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lon Confinement in the Collision Cell of a Multiquadrupole Mass
Spectrometer: Access to Chemical Equilibrium and
Determination of Kinetic and Thermodynamic Parameters of an
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Claude Beaugrand

SN Nermag, 49 quai du Halage, 92500 Rueil-Malmaison, France

Daniel Jaouen, Héléne Mestdagh, and Christian Rolando*

Ecole Normale Supérieure, Département de Chimie, Laboratoire de I’Activation Moléculaire, UA 1110, 24 rue Lhomond,

7531 Paris Cedex 05, France

Ions can be confined in an rf-only collision cell of a tandem
quadrupole mass spectrometer so that lon-molecule reactions
can be studied for varlable interaction times (0.05-250 ms).
The chemical system studled {(ammonium ion, pyrrolidine,
piperidine) involved the following reactions: proton exchange,
formation of proton-bound dimers, and amine exchange be-
tween dimers. Chemical equilibrium could be reached for the
exchange reactions. The equillbrium constants of these re-
actions, as well as the rate constants of the different reactions
involved, were thus easlly determined from the varlation of
relative abundance of reactant and product ions versus con-
finement time.

Detailed kinetic and thermodynamic date concerning ion-
molecule reactions are useful both from a fundamental point
of view and as a basis for designing analytical uses of these
reactions for mass spectrometry. The most direct way of
obtaining such information is to provide for a variable reaction
time under a given set of conditions and to observe the var-
iation of reactant and product ion abundances. Numerous
such experiments have been performed either in ICR (ion
cyclotron resonance) cells (I) (reaction pressure: 108 to 107
Torr) or in high-pressure ion sources (see for example ref 2-5)
and flow tube instruments (6) (reaction pressure: a few Torr).
It is interesting to make this possibility available in the rf-only
collision cell of a quadrupole spectrometer, which allows in-
vestigations in an intermediate pressure range (107° to 1072
Torr). Quadrupole ion traps (reaction pressure: 1077 to 107

Torr) have also been used in this way (7, 8).

Thus, we modified the operation of a rf-only collision cell
of our multiquadrupole MS/MS/MS instrument in order to
control the duration of an ion—molecule reaction, i.e., to trap
ions in the cell for a variable time. A similar trapping device
has been used to improve the efficiency of reaction product
detection in a MS/MS quadrupole spectrometer (9). Pro-
viding the interaction time is long enough, one can expect to
reach chemical equilibrium for a reversible reaction and thus
determine its equilibrium constant.

The ion confinement technique was first tested on a simple
process: collisionally activated dissociation of the FeCO* ion
leading to the Fe* fragment ion (10). We now wish to report
its application to the study of ion-molecule reactions, showing
that chemical equilibrium actually can be attained under ion
confinement conditions.

In order to determine the efficiency of this method, we chose
to confine NH,* ions with a mixture of pyrrolidine and pi-
peridine in the collision cell. The reactions involved are proton
exchanges and formation of proton-bound dimers. This
system seemed suitable for our purpose because (i) it is of
reasonable complexity, having six different ions present in the
reaction mixture; and (ii) such reactions were studied under
ICR conditions, so that some of the kinetic and thermody-
namic data obtained can be compared with literature values.

EXPERIMENTAL SECTION

The experiments were performed on a prototype MS/MS/MS
multiquadrupole mass spectrometer described elsewhere (11).
Briefly, it is composed of the following parts: source (electron

0003-2700/89/0361-1447$01.50/0 © 1989 American Chemical Society
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Figure 1. Successive stages of a confinement cycle.

