Na—H)* 244 109
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the detector or decay to fragment ions with masses greater than 84% that of
the (M + H)" ion. Fully 45% of (M + H)" ions decay in flight to fragment
ions with m/z < 1200. A significant proportion of these low mass fragment
ions are probably formed by sequential metastable decay processes [6,7,20].
Indeed, the data presented in Table 2 indicate that the A- and B-chain
fragment ions exhibit a propensity to undergo unimolecular decompositions
comparable with that of the (M + H)™ ions.

The gas phase decomposition of the (M + H)* ion of bovine insulin has
previously been studied using fast atom (several keV) bombardment of the
compound in an a-monothioglycerol matrix using a reversed geometry
double-focussing deflection mass spectrometer in its mass analyzed ion
kinetic energy spectrum (MIKES) mode of operation [16]. The (M + H)* ion
was found to decompose primarily to the B-chain fragment ion. We compare
the present (M + H)* unimolecular fragmentation results with the results
deduced from the MIKES spectra. Higher rates of decomposition are ob-
served in the fission fragment experiment and the distribution of fragment
ions is different and more heavily weighted to lower masses. Experimental
differences which could account for these observed discrepancies include the
facts that (1) the fission fragment experiment measures decompositions
occurring more than two orders of magnitude earlier in time than the
measurement in the fast atom experiment, (2) fission fragments have an
energy four orders of magnitude higher than that of the fast atoms used, and
(3) the fission fragment result was obtained on a solid insulin sample whilst
the fast atom result was obtained on insulin dissolved in a liquid matrix.

Special consideration is needed for the interpretation of the doubly
charged QM ion fragmentation data in Table 2. The doubly charged ions are
accelerated to twice the energy of the singly charged species and are thus
extracted into the field-free flight tube ~ 30% faster. Furthermore, the
doubly charged ion may decay into either a doubly charged fragment and a
neutral fragment or into two singly charged fragments. The latter alternative
is considered to be more probable on general energetic grounds and also
from examination of the metastable fragmentation data where the doubly
charged QM ion appears to exhibit higher survival rates than the singly
charged QM ion unless g, /q, in Eq. (1) is assumed equal to 1 /2.

Similar flight-tube metastable data were obtained for the ions comprising
the broad spectral continuum and are given in Table 4. Inspection of the
unretarded spectrum of insulin shown in Fig. 3 reveals that this continuum
contains the bulk of the ions observed above m/z 100. The detailed origin of
the continuum remains to be defined, although we have proposed previously
[7,9] that at least part may be due to the summed effect of many overlapping
broad peak tails. We have shown that such extended peak tails arise from
fragmentation in the acceleration region. The general trend of the data in
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TABLE 4

The percentage of continuum ions which either do not fragment or which fragment to masses
> (9pVpec/9aVacc) X M(precursor) during their transit through the field-free flight tube

The relative errors for these measurements are estimated to be less than 10%.

Mass range Voec/ Vace
0.00 0.20 0.40 0.64

0-500 100 98 94 86
500-1000 100 78 51 25
1000-2000 100 68 30 14
2000-3000 100 54 19 11
3000-4000 100 44 14 8
4000-6000 100 41 16 8

Table 4 demonstrates that the continuum ions show an increasing tendency
for metastable fragmentation with an increase in mass. The data indicate
that a large proportion of the fragment ions comprising the continuum still
contain sufficient energy of excitation so that further decomposition reac-
tions occur with high probability.

Experiment 2. Flight-tube fragmentation during first centimetre of flight path

To obtain information relating to the temporal distribution of fragmenta-
tions within the flight tube, a second experiment was designed to investigate
the proportion of the fragmentations occurring after acceleration and during
the first cm of the 314 cm long flight tube. The metastable rejection grid E
was set to 0 V, i.e. no metastable rejection. The products of unimolecular
fragmentation in the region between grids A and B were separated from their
precursor ions using the method described in detail in ref. 7. Briefly, the
separation is achieved with an intermediate field-free zone between grids A
and B which is held at a potential elevated above ground. Thus the potentials
utilized were 10.1 kV on the sample foil, 2.0 kV on grids A and B and 0.0 kV
on grid C. The products of fragmentation reactions occurring in the field-free
region between grids A and B have the same velocity as their precursor ions.
However, since their masses differ from the precursor ion masses, the final
acceleration step between grids B and C serve to give them velocities
different from that of the precursor ions.

Neglecting the acceleration time, which is small, the total flight-times are

M )]/ZL 2)

(- (ﬂ-—
recursor
P 2eV,cc
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Mie(Vaee =V, 172
tfragmentz (Mf/2{ ! ( A}‘CIC A) +€VA}) L (3)

where M is the precursor mass, M, the fragment mass, L the flight path,
Vacc the acceleration potential (10.1 kV), and V, the potential on grids A
and B (2.0 kV). Thus separation of the fragmentation products and their
parent ion species is effected. The results of this experiment are presented in
Table 5 for the precursor ion species listed. The third column of Table 5
gives the percentage of ions which either do not fragment during flight
through the region between grids A and B or which fragment in this region
to ions with a fragment-to-precursor ratio greater than
M (fragment)/M(precursor) as given in column 2. The limiting mass
ratio, M\ (fragment)/M (precursor), is deduced from the minimum value
of the time difference 7, cc,rsor — ?fragmeni> Which can be experimentally de-
termined. Special consideration is again needed for the (M + 2H)?* ion
because it probably decays into two singly charged ions. For the doubly
charged ion, the third column of Table 5 gives the percentage of ions which
either do not fragment during flight through the region between grids A and
B or which fragment in this region to ions with 0.60 > M(fragment)/
M (precursor) > 0.43.

The fraction of ions which disintegrate between grids A and B (which
corresponds to the first cm of field-free flight in Experiment 1) can now be
compared with the fraction of ions which disintegrate over the full flight
path (314 cm). Comparison of the data in the final column of Table 2 with
that in Table 5 clearly shows that flight-tube fragmentations are heavily
weighted to favor early times, i.e. high rate constants. Presumably the ions
are formed with a wide distribution of rate constants and the results suggest
that the high values of the rate constants dominate.

TABLE 5

The percentage of ions which either do not fragment during flight through the region between
grids A and B (Fig. 2) or which decompose in this region to ions with a fragment to precursor
ratio grater than M| | (fragment)/M (precursor).

Ion species M, \\s(fragment)/ % Survival
M (precursor)

CM+H)" 0.80 73+11

M+H)* 0.77 70+10

(M +2H)** 0.43-0.60 * 424+ 6°

B* 0.78 82+12

(A+Na-H)" 0.79 39+ 6

# Special consideration needed (see text).
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