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ABSTRACT

The paper describes a selection of contributions made by members of Professor Frank H.
Field’s group in The Rockefeller University Mass Spectrometry Laboratory to both funda-
mental and applied aspects of P20y plasma desorption mass spectrometry,

INTRODUCTION

In 1974 Macfarlane and Torgerson [1,2] discovered a remarkable new
method for the volatization and ionization of involatile, thermally labile
biomolecules. In their technique, molecular entities are desorbed and jonized
dircctly from a solid surface by the passage of energetic P20 fission
fragments through a surface coated with a compound of interest. The
technique, which has come to be known as plasma desorption mass spec-
trometry (PDMS) or 22CF fission fragment ionization mass spectrometry,
has played a leading role in the emergence of mass spectrometry as an
effective means for the characterization of underivatized biomolecules such
as peptides, proteins, carbohydrates, and polynucleotides. Professor F.H.
Field at The Rockefeller University was among the first members of the
established mass spectrometric community (o recognize the enormous polea-
tial value to biological rescarch of the newly developed technique. He thus
immediately initiated plans (o construct a 22Cf fission fragment ionization
mass spectrometer which was put into service in 1979 [3] and has been
operating elfectively and fruitfully up to the present time. This paper
summarizes a selection of contributions made by the group at The Rocke-
feller University to both fundamental and applied aspects of the mass

* Dedicated to Professor Frank 11 Ficld on the oveasion of his retirement from Rockefelier
University.
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spectrometry of biomolecules using this 201 fission [ragment omzation
mass spectrometer.

THE INSTRUMENT

The instrument which we constructed utilized a time-of-flight mass
analyzer and was similar to that described by Macfarlane and Torgerson (4]
but with some differences {5-8]. A schematic drawing of the apparatus is
given in Fig. 1. The Rockefeller instrument has several noteworthy features,
as follows.

The instrument incorporates a long (3 m) flight tube with an electrostatic
particle guide [9] to enhance the transport elficiency of ions to the ion
detector, as in the early Macfarlane and Torgerson design [4]. The long flight
tube gives the mass analyzer an intrinsic resolution of ca, 2000 FWHM for
jons with masses greater than 100 u, a mass delermination accuracy of ca.
100 ppm, strong discrimination against cnergetic neutral fragments which
are produced by metastable decomposition of jons during flight, and the
opportunity to provide good immunity against noisc from uncorrelated ions.
These uncorrelated ions arc generated by 221 alpha particles, by the very
high fields applied to the sample foil, and by fission [ragments passing
through the sample foil during a given timing cycle, subsequent to the fission
fragment used to gencrate the time zero reference (10} The elimination of
these uncorrelated ions is achieved through the use of a set of pulsed
deflection plates positioned just beyond the acceleration grids at the en-
trance to the flight tube (Fig. D). A high voltage blocking potential is applied
to these plates after the ions arising [rom a fission fragment of interest have
been allowed to pass into the flight tube. Subsequently generated uncorre-
jated ions are then blocked for the remainder of the timing cycle.

The instrument incorporates a set of three accclerating grid electrodes
positioned directly in front of the sample foil and three decclerating grid
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Fig. 1. Schematic representation of fission fragment ionization time-of-flight mass spectrome-
ter. EPG is the electrostatic particle guide.
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clectrodes positioned just in front of the ion detector [11]. These grid
electrodes allow us 1o study or to cliniinate the ubiquitous metastable
decomposition products which are an important feature of fission fragment
mass spectra {see below).

Samples are inserted on a probe into the mass spectrometer through a
vacuum lock with a insertion cycle time of ea. 1 min. This short cycle time is
important, for example, when we wish to follow the progress of microchem-
ical reactions taking place at the surface of solid samples (see below).

The B2Cf source is purchased [12] as an electroplated layer (2 mm
diameter) of californium oxide which is diffusion bonded to a 1 pm thick
nickel foil and then sputter-coated with a thin layer of gold. During our
initial handling of these *Cf sources, we found that it was desirable to
sandwich the 2Cf foil between additional 0.5 pm nickel foils to prevent
sell-sputtering escape of the californium [5]. Similar foil-sealed source as-
semblies can now be commercially acquired {12}

The time-of-flight measurements are made with a time-to-digital converter
(TDC). No suitable commercially available TDC was available when we
constructed our fission fragment instrument, making it necessary to design
and construct a TDC in-house. The resulting device [8] has the following
capabilities: time bin width, 5/8 ns; number of available time bins, 2% =2
x 10¢ (corresponds o a time span of up to 1.2 ms); multiple stop capability,
15 event times can be measured alter a given start event; pulse pair
resolution or deadtime, 7 ns; integral nonlinearity, less than seven parts in
107, To make full use of these capabilities we have recently interfaced the
TDC to a 32-bit MicroVax 1 computer 113}, which can store a spectrum
comprised of as many as 800000 5/8-ns channels covering a time span of
500 ps, has a dynamic range of 0-2 X 10°% events per time channel, and can
read and store flight times in periods of the order of tens of microseconds
(14}

FISSION FRAGMENT MASS SPECTRA — DECOMPOSITION MECHANISMS

When we put our fission [ragment mass spectromelter into service, little
was known about the excitation of the various species desorbed and ionized
by the energetic ion bombardment, or the extent (o which these desorbed
specics decomposed and the mechanisms by which this occurred. We thus
undertook a detailed investigation of the complete positive and negative
mass spectra and the decomposition mechanisms of ions produced from
alanine, arginine, sucrose, guanosine, 5’-adenosine monophosphate, alanyla-
lanylalanine, and lysyltyrosylthreonine [5]. The spectra were obtained from
samples introduced into the mass spectrometer in the form of thin solid
films produced by electrospray deposition {15]. The mass-to-charge ratios
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were measured with sufficient precision (o permit deduction of atomic
compositions for many of the observed [ragment ions. The significant
findings of the study were as follows.

(1) The amount of fragmentation occurring in fisston fragment tonization
cven for the relatively simple molecules included in the study was large.
Thus relatively low intensities of quasi-molecular ions were observed and
many small [ragment ions were produced with large intensities. For exam-
ple, only for alanine was the intensity of the quasi-molecular ion greater
than 10% of the total ionization, and for arginine the CN~ ion comprised
56% of the total negative ionization. Thus the amount of energy transferred
1o a large proportion of the molecules undergoing ionization must have been
relatively large, and we concluded that the technigue should not be looked
upon only as a soft ionization method. Rather, the method appears 1o have a
dual character with desorption and ionization involving two modes: a gentle
one which produces intact quasi-molecular tons and a violent one which
produces, for example, the kind of { ragmentation that in the case of negative
ions reduces guanosine extensively to CN7 ions.