impact, chemical ionization, or fast atom bombardment), first
quadrupole analyzer, first rf-only collision cell, second analyzer,
second rf-only collision cell, third analyzer, and detector, In all
the experiments described here, the first collision cell contained
no collision gas, and the second analyzer was left in the rf-only
mode. Ion confinement was performed in the second collision
cell, using the entrance and exit lenses of this cell as electrostatic
mirrors. The potentials of the lenses were varied according to
the confinement cycle described below. The corresponding po-
tentials were generated by a two-channel fast rise power supply
driven by an auxiliary microcomputer slave of the main data
system. The power supply from SN Nermag has the following
characteristics: continuously adjustable output voltage 0-100 V,
input voltage 0-5 V; the maximum frequency allowed without
distortion of the signal is 50 kHz. The auxiliary data system is
a personal computer with a homemade 8-bit digital-to-analog
interface, The confinement cycle is defined by the following
parameters: filling time, storage time, and detection time. The
minimum value allowed by the system for one operation is 50 us.
EMMA, the main data acquisition system, was modified so as
to trigger the confinement cycle. This improvement allows one
to record standard mass spectra in the confinement mode.

Ammonium ions were generated in the source by chemical
ionization using ammonia. Piperidine and pyrrolidine were pu-
rified by distillation over calcium hydride. Equal weights of liquid
piperidine and pyrrolidine were mixed in a flask connected to the
cell via a controlled leak valve from Riber Co. (Rueil-Malmaison,
France). The composition of the gas mixture was determined by
'H and C NMR after pumping a small amount of vapor over
the liquid mixture and condensing it into a cold trap: The
measured pyrrolidine to piperidine molar ratio was 1.9 = 0.1. The
absolute pressure in the collision cell was measured by using a
Bayard-Alpert gauge, calibrated for the mixture to be studied with
a capacitance manometer from MKS Instruments, Inc. (Andover,
MA).

RESULTS AND DISCUSSION

The Confinement Cycle. The entrance and exit lenses
of the collision cell were used as cell doors. At its normal low

Total ion current (arbitrary units)

0 - — Y T u
0 2 4 6 8 10
Confinement time {millissconds)

Figure 2. Variation of total ion current with confinement time in a given
series of experiments.

potential, a lens allows the ions through (open door), whereas
at high potential it functions as an electrostatic mirror (closed
door). Figure 1 displays the potentials applied to the lenses
during the following successive stages of a confinement cycle:

(1) Filling Stage (250 us). The entrance lens is at its normal
low potential, and the exit lens is at a high potential, i.e., 2
or 3 times the average kinetic energy of the incoming ions.

(2) Storage Stage (Variable Time). Both lenses are at high
potential.

(8) Detection Stage (250 us). The exit lens is switched to
low potential, while the entrance lens is kept at high potential;
ions are thus allowed to reach the last analyzer.

The entire cycle is then repeated after a delay time.

The confinement time can be varied from a few hundredths
of a millisecond to 250 ms. In order to scan a range of con-
finement time in a single experiment, the time can be auto-
matically increased by a defined step. Figure 2 shows that
in such an experiment the total ion current measured re-
mained fairly independent of the confinement time. This
means that little ion loss occurred during the storage step,
showing the high efficiency of the confinement device.

Variation of Relative Abundances of Reagent and
Product Ions versus Confinement Time. The reaction of
ammonium ions with the pyrrolidine-piperidine mixture was
followed at five different pressures (1.0 X 103 t0 2.7 X 10™
Torr), with the confinement time varying from 0.035 to 10.1
ms. For one pressure (5.3 X 107 Torr) the confinement time
was increased up to 220 ms. The reaction mixtures consisted
of the following six ions in variable proportions according to
the different reaction periods: NH,* (m/z 18), reagent ion;
CH; N* (m/z 12), protonated pyrrolidine (PyH*); C;H ,N*
(m/z 86), protonated piperidine (PiH*); CgH;sN,* (m/z 143),
pyrrolidine proton-bound dimer (PyHPy™"); CoHy Nyt (m /2
157), pyrrolidine-piperidine proton-bound mixed dimer
(PyHPi*); CoHyN,* (m/z 171), piperidine proton-bound
dimer (PiHPi™").

Figure 3 displays the variation of the relative abundance
of each of these ions with confinement time at a 5.3 X 107
Torr pressure. The pattern of these abundance curves allows
qualitative analysis of the successive processes occurring in
the reaction mixture.

() 0-1 ms. NH,* decreases to 0; PyH"* and PiH" increase
because the initial reaction is protonation of the amines by
NH," ions.

k

NH,* + Py — PyH* + NH, (1)
k

NH,* + Pi — PiH* + NH, (2)

The relative amounts of PyH* versus PiH* formed by these
reactions are kinetically controlled, so that the mixture initially
formed is not in equilibrium.
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Figure 3. Variation of relative abundance of reactant and product ions
with confinement time at a 0.053-mTorr pressure, for short (a, top),
medium (b, middle), and long (c, bottom) confinement times.

(ii) 1-10 ms. PyH* decreases, PiH* increases; the dominant
reaction is proton exchange leading to the acid-base equi-
librium

k
PyH* + Pi==PiH*+Py K=ky/k. (3

(i) 1-220 ms. Concurrently with the preceding reaction
and throughout the confinement period, a slow increase of
dimer abundance (PyHPy*, PyHPi*, PiHPi*) is observed.
However, their abundance ratios relative to each other rapidly
become independent of time (see Figures 5 and 6 for the
corresponding curves), showing that equilibrium is achieved
among the dimers. This means that the dimers undergo amine
exchange much faster than they are formed from their mo-
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nomer precursors, according to the following scheme:
PyH* + Py —= PyHPy*
PYNPi fast equilibrium
PyH* + Pj
PyHPi*

PyHPi

RiH* + Pi —= PiHPi*

PiH* + Py

fast equilibrium

The abundance curves obtained at other pressures display
similar features. As expected, all the reaction rates increased
with pressure. For the lowest pressure used (1.0 X 107 Torr)
no significant amount of dimers had yet formed after 10 ms,
and chemical equilibrium for reaction 3 had not yet been
attained.

These results are entirely consistent with the ICR studies
of amine protonation and dimerization; the shapes of the
curves obtained are similar to those reported for protonation
and dimerization of an azetidine—pyrrolidine mixture (12).

In the experiments performed, the dimer abundance had
not reached a constant value for the longest (220 ms) con-
finement time studied, indicating that thermodynamic
equilibrium had not been attained with regard to dimerization
reactions. Our results indicate, however, that this equilibrium
is shifted far toward dimerization, since in two cases (P = 5.3
%X 107 Torr, confinement up to 220 ms, and P = 2.7 X 107
Torr, confinement up to 10 ms) dimers constituted, respec-
tively, more than 92% and 96% of the final reaction mixture.
The temperature dependence of the equilibrium constant of
pyrrolidine dimerization was recently determined (13). Ex-
trapolation to room temperature of the corresponding linear
plot of In K versus 1/7 leads to an approximate K value of
108 Torr~!, which means that within the pressure range used
in our experiment (107 to 1073 Torr) the remaining monomers
would not be detectable if the equilibrium were completely
achieved.

No significant amount of trimer was detected in our ex-
periments. A minor amount of pyrrolidine trimer (ca. 10%
at 10™* Torr) should be present, however, at equilibrium (13).
The trimerization reaction is likely far too slow to be detected
under the conditions used.

These results illustrate the utility of ion confinement in
characterizing the successive steps of a chemical process in
the gas phase. Furthermore, knowledge of the relative con-
centrations of reactant and product ions as a function of
reaction (confinement) time allows one to obtain quantitative
thermodynamic and kinetic data concerning the reactions
involved.

Determination of Equilibrium Constants. Proton Ex-
change between Piperidine and Pyrrolidine (Reaction 3).
Figure 4 shows the variation of the PiH*/PyH" ratio with
confinement time. Except at the lowest pressure, this ratio
clearly attains a constant equilibrium value, independent of
pressure: (PiH*/PyH™), = 1.85 % 0.15.