(2) Much of the fragmentation that occurs could be rationalized in terms
of established concepts of gaseous-ion chemistry. Both the positive and
negative ion spectra contained mostly even-electron ions which appeared to
be prmiucéd by chemical ionization-like processes and gave rise to many
structurally significant fragment ion species. Thus, for example, the positive-
ion spectrum of the tripeplides gave rise to the structurally informative types
of ions observed earlier by Field and co-workers [16] in their study of
peptide sequencing by isobutanc chemical ionization.

Our first application of 25201 PDMS which used the lindings outlined
above involved a study of the 20-residue pore-forming peptide antibiotic
alamethicin [6]. Some controversy had surrounded the elucidation of the
structure of natural alamethicin, which is a mixture of closely related
compounds. The study was undertaken in collaboration with Professor B.F.
Gisin, who synthesized several candidate structures for the major compo-
nent of alamethicin, alamethicin 1. He found that one of these synthetic
peptides (Fig. 2) was identical to the natural alamethicin 1 by a series of
different criteria which included amino acid analysis, high-performance
liquid chromatography, nuclear magnetic resonance spectroscopy, and bio-
logical activity. It was, however, not possible to compare the sequences
directly using Edman sequence analysis because of the blocked amino-
termini. We thus compared, in detail, the positive and negative BT fission
fragment ionization mass spectra of natural and synthetic samples of
alamethicin I (Fig. 3). In addition to providing molecular weight informa-
tion, the positive 1on spectra were found to provide detailed information on
the amino acid sequences of the peptides. The close identity of these positive
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Fig. 2. Amino uacid sequence of synthetic alamethicin L Monoisotopic molecular weight =
1963.1. Aib; aminoisobutyric acid; Phol, phenylalaninol.

ion spectra from the natural and synthetic peptides then provided strong
evidence that the natural and synthetic samples were indeed identical and
that natural alamethicin I has the same structure as the known structure of
the synthetic sample. Reaction mechanisms leading to the production of the
several series of sequence ions were suggested. The chemical identities of the
ions which comprise the series were again the same as or analogous to the
amino terminal ions observed previously in the isobutane chemical ioniza-
tion mass spectra of peptides [16] and which have come to be known as the
A, B and C series in the most recent nomenclature [17}. Two of the sequence
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Scheme 1.

ion series (which had not previously been described) involved the addition of
a sodium ion to the alamethicin 1 molecule followed by fragmentation with
retention of the sodium in the charged fragment, The suggested reaction
mechanism which leads to the most extensive serics of sequence ions is given
in Scheme 1. This imine fragment ion scries included ions formed by
breaking each of bonds 1-17 with only one exception. The ion formed by
breaking bond 11 was absent from the sequence. The residue to the left of
this bond is glycine, and we ascribed the absence of the ion to the fact that
glycine has no hydrogen that can take part in the four-center decomposition
depicted in Scheme 1.

We also observed [five imine serics ions produced by a variant of this
reaction, as shown in Scheme 2. These varian! imine [ragmentations were
found to occur at each residue where the component of the amino acid
sidegroup R (Scheme 2) is an entity larger than FL The upper limit with this
fragmentation was at bond 18.
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In summary, the reactions shown in Schemes 1 and 2 gave rise o
sequence information complete except for ions formed by breaking bonds 11
and 19. The identity of the fragmentation spectra from natural and synthetic
alamethicin 1 then provided strong evidence for the detailed sequence
identity of the two compounds.

METASTABLE DECOMPOSITIONS

2520f mass spectra have a distinet and unusual appearance; the spectral
peaks are frequently exceedingly broad and often have complex shapes. The
unusual appearance of the spectra undoubtedly contributed to the slow
acceptance of PDMS as a useful analytical tool. When we put our instru-
ment into service these dominating spectral features were unexplained. We
thus initiated a study of the factors affecting the peak shapes observed in
our time-of-flight instrument for a scries of compounds including alanyla-
lanylalanine, guanosine, 5”.adenosine monophosphate, erythromycein, and
chlorophyll « [7]. We hypothesized and subscquently confirmed that a
major causc of the broadening is the metastable decomposition of ions in
flight, with the release of internal energy as kinetic energy. Two lines of
investigation were pursued to test this hypothesis. In one, the residence time
of ions in the acceleration zone between the sample foil and the first
acceleration grid (Fig. 1) was varied by applying appropriale potentials to
the first acceleration grid. By studying the high-time tails and the peak
intensities as a function of residence time we were able to detect and
measure abundant unimolecular fragmentation reactions occurring within a
period 5-100 ns after ion formation. In the other line of investigation,
metastable fragments were separated from their parent ions on the basis of
their different kinetic energics. This was accomplished by using a set of
deceleration grid electrodes placed directly in [ront of the ion detector at the
end of the flight-tube (Fig. 1). Figure 4 shows the results of this latter type
of investigation obtained on the (M + H)* and (M + Na)* ions from the
tripeptide AlaAlaAla (MW == 231). The spectrum shown in Fig. 4A was
obtained with no potential applied to the deceleration grids and gives the
normal time-of-flight spectrum of the compound. Under these experimental
conditions, fragment ions and neutral species arising by metastable decom-
position in the [licld-free flight tube have the same mean velocities as the
precursor ions from which they arise. Thus the ncutral and charged frag-
ments contribute to the same peak in the velocity measuring time-of-flight
instrument as do their unfragmented precursor ion species.

It is scen from Fig. 4A that the peak corresponding to the protonated
molecule is substantially broader than that of the sodium-cationized species,
which has a width consistent with the limiting instrumental resolution of ca.
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Fig. 4. Quasi-molccular ion peaks in alanylalanylatanine: (M+H)' and (M+Na)y® pesks @t
three decelerating potentials: A, 0V B, 5 kV: and C, 8 kV,

2000 FWHM. The reason for the large width of the (M + H)" peak is
apparent from Fig. 4B, where the applied deceleration potential has caused
the original broad peak to split into three componcents. The small peak,
labeled N, corresponds to the unretarded ncutral entities. The large sharp
peak corresponds primarily to unfragmented (M + )" ions, and the broad
peak corresponds to (M + ) ions which have undergone metastable
fragmentation in the ficld-lree flight tube. As the deccleration potential is
further increased, the metastable decay product ions have increasingly
fonger flight times with respect to the unfragmented parent ions, and they
are finally suppressed altogether as shown in Fig. 4C.