The equilibrium constant of reaction 3 thus can be deter-
mined:

K = (PiH*/PyH*)(Py/Pi) = 3.5

corresponding to AG® = ~3.1 kJ mol™? =
-0.74 + 0.10 kcal mol™!
Although slightly lower than those determined by other

workers, this value is in agreement with them within exper-
imental uncertainties:

AG°® = GB(Py) - GB(Pi) = 1.1 + 0.2 kcal mol™ (14)

—0.9 keal mol™! (15)
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Figure 4. Variation of the PiH*/PyH ratio with confinement time for
the different pressures used (pressures indicated in 10~ Torr units):
medium (a, top) and short (b, bottom) confinement times.

where GB(Pi) and GB(Py) are the gas-phase basicities of
piperidine and pyrrolidine, relative to the same absolute scale.

It was pointed out by Bowers et al. that competitive di-
merization may alter the measurement of proton-exchange
equilibrium constants, the apparent equilibrium being shifted
toward the more slowly dimerizing species (16). Because of
the fast amine exchange between the three dimers, individual
dimerization rates are not accessible from our experiments.
However, comparison between the average dimerization rate
and the proton-exchange rate (see below for determination
of the corresponding rate constants) shows that even if one
amine dimerizes much faster than the other, no significant
error is introduced in the K value for the pressure range
studied. This is supported by the fact that K is pressure-
independent within experimental uncertainties.

Base Exchange between Dimers. These reactions corre-
spond to eq 4 and 5:

PyHPy* + Pi = PyHPi* + Py K, (4)

PyHPi* + Pi = PiHPi* + Py K; (5)

Figures 5 and 6 show the variation of PyHPi*/PyHPy* and
PiHPi*/PyHPi* ratios, respectively, with confinement time.

Both of these ratios attain their equilibrium value at the four
pressures used:

(PyHPi* /PyHPy*), = 1.2 £ 0.2
(PiHPi* /PyHPi*), = 0.20 % 0.04

The dispersion of the results is slightly larger than in the
preceding case, probably because in these experiments dimers
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Figure 5. Variation of the PyHPi*/PyHPy™ ratio with confinement time

for the different pressures used (pressures indicated in 1075 Torr units):
medium (a, top) and long (b, bottom) confinement times.
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Figure 8. Variation of the PiHPI™/PyHPi* ratio with confinement time
for the different pressures used (pressures indicated in 107 Torr units):
medium (a, top) and long (b, bottom) confinement times.

are very often minor components of the reaction mixture.
These ratios lead to the following equilibrium constants:

K, = (PyHPi* /PyHPy*),(Py/Pi) = 2.3



corresponding to AG®, = -2.0 kJ mol™! =
-0.48 % 0.15 kcal mol™!

K, = (PiHPi* /PyHPi*),(Py/Pi) = 0.38

corresponding to AG®; = 2.4 kJ mol™! =
0.56 £ 0.20 kcal mol™!

These values are close to those that can be calculated from
reported molecule pair gas-phase basicities (MPGB) (17):

AG®, = MPGB(PyHPy*) - MPGB(PyHPi*) =
—0.5 kcal mol™*!
AG°; = MPGB(PyHPi*) - MPGB(PiHPi*) =
0.2 kcal mol™

The formation of a proton-bound dimer from an acid AH*
and a base B was shown to be increasingly exoenergetic with
increasing acidity of AH* and with increasing basicity of B
(18, 19). Consider the dimerization equilibria

PyH* + Py = PyHPy"* AG°(PyPy)
PyH* + P AG°(PyPi)
ﬂPyHPi*
PiH* + Py AG*(PiPy)
PiH* + Pi = PiHPi* AG°(PiPi)

As piperidine is more basic than pyrrolidine, these free
energies should verify the following relationships:

AG°(PyPi) < AG°(PyPy) < AG°(PiPy)
AG°(PyPi) < AG°(PiPi) < AG°(PiPy)

The preceding free energies are related to the experimental
free energies AG®, AG®,, and AG®g:

AG°(PyPi) ~ AG°(PyPy) = AG®, = -0.5 kcal /mol

AG°(PyPy) — AG°(PiPy) = AG® - AG®, =
-0.3 kcal /mol
AG°(PyPi) - AG°(PiPi) = AG® - AG®5 =
-1.3 keal /mol
AG°(PiPi) - AG°(PiPy) = AG®°; = +0.6 kcal/mol

The expected inequalities are therefore verified, with the
exception of the last one. This may be interpreted as
AG°(PiPi) being slightly higher than expected, possibly be-
cause of steric interactions hindering piperidine dimerization
more than formation of the other two proton-bound dimers.
Since the basicities of piperidine and pyrrolidine are close to
each other, even a slight steric effect may reverse the order
of the free energy values under consideration.

Reaction Temperature. In the preceding considerations
we have assumed a reaction temperature of 298 K, i.e. the
temperature of the collision gas in the cell. However, the
reacting ions may not be thermalized at this temperature, since
their average translational energy may be modified by the
variable electric field present in the collision cell. In order
to check the validity of our initial assumption concerning
temperature (this point was raised by a reviewer) two ex-
periments were performed:

(i) Variation of the rf power of the cell quadrupole. The
position of the piperidine-pyrrolidine proton-exchange
equilibrium was observed to be insensitive to this variation.

(ii) Study of a known temperature-dependent equilibrium.
Proton exchange between triethylamine and putresceine (20)
was chosen for this purpose. Ammonium ions were reacted
with mixtures of triethylamine and putresceine in the collision
cell until the protonated triethylamine to protonated pu-
tresceine ratio attained its equilibrium value. In this ex-
periment the collision cell was slightly heated (ca. 50 °C) due
to the low volatility of putresceine. The equilibrium ratio,
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Figure 7. Variation of in (NH,*) with confinement time for the different
pressures used (pressures indicated in 10~5 Torr units).

joined to the pressure ratio of the two amines, allowed us to
determine the corresponding equilibrium constant: 1.16 %
0.1. According to the temperature dependence reported in
ref 20, this corresponded to a temperature of 330 K, in fair
agreement with the temperature of the gas in the cell. These
measurements were performed at a total pressure of 107 to
10~ Torr, i.e. in the same pressure range as with the pyr-
rolidine—piperidine mixture. However, experiments done in
a wider pressure range on trimethylamine proton-bound dimer
formation equilibrium (I18) have shown that at the highest
pressures usable in the cell (a few milliTorr) the apparent
reaction temperature is much higher than the gas temperature.
These phenomena are under investigation.

Determination of Rate Constants. Amine Protonation
by Ammonium Ion (Reactions I and 2). Figure 7 shows the
variation of In (NH,*) versus confinement time for the dif-
ferent pressures used. The corresponding curves are linear,
in agreement with the expected rate law:

d(NH,*) /dt = [k,(Py) + ko(Pi)](NH,Y)
In (NH*) = —[k(Py) + ky(Pi)]t = —kyt

With @ = (Py)/(Pi) = 1.9 and P = total pressure
k, = P(k; + koa) /(1 + a)

Plotting &, values (slopes of the different curves of Figure
7) versus pressure P showed that &, is actually proportional
to P. The corresponding slope is

»° = 2.22 X 10° 57! molecule™ cm? =
(ky + Roa) /(1 + a)
The second relationship needed to determine k, and k&, is
obtained by evaluating the k,/k, ratio; For short reaction
times the (PiH*)/(PyH?) ratio should tend to be constant and
equal to ko(Pi)/k;(Py), since reaction 3 is much slower than
reactions 1 and 2. Figure 4b shows that this is actually the

case (as expected it is more apparent at the lowest pressures)
and allows one to determine k,/k;:

ko(Pi) /k,(Py) = [(PiH*)/(PyH")], = 0.48 £ 0.1
ky/ky = a[(PiH*)/(PyH")], = 0.91 £ 0.25

The rate constants k, and k, are then derived from the
values of &,° and ky/k;:

ky = (2.8 £ 0.5) X 10 57! molecule™® cm?®
ky = (2.1 £ 0.5) X 10 57! molecule! cm?