In addition to providing an explanation for the origin of the broad and
complex peaks observed in PDMS, several useful pieces of information on
the excitation and fragmentation of ion species desorbed by fission frag-
ments could be deduced from these and similar retardation experiments:

(1) Sodium cationization was in general shown (o inject less energy into
the desorbed molecule than protonation, or at least produced ions which
underwent less metastable fragmentation. Thus, 82% of the (M + )" ions
of AlaAlaAla were observed to undergo | light-tube fragmentation reactions
versus only 46% for the (M + Na) t species.

(2) The retardation behavior of the metastable components with respect
to the precursor ion was used to deduce information on the identities of the
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fragmentation pathways. Thus, for example, protonated AlaAlaAtla could be
shown to decay in the flight tube primarily through the single transition

(M + H)" — NH 2CH(CHQCONHCH(CH3)C =0"
m/z 232 m/z 143

+NH,CH{CH;)COOH

(3) The time spreads of the separated metastable components were used
to deduce lower limits for the average amount of internal energy that was
converted into translational energy for given mctastable transitions. Thus,
for example, a lower limit of 32+ 9 meV was measured for the energy
release which occurred during the metastable transition 232% — 1437 shown
above.

(4) From a practical point of view we demonstrated (see, e.g. Fig. 6) that
the suppression of decomposition products can be used to enhance the
resolution by eliminating the broad components of the peaks or separating
them from the sharp components.

In an effort to widen our understanding of the behaviour of large ionized
molecules produced by fission fragment bombardment, we undertook 2
detailed investigation of the fragmentation of chlorophyll a (Chl «), MW =
892 [11,18,19]. The normal {ission fragment time-of-flight mass spectrum of
Chl a (Fig. 5A) showed that a very high proportion of the ionized molecules
undergo prompt f ragmentation reactions (reactions occurring in times
<1078 s after the ionizing cvents that give rise to the sharp fragment ion
peaks). The pormal mass spectrum shown in Fig. SA gives a “spapshot”™ of
the distribution of ions formed from Chl « ca. 100 ns after the ion-forming
event (the time required to accelerate the ions into the field-free flight tube).
This “snapshot” is somewhat blurred by the subsequent metastable decom-
position of many of these ions. Figure 5B shows the equivalent spectrum
after ali metastable fragmentation products (those fragments produced in
times between 1077 and 107* s after the jonizing event) have been removed.
Only 22% of all ions in the mass range 4001000 and only 1.1% of the M™*
and (M + H)" species survive the flight to the detector. The low survival rate
can be seen in Fig. 6, which shows the molecule ion region of a chlorophyll
a sample containing a small amount of pheophytin ¢ (Pheo a = Chl
a— Mg+ 2H). In this measurement the broad metastable peaks (shown
cross-hatched) have been separated from the sharp peaks which arise from
ions not fragmenting in the flight tube. By measuring the time separation !
between the broad metastable peak and its sharp precursor peak we could
determine the mass of the metastable daughter ion [11,18]. In the case
shown, the neutral loss from both Chl a and Pheo a was determined to be
279 4 2 u, corresponding to the climination of the phytyl hydrocarbon tail,
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In this way we obtained maps of most of the intensc metastable fragmenta-
tion in Chl « for both positive (Fig. 7) and negative ions, and were able to
show that much of the fragmentation could be readily rationalized by using
well-known concepts of gascous ion chemistry. Rate constants for certain
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Fig. 6. Quasi-molecular on peaks from chlorophyll @ sample containing a small admixture of
pheophytia a. Separation of hroad peaks arising from flight-tube fragmentation products
{cross-hatched) and sharp peaks arising from ions not undergoing fragmentation. The
metastable transitions are indicated.
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Fig. 7. Map of positive jon flight-tube fragmentation of ionized chlorophyll ¢.

fragimentation reactions were deduced from tails of peaks and from mca-
surements which used segmented ficlds in the ion acceleration region. We
found that fragmentation occurs with rate constants ranging [rom > 10% 57!
10 104 57", and we suggested that the fission fragment induced [ragmenta-
tion processes observed in Chl « involved many of the concepts embodied
in the quasi-equitibrium theory of mass spectra, ¢.g. formation of rcactant
ions with a wide range of encrgics, which results in a network of sequential
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and competing unimolecular reactions with variable and wide-ranging rate
constants. :

The studies described above were made on compounds with molecular
weights less than 1000 u. Larger molecules are, in general, more difficult to
volatilize than are smaller molecules and may therefore be expected to
absorb more encrgy during desorption. On the other hand, larger molecules
contain many more degrees of freedom and can thercfore absorb more
energy without undergoing fragmentation than can smaller species. To
investigate the competition between these opposing effects, we extended the
investigation of the metastable decomposition of fission fragment bombard-
ment produced ions to a considerably higher molecular weight compound,
i.c. the polypeptide hormone bovine insulin, which has a monoisotopic
molecular weight of §729.6 [20]. Mectastable fragmentation mcasurements
were made of the decay of the (M + H)* ion, the (M + 2H)?" ion, the
(2M + H)™ ion, intact A- and B-chain fragment ions, and ions constituting
the intense continuum observed in the positive fission fragment induced
mass spectrum, Figure 8 shows the effect on the time-of-llight mass spec-
trum of applying a series of potentials to the metastable rejection grids at
the end of the flight tube (Fig. 1). lon fragments with

M{fragment) < (qy¥pce/@nVie) X M(prccursor) (1)

where ¢, is the charge on the accelerated ion, qy, is the charge on the
decelerated ion, V. is the deceleration potential, and V, is the acceleration

potential, are reflected and are thus not detected. Clearly, both the peaks
and the continuum become smaller as larger deceleration potentials are
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applied, corresponding to the rejection of increasing amounts of flight-tube
fragmentation products. The data indicated that only a very small per-
centage ( < 4%), of the insulin dimer ions which survive acceleration (/.. =
539 ns) subscquently survive the 240 ps flight to the detector. Similarty,
< 10% of the protonated molecule ions which are still intact after 381 ns
survive the remaining 170 ps flight to the detector. Almost half of the
(M + D)"Y ions decay in flight to fragment ions with m/z < 1200. We
hypothesized that many of these low-mass fragment ions are formed by
sequential decay processes, as a single decay is not likely to reduce signifi-
cantly the energy content per degree of [recdom of a heavy fragment
compared with its high-mass precursor [19]. Indeed, the A- and B-chain
prompt fragment ions were found to have a similar propensity to undergo
metastable decompositions as do the (M + H)" ions.

An investigation of the temporal distribution of the flight-tube fragmenta-
tions also indicated that the decays are heavily weighted to favor early times,
i.e. high rate constants.

In 1985 Sundqvist, Roepstorffl and co-workers [21] devised a new method
for polypeptide sample preparation which yielded fission fragment mass
spectra of much higher quality than that previously obtained with samples
produced by electrospray deposition. The method involves the non-covalent
attachment of monolayer amounts of polypeptide to a supporting matrix of
aitrocellulose (NC) which has an affinity for the polypeptide. The results of
these workers indicated that protonated polypeptides desorbed from NC
undergo substantially less fragmentation than do polypeptides desorbed
from bulk material. A strong enhancement of multiply charged (protonated)
intact molecule species was also observed from NC. Two [urther practical
benefits resulted from the use of NC. First, the sensitivity for detecting
polypeplides was increased by several orders of magnitude. Second, the
sensitivity of the spectral response to impurities (e.g. salts) was markedly
reduced because the impurities could frequently be removed from the
surface-sorbed polypeptide layer by simply rinsing the surface with clean
solvent. In the hope of casting some light on the physico-chemical reasons
for the improvements observed with NC, we undertook a series of compari-
sons between the amount of fragmentation in ions desorbed from bulk
(clectrosprayed) polypeptide samples and the amount of fragmentation
observed in the corresponding ions desorbed from polypeptides bound to
NC [22}. Figure 9 gives a comparison between the mass spectra obtained
from an electrosprayed sample of porcine insulin (MW = 5777.7 u) (Fig. 9A)
and NC-bound sample (Fig. 9C). Both these spectra were oblained with the
deceleration grids (V,, in Fig. 1) set to the flight-tube potential (0 V). Under
these conditions no ions which undergo metastable decomposition in the
flight tube are rejected [19] so that these spectra give “snapshots” of the ion
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Fig. 9. Partial time-of-flight mass spectra of porcine insulin. A, Electrosprayed sample. No
metastable suppression applied, Ve / Ve = 0.0 KV /100 kV. Rus time = 287 min. B, Elec-
trosprayed sample. Metastable suppression applicd, Vo S Voo = 8A KV /1AL KV, C, Nitrocel-
lulose-bound sample. No metastable suppression applied, ¥/ Vo= 0.0 kV/100 kV. Run
time = 61 min. D, Nitroceltulose-bound sample. Metastuble suppression applied, Voo / Viee =
9.0 kV/10.0 kV.

populations in the time range between 2 X 1077 s and 4 X 1077 s alter the
ion-forming event. To accentuate the ion peaks, the smooth, featureless
continua were subtracted from these spectra. Comparison of Fig. 9A and 9C
revealed several striking differences between the spectra obtained using the
two different sample preparation techniques. The spectrum obtained with
the NC-bound sample exhibits much sharper peaks, a much smaller inten-
sity of fragment ion species, a lower intensity of ions comprising the broad
features between the various peaks, and a considerably higher intensity of
doubly and triply charged (protonated) intact peptide ions. The data shown
in Fig. 9A and 9C are consistent with a considerably lower-cnergy injection
into the protonated porcine insulin ions desorbed from NC compared with
the corresponding ions desorbed from bulk electrosprayed layers. Further
information on the relative degree of excitation of insulin ions desorbed
from the two different sample preparations was obtained by a study of the
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metastable fragmentation of the ions during transit through the 3-m flight
tube. Such flight tube fragmentation reactions oceur for the (M + H) ¥ ion at
times greater than 3.8 X 10-7 s but less than 1.7 X 1074 s after the ion-for-
ming event. The spectrum shown in Fig. 9B was oblained from the same
electrosprayed sample as that shown in Fig. 9A except that a potential was
applied to the deceleration grid E (Fig. 1) sufficient to reject the majority of
ions which undergo fragmentation in the flight tube. Clearly, very few ions
which survive acceleration survive their subsequent transit of the flight tube,
e.g. only 2.6% of (M + I)* ions. This finding is in sharp contrast to the
observed survival rate of porcine insulin ions desorbed from NC. Figure 9C
shows the partial spectrum from NC-bound insulin with no mectastable
suppression, and Fig. 9D shows the corresponding spectrum from the same
sample with metastable suppression. Again, the jons constituting the broad
features between the discrete peaks largely disappear. The (M + H)" ions,
however, have in this case a measured survival rate of fully 78%. These data
provided striking evidence that protonated insulin molecules desorbed from
NC contain considerably less internal energy than do the corresponding
species desorbed from bulk insulin. The detailed reasons for the reduced
excitation from NC remain to be clucidated. However, as previously sug-
gested [21,23,24], reduction of the binding energy of the molecules of interest
to other molecules and to the surface is probably the dominant factor.
Improvements in our undertaking and control of the binding of biomole-
cules to surfaces holds the prospect of increasing our control over the
amount and type of fragmentation incurred during desorption.

We also found that the relative survival probability of polypeptide ions
desorbed from NC by fission fragments decreases as a function of increased
polypeptide molecular weight. Thus, the injection of an excessive amount of
energy during the ion-induced desorption and ionization processes stitl
severcly limits the quality of mass spectra obtained from polypeptides with
molecular weights > 10000 u, as can be seen. for example, from the partial
mass spectrum of horse heart cytochrome C (MW = 12361 u) shown in Fig.
10A.

In addition, we were able to demonstrate, for the first time, that a
substantial fraction of the slow unimolecular fragmentation reactions of
multiply protonated polypeptides gives rise to two charged {ragmentation
products rather than a multiply charged fragment and a neutral fragment.
This finding confirmed our expectation, based on general energetic and
statistical considerations, that the multiple charges would frequently be
shared between the fragmentation products. Figure 10B shows the spectrum
of fragmentation products which arise exclusively from dissociation of
multiply protonated parent molecule ions into two charged [ragments. All
other ions have been excluded {rom this mass spectrum by the application of
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a potential (¥, ) to the deceleration grid with a magnitude greater than that
of the acceleration potential (V) (see Eq. 1).

ace

COMPARISON OF MASS SPECTRA OBTAINED WITH MeV AND keV 10N
BOMBARDMENT

Shortly after Z2CT fission fragments with energies of ca. 100 MeV were
shown to be highly effective for desorption and ionization of involatite
molecules [1,2], Benninghoven and co-workers [25-27}, using a magnetlic
deflection instrument, demonstrated that ions with energies four orders of
magnitude lower than fission fragments (i.e. a few keV) were also effective
for production of ionized gas-phase molecules from organic solids, at least
for compounds with molecular weights < 300 u.