The values of k, and &, are close to each other, which is not
surprising as piperidine and pyrrolidine are approximately
the same size and are both much more basic than ammonia,
so their proton-transfer cross sections with the ammonium
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Figure 8. Variation of In (X - X) (see text for definition) with con-
finement time for the different pressures used (pressures indicated in
107 Torr units).

ion have no reason to be very different. These rate constants
are also of the same order of magnitude as those reported for
protonation of piperidine and pyrrolidine by their respective
radical cations (27). They are in good agreement with the
values calculated from the ADO theory of Su and Bowers (22):
2.60 X 107° 57! molecule™ cm?® for pyrrolidine and 2.46 X 107°
s™! molecule™ em? for piperidine.

Proton Exchange between Pyrrolidine and Piperidine
(Reaction 3). Determination of the corresponding rate con-
stants k., and k_ can be done after complete disappearance
of ammonium ions, i.e. excluding short reaction times. As will
be shown below, dimerization reactions are much slower than
proton exchange (the largest k4/k, ratio, corresponding to the
highest pressure used, is 0.23 ms™/2.1 ms™! = 0.11). Thus it
can be assumed that concurrent dimerization reactions have
negligible rates versus proton-exchange rates. The following
rate law can then be expected:

d(X - X,)/dt = [k, (Pi) + E(Py) (X - X,)

where X = (PiH*)/[(PiH") + (PyH")] and X, is the equi-
librium value of X.
In (X - X,) =In (X; - X,) - [E+(Pi) + E_(Py)]t
=1In (X, - X,) — ket
ke = P(k_ + k+a)/(1 +a) = keOP

Figure 8 displays In (X - X,) versus confinement time,
showing that the corresponding curves are linear. Their slopes
k, were plotted versus pressure P. The slope of the resulting
linear curve is
k.° = 7.0 ms! mTorr?! =

2.14 X 10710 57! molecule™ cm®
k, and k. are then easily determined, since k. /k. = K = 3.5.
ks = (2.8 £ 0.5) X 10719 57! molecule™ c¢m?
k.= (8.1 % 2) X 107! 7! molecule™! cm?

Dimerization Reactions. As already pointed out, these
experiments do not give access to the individual dimerization
rate constants, because of fast equilibration occurring among
the dimers. An average dimerization rate constant k4 can be
defined as follows:

d[(PyHPy*) + (PyHPi*) + (PiHPi*)]/dt =
ky[(PyH") + (PiH")]
As in the preceding case we consider only reaction times

long enough so that no ammonium ion is present in the re-
action mixture. With S = (PyH") + (PiH")

A1 - 8)/dt = k,S

0,0 —- 3.0

3
0.2 53

-0,4 1
InS
-0,6 7

-0.87

27
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Figure 9. Variation of In 8 = In [(PyH*) + (PiH*)] with confinement

time for the different pressures used (pressures indicated in 10~5 Torr

units), for medium confinement times. The points obtained for longer

confinement times (up to 220 ms) at 5.3 X 1075 Torr pressure are

aligned with those shown here and are included in the represented
linear regression.

kq will remain constant with reaction time providing
equilibrium 3 is achieved, or if the individual dimerization
rate constants have similar values. In that case we expect the
following relationship:

InS =1n8§; - k4t

Figure 9 displays In S versus confinement time for the
different pressures used, showing that the corresponding
curves