in 1980, together with Standing and Ens at the University of Manitoba,
we undertook to compare closely the relative properties and merits of these
two tlechniques [28] by obtaining mass spectra of a series of compounds
using the same samples mounted on the same sample foils in two similar
time-of-flight mass spectrometers, the Rockefeller University fission frag-
ment instrument (described earlier in this paper) and the pulsed keV ion
bombardment mass spectrometer constructed by Chait and Standing at the
Universily of Manitoba [29]. No direct comparison of this type had previ-
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ously been carried out. Furthermore, although fission fragment mass spec-
tromelters had been demonstrated to produce significant quasi-molecular ion
yields from a wide range of large, involatile, and fragile molecular species,
the mass spectral data base for low-energy (keV) ion bombardment was
much more limited. Indeced, no spectra of compounds with a mass greater
than 350 u had been reported in the literature for keV encrgy bombardment.
We therefore determined the positive and negative mass spectra with both
modes of ionization for alanine, arginine, sucrose, guanosing, 5'-adenosine
monophosphate, adenylyl-(3" — 5")-cytidine (ApC), tetrabutylammonium
iodide, and vitamin B,, {(cyanocobalamin). A very high degree of similarity
was observed in the spectra obtained by the two ionization methods for all
of these compounds. As an example, Fig. 11A and 11B give, respectively,
comparisons of the positive and ncgative ApC spectra. The consistent
similarity of the observed patterns of ions was superficially surprising, as the
major energy loss process for fission fragments (electronic stopping, i.e.
energy loss by excitation and ¢jection of sample atomic electrons) is entirely
different from that for low-energy (keV) ions (nuclear stopping, i.c. energy
loss by elastic scattering from sample atoms) [30]. However, as the precise
roles of electronic and nuclear stopping in the desorption and ionization of
condensed phase organic molecules have not yet been fully elucidated, the
detailed reasons for the close resemblance remain unclear. What we can
deduce from the similarity of the observed spectra is that both tonization
technigues produce gas-phase ions with similar distributions of internal
energy for all the organic compounds studied, and that if imual differences
do exist between the two methods, memory of these differences s largely
lost on the time-scale relevant to the formation of the major observed ion
species,

When we carried out this comparison it was not possible to evaluate
properly the relative analytical utility of the two techniques, as we had not
determined their relative ion production yields and sensitivities. It seemed
clear, however, that the high fluxes available from the low-encrgy ton gun
and the ability to focus the low-cnergy ions to a small diameter on the
sample foil could lead to significant improvements in the working sensitivi-
ties. The subsequent development of fast atom bombardment mass spee-
trometry (FABMS) by Barber and co-workers [31,32] dramatically increased
interest in keV energy bombardment. Their discovery that compounds
suspended in a nonvolatile liquid matrix give rise to long-lived and relatively
intense secondary ion beams under high flux bombardment conditions,
allowed for the ready use of conventional deflection and quadrupole mass
analyzers, and has made FABMS the most used mass spectrometric method
for the analysis of involatile organic compounds. For a number of reasons
we have continued to concentrate our efforts on examining solid samples.




314

jity

100
100

i 1T

136

Ll}ich b

275

348

T

3.5 kv KO

200

300

112
80-

604

REL. INT. (%)

136

'S ST

FISSION FRAGENT

et

{MeNA)

usf 573 gus
] 1

4

MSS

600

100
80

60

4y 171
79

REL. INT. (B

ats

ot bl 1

134

10 v KN

H-13
571

100

200

400 500 600

100
804
X 1/10

601 79

INT, (B)
-]
.~

40

REL

20

o Li
100

Fig. 11 A, Adenylyt-(3'
ment: Jower, 22CT fission fragment
ion spectral upper,

ment.

134

FISSICN FRAGENT

¥ i

400 500

-+ 5" )-cytidine positive ion spectra: upper, 1.5-keV K* ion bon

B2CE figsion fragment bon

nbard-
bombardment. B, Adenylyl-(3° — 5" )-cytidine negative

10-keV K* jon bombardment; lower, whard-




345

These include the fact that such solid samples interface most eastly with the
simple and efficient time-of-flight mass analyzer, that very small amounts of
sample are required for the analysis (a monolayer of material is optimum in
many cases), and that background and chemical effects related to the liquid
matrix are absent. Recently we have directly compared the relative high- and
low-cnergy bombardment quasi-molecular jon yiclds for a series of peptides
(MW = 500--5700) prepared as solid films by clectrospray deposition [33)
As in our previous comparison [28], we observed that the pattern and shapes
of the quasi-molecular ion peaks and the shape of the smooth continuum
continues to be remarkably similar in the spectra using the two different
energy bombarding ion species. A significant difference between the spectra
obtained with the two methods is also observed. The ratio of the quasi-
molecular ion yield to background decreascs faster as a function of increas-
ing mass for keV energy bombardment than for fission fragment bombard-
ment. Fission fragments were observed to have a clear advantage in this
respect when compared with keV ion bombardment; this suggests a higher
upper mass limit for high-cnergy particle bombardment. Figure 12 shows the
relative quasi-molecular ion yiclds as a function of mass for incident fission
fragments and 8 keV Cs™ ions. The curves are normalized at leucine
enkephalin (MW = 556 u); only the dependence on mass is indicated, not
absolute yields. In general, the data indicate a decrease in yield with
increasing mass. The decrease is faster for keV bombardment. For the data
shown in Fig. 12 we have taken the sharp (stable) component of the spectral
peak as the quasi-molecular ion yield because its origin is well understood
and it is the most useful portion of this part of the spectrum. However, for
the low-energy spectra of the two highest molecular weight compounds
( B-endorphin and insulin), no sharp component is distinguishable from the
broad (metastable) component so that only upper limits to the yield are
given, For both bombarding energics, the data indicate that the yield falls
off more slowly for the broad (unstable) component than for the sharp
(stable) component. Further, when the broad component is considered, the
difference between the yield curves for high- and low-cnergy bombardment
is smaller (Fig. 13).

Most recently we have extended these yicld comparisons to samples
prepared by adsorption to nitroccllulose [34]. Differences in the relative
guasi-molecular ion yields between fission fragment and keV Cs' ion
bombardment were reduced significantly by the use of the nitroceliulose
bound peptide samples rather than electrosprayed samples (Fig. 13). For the
first time, intact protonated molecule ions of a compound as large as bovine
insulin were detected by keV energy bombardment of solid samples. Thus
nitrocellulose extends the useful mass range which can be studied with
low-encrgy ions to proteins with molecular weights between 5000 and 10000
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u. For still higher molecular weight proteins desorbed from nitrocellulose,
Ens et al. [35] have demonstrated that fission fragments continue to have a
clear advantage.

We have also compared the effective sensitivities of the two bombardment
techniques for a series of peptides (molecular weight range 1000-6000 u)
desorbed from nitrocellulose [36]. The comparison in this case was made
using 30 keV indium ions in a pulsed ion bombardment time-of-flight mass
spectrometer constructed at The Rockefeller University {37] and the previ-
ously described fission fragment instrument. The pulsed ion bombardment
mass spectrometer was designed (o achieve very high sensitivity by using a
tightly focused (to a diameter of 0.1 mm), high-intensity primary ion beam
to bombard the sample of interest, which can be concentrated onto a small
area, The low-energy instrument was found to have a sensilivity advantage
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of a factor of 40 over the fission fragment instrument, which is simply
related to the fact the same amount of sample could be deposited on a 40
times smaller area on the sample probe of the former device. Thus, for
example, 20 Tmol of arginine vasopressin (MW = 1083) introduced into the
fow-energy instrument gave an (M + H) ¥ peak with a signal-to-noise ratio of
20:1 for a 30 min run. Similar high sensitivitics have been observed
previously for compounds with molecular weights < 2000 u introduced on
acid-etched or sputter-cleaned metal surfaces [37,38). For all the compounds’
investigated, the QM ion yield passed through a maximum when the sample
introduced into the low-energy mass spectrometer was in the range 2-10
pmol. By contrast, this optimum amount of introduced sample was typically
100-1000 pmol in the case of the fission fragment instrument. In applica-
tions where only picomolar amounts of sample are available, the run times
can therefore be significantly shorter in the low-energy instrument,

MASS SPECTROMETRY OF MICROSCALE CHEMICAL REACTION PRODUCTS OF
ORGANIC SOLIDS AND SURFACE-BOUND ORGANIC MOLECULES

Chemical reactions that take place at the surface of organic solids or on
organic molecules bound to surfluces are of interest in a wide range of
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different arcas, including the fong-term stability of drugs, the degradation of
plastics, the effects of gascous pollutants on biological systems, catalysis,
and a variety of different analytical chemical procedures. In 1985 we
discovered a new technique for detecting and investigating such reactions
[39}. During the course of a *>>Cf ionization mass spectrometric investiga-
tion of the triphenylmethane dye crystal violet, we inadvertently exposed a
thin solid clectrosprayed film of the dye to light in the presence of air after
the initial mass spectrometric analysis. Subsequent mass spectrometric re-
analysis of the original dye film demonstrated with great clarity that the
compound had undergone extensive chemical transformations. The observa-
tion suggested the following gencral procedure:

(1) a thin film of the organic compound of interest is deposited on a
metallic substrate;

(2) the film is then analyzed (essentially nondestructively) by ion
bombardment mass spectrometry;

(3) the same film is then exposed to the reagent(s) of interest, which
causes reaction to occur;

(4) the chemically modified film is then re-analyzed mass spectrometri-
cally.
Figure 14 shows the results of the photochemical transformation of crystal
violet described above, but performed under controlled conditions. Figure
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14A shows the high-mass portion of the mass spectrum of crysial violet
before the photon irradiation of the dye film. The spectrum exhibits an
intense intact positive ion peak at pr/z 372 and several less intease fragment
ion peaks {e.g. at m/z 356 and 340) arising from successive loss of methane.
Figure 14B shows the spectrum oblained from the same film after a brief
irradiation with vistble wavelength photons in an atmosphere of O, with
H,0 present. The peaks at m/z 358, 344, and 330 arise from three
photodemethylation products of crystal violet. The small peak at /2 388 is
probably the (M-H)" ion of the carbinol base of crystal violet, which also
appears to be formed as a photoproduct. Clearly, the amount and the
specificity of the information about the chemical reaction under study is
high.

To establish the generality of the technique and to investigate some
applications of the procedure, the surface reactions of several organic solids
were investigated with three major reagent classes:

Photons

Irradiation of rhodamine B under the same conditions as those for crystal
violet gave analogous de-cthylation photoproducts with a similar yield [40].
The spectrum of unirradiated diethylstilbestrol exhibits an intense molecular
ion peak at m/z 268, Irradiation of the sample with 254-nm photons in air
yielded a major product of unknown structure which produces an intense
peak at m/z 266, We have also iavestigated photon-induced reactions on
several other organic compounds {see Table 1), and in each clearly detected
photopreducts distinet from the starting material,

Light reactive gases

Exposure of a variety of compounds (sce Table 1) to O, NO, NO,, Br and
HCl demonstrated that the production of new materials could be sensitively
followed and their masses readily identified {39-41). Thus, for example,
unsaturated fatty acid salts when exposed to ozone undergo cleavage at the
double bond(s) to yield aldehyde and carboxylic acid products. Figure 15
shows the high-mass portion of the mass spectrum of the sodium salt of
vaccenic acid [CH(CH,);CH=CH(CH,),COONa] before and alter ex-
posure of the thin film to ozone. Belore exposure, the spectrum is dominated
by the (M + Na)* ion at m/z 327, as shown in Fig. 1SA. Alter exposure of
the sample to a 1% O, in O, mixture for 2 s the spectrum shown in Fig. 15B
is obtained. The (M -+ Na)* peak has disappeared, indicating complete
reaction of the starting material, and is replaced by three new peaks which
correspond to reaction products of the ozone with the fatty acid salt, The
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TABLLEN

Summary of gus-solid chemical reactions investigated with the microscale reaction nass

spectrometry probe

Reactions of

With

Photons, O,, H,0

Ozone

NO,

Phenylisocyanate
Bromine
HCl

Edman rcaction
reagents

Crystal violet, rhodamine B, methylene blue, rose bengal, rose bengal
ethyl ester, avermectin B1,, dicthyl-stitbestrol, nt-conmaric acid, bi-
liverdin

®e

26-Hydroxycholesterol; desoxycorticosterone hemisuccinate; pregnen-
olonc; dihydrocholesterol; cholesterol; somatostating cystine dimethyl
ester dihydrochloride; cysteine; nataxone HCL leucine-enkephaling
oxidized glutathione; S,S-dimethyl reduced oxytocin; oxytocin; biliru-
bin; crystal violel; the sodium salts of cis-vaccenic acid, trans-vaccenic
acid, petroselinic acid, oleic acid, claidic acid, linolelaidic acid, linoleic
acid, linolenic acid, nervonic acid; a series of gangliosides
19-Hydroxycholesterol, 20-hydroxycholesterol, 26-hydroxycholesterol,
vaccenic acid sodium salt, oleic acid sodium sal

Leucine-cnkephalin
Vaccenic acid sodium salt, petroselinic acid sodium salt

Petroselinic acid sodium salt

Leucine-enkephalin
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product peaks which occur at m/z 245 (OHC(CH,),COO-NaNa*), m/z
261 (HOOC(CH,),CO0-NaNat), and /2 283 (the (M + 2Na — H)' ion
corresponding to the m/z 261 ion) unambiguously defined the position of
the double bond. The mass spectra after ozone exposure of a series of
monounsaturated positional isomers of vaccenic acid as well as of a set of
polyunsaturated fatty acid salts (containing as many as four double bonds)
similarly yicld the position(s) of all the double bonds present. The present
surface reaction probe thus appears to constitute a rapid, scnsitive and
unambiguous technique for determining double bond position(s) in non-
volatile compounds.

Complex vapors

To demonstrate the feasibility of carrying out and detecting on a surface
film products of a reaction involving complex gascous reagents, we carried
out and monitored mass spectrometrically the coupling and cleavage steps of
the Edman sequencing reaction on the terminal residue of the pentapeptide
leucine-enkephalin [39]. '

The general properties of the mass spectrometric surface reaction probe
are summarized as follows.

Sensitivity is high; our experience is that 1077107 mol of material can
be measured in solid-phase particle bombardment mass spectrometry (the
sensitivity depends on the compound under investigation). Low yields
(1-2%) of product can be detected reliably (e.g. measured value for the
product with m/z 388 in Fig. 14 is 1.5%). The method has a high surface
specificity as ion bombardment mass spectrometry is highly surface selee-
tive. The mass spectrometric analysis is essentially nondestructive. The
analyses are rapid, as many of the mass spectra of the compounds given in
Table 1 required a measurement time of < 10 min. In the present system it
is not possible o obtain the mass spectra of volatile compounds and volatile
reaction products, as they are pumped away.

The microchemical surface reaction probe was originally developed for
use with gas-phase reagents. To extend the technique for use with con-
densed-phase reagents, it is necessary to immobilize the compounds under
study so that they are not washed away. We found that the aitrocellulose
peplide and protein binding matrix developed by Sundqvist, Roepstorff and
co-workers [21] was well suited for this purpose. First, many compounds can
be cffectively immobilized by relatively tight noncovalent binding to the
nitrocellulose surface and at the same time yicld a good mass spectrometric
response. Second, adsorption to NC is a convenient and an easy method for
deposition of submonolayer to monolayer amounts of sample on a surface.
The sample or reaction products arising from the sample can then be
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sensitively monitored by the highly surface sensitive ion bombardment
probe.

Our first use of the technique with condensed-phase reagents involved
cleavage reactions of the disulfide bonds in bovine insulin, cyclic somatosta-
tin, and conotoxin G, using the reducing agent 1 4-dithiothreitol {42].
Figure 16A shows the high-mass portion of the fission fragment mass
spectrum obtained [rom 5 X 107" mol of bovine insulin deposited on NC,
before chemical treatment. The two dominant peaks correspond respectively
to the singly and doubly protonated molecule ions of insulin. Figure 16B
shows the mass spectrum obtained from the same sample foil alter DTT
treatment for 5.0 min. The disappcarance of the protonated molecular ion
peaks and the appearance of a series of lower mass product peaks corre-
sponding to the reduced A and B chains of insulin indicates that the
reduction reaction has progressed alimost to completion. Figure 16C shows
the spectrum from the same sample foil after the surface was thoroughly
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washed with water. The peaks corresponding to the A-chain ions have
disappeared, indicating that the A-chain products are not strongly bound to
the NC and are removed by the washing. Similar experiments performed
with smaller amounts of insulin showed that the reduction reaction can be
successfully effected as the surface concentration is lowered (Fig. 16D-F).
AT of these results demonstrate that the reductive cleavage reaction occurs
rapidly on surface-bound insulin and that the signal-to-noise ratio is still
adequately high at the 107" mol level to allow ready identification of the
reaction products. Similar results were obtained [rom the reduction of
somatostatin (containing onc disulfide bond) and conotoxin G1 (containing
two disullide bonds) in which the cyclic molecules were effectively converted
into their linear forms with molecular weights respectively 2 and 4 u higher
than that of the reactants. In subsequent work, with Kent and coworkers
[43], we used this technique to demonstrate that chemically synthesized
transforming growth factor alpha (MW = 5546.3) contained three intact
disulfide bonds (by mass measurements before and after reduction, which
showed a mass gain of 5.9 u).

More recently, we have investigated the utility of the method for measure-
ment of enzyme-catalyzed reactions of surface-bound peptides and proteins
[44]. Thus, for example, inspection of the mass spectra of the nonapeptide
bradykinin taken before and after incubation with carboxypeptidase Y
(CPY) (Fig. 17) provides a clear indication of the masses and relative
amounts of the residual peptide products formed from the successive
carboxyl-terminal amino acid hydrolyses. Before any reaction, the mass
spectrum (Fig. 17A) of an approximate monolayer (10 "% mol) of bradykinin
adsorbed onto a thin film of nitroccllulose is dominated by a single peak
with a measured m/z of 1060.7, which corresponds to the protonated
peptide molccule. After reaction of the peptide layer with 107 mol of CPY
for 5 min, the mass spectrum (Fig. 17B) exhibits a series of additional peaks
which correspond to the protonated reaction products arising from the loss,
respectively, of 1, 2, 4, and 5 C-terminal residues from bradykinin. This
example illustrates the potential utility of the present method for C-terminal
sequence determinations of peptides. We have pecformed similar analyses
using CPY with angiotensin 11, B-cndorphin, insulin B-chain, and insulin,
and we find that, in all cases, products resulting from the removal of
C-terminal residues are observed and can be identified. We also demon-
strated that such enzyme-catalyzed rveactions could, in certain cases, be
successfully carried out and monitored on as little as 1 pmol of surface-bound
peptide {44}

Trypsin is an endopeptidase which hydrolyses peptides on the C-terminal
side of the basic amino acid residues lysine and arginine. We have investi-
gated the use of the surface reaction probe to identify the resulting tryptic
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fragment from NC surface-bound vasoactive intestinal peptide, dynorphin,
bovine insulin B-chain, and porcine proinsulin. In ecach case, products
resulting from the tryptic digestion were readily observed and determined
mass spectrometrically. Thus, for example, Fig. 18 shows the mass spectra
obtained from 1.7 X 107" mol of porcine proinsulin adsorbed on NC
before and after reaction with trypsin. Before reaction (Fig. 18A) the
high-mass portion of the mass spectrum is dominated by ion peaks corre-
sponding to the addition of 1, 2, 3, and 4 protons to proinsulin. After
reaction of the same [oil with trypsin these four peaks largely disappear
from the spectrum and are replaced by a series of lower molecular weight
protonated tryptic fragment product peaks (Fig. 18B). The measured m/z
values of these tryptic fragment ions are given in Table 2 together with the
mas~=s calculated for the postulated ions given in column 2 of the iable.
Peaks A, B, D, and I of Fig. 18B correspond to readily rationalized tryptic




325

1500
(M4 21)2* A

(M + 3 )

INTENSITY

oM 4 a0y ’ (et

]

2038 M /Z ‘ 1427

5200

INTENSITY

-]

230 M/Z W2

Fig. 18. Mass spectra of porcine proinsulin before and after incubation with trypsin. A,

Partial mass spectrum of 1.6 X107 Y ol porcine proinsulin before any reaction. B, Partial

mass spectram of proinsulin after incubation with trypsin for 12 min at IRCCL The postulated
identities of the ons giving rise to the peaks labeled A-G are given in Table 2, together with
their measured and calculated m /2 values.

fragment ions. We do not know the identity of peak G. Peaks C and E are
respectively 71 £ 1 u below peaks B and D and arise from a previously
unobserved genetic variant of porcine proinsulin. The presence of a genetic
variant in the porcine proinsulin sample was confirmed by direct mass
spectrometric detection of the doubly and triply protonated intact variant

TABLE 2
Peak Postulated ion identity Calcufated Measured A
no. mass-to-charge  mass-to-charge

ratio ratio
A (Dealanyl insulin+ H)* 5707.7 57075 —~.2
B (Arg-C-peptide-lys-arg + H)' 31854 3186.2 +0.8
C (Arg-C-peptide-lys-arg — 71+ H)" 31144 31153 +09
D (C-Peptide-lys-arg + ED) 3029.3 3029.1 ~0.2
3 (C-Peptide-lys-arg — 71 + 1) ¢ 2958.3 29576 -7
F {Dcatanyl insulin+ 21 n 2854.4 28550 + 0.6

G Reaction product not identified 2214
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molecule. The site and nature of the variation was dedueccd from additional
mass spectrometric measurements and sequence analysis of chromatographi-
cally separated enzymatically generated fragments of porcine proinsulin {45]
This example illustrates the detailed information which can be readily
extracted from a small quantity of protein using the above-described method.

In scparate experiments, trypsin-catalyzed hydrolysis reactions of dy-
‘norphin carried out in the presence of ¥O-labeled water allowed the rapid
and unambiguous identification of those tryptic fragments containing the
C-terminus of the original peptide. The identification was made on the basis
of incorporation or nonincorporation of 'O during hydrolysis.

The gencral properties of the mass spectrometric enzyme-catalyzed surface
reaction probe are summarized as follows. Sensitivity is i the range
10-2-10"'% mo! of polypeptide. Low yields (< 10%) of reaction product can
be reliably detected. The mass spectrometric analyses are practically nonde-
structive of sample, which allows for reactions to be followed as a function
of time and also for sequential reactions to be monitored. These properties
make this technique an interesting complement to existing techniques.
Beyond that, we believe that it will be a valuable general tool for studying
biomolecules.

BIOMEDICAL APPLICATIONS

Over the past 9 years we have used the 22 Cf plasma desorption mass
spectrometer o assist in the solution of a wide variety of biomedical
problems. Many of these applications are quite complex and so cannot be
discussed in detail here. However, to provide a flavor of the power and the
breadth of this analytical tool we list briefly a sampling of somc of the
studies to which we have contributed.

(1) Structure clucidation of the 20-residue peptide antibiotic alamethicin
1 [6]. This application is discussed in detail earlier in this paper.

(2) Determination of the carboxyl-terminal structure of the insect anti-
bacterial peptide, cecropin A {46].

(3) Structure clucidation of trypanothione: a novel bis (glutathionyl)
spermidine cofactor for glutathione reductase in trypanosomatids [47}.

(4) Structure elucidation of lysine adducts with 16a-hydroxyestrone and
cortisol [48].

(5) Structure elucidation of the peptide network of pneumococcal pepli-
doglycan [49}.

(6) Determination of altered peptidoglycan structure in a paecumococcal
ransformant resistant to penicillin {50}

(7) The complete assignment of the seven disulfide linkages in the
hormone-binding protein neurophysin {51-53].




(8) Identification and structural clucidation of N-acetylneuraminic acid-
containing gangliosides of cat and sheep erythrocytes [54].

(9) Primary structure elucidation of the peptide mating pheromone £7-1
of the ciliate euplotes raikov {55}

(10} Influence of 1ons on the cyclization of the amino terminal glutamine
residucs of the tryplic peptides of streptococcal PepM49 protein: resolution
of the cychzed peptides by HPLC and characterization by mass spectrome-
try [56].

(11) Analysis of synthetic peptides and proteins [S7]. We have found
through the analysis of over 800 synthetic peptides and proteins submitted
to The Rockeleller University Mass Spectrometric Research Resource by 15
different laboratories in the U.S.A. that PDMS provides an enormously
usclul, rapid, casy, and definitive method for assessing the correctness of
structure and homogeneity of both fully protected and unprotected synthetic
peptides and proteins.

(12) Fine tuning synthetic peptide chemistry. PDMS was used (o evaluate
synthetic peptides for deletions and insertions [58]. The use of homopoly-
mers was introduced to provide a large amplification factor for quantifica-
tion of by-products, and detection limits for insertion and deletion peptides
of 0.02% per step were demonstrated. This has led to an improved analysis
of reaction conditions for solid-phase synthesis.

(13) Elucidation of the structure of unwanted peptide by-products occur-
ring in (ryptophan-containing synthetic peptides [59]. The technique of
enzyme-catalyzed microscale chemical reaction of nitrocellulose-bound
peptides ([44] and description given carlier in this paper) was used to
produce structurally infarmative hydrolysis products.
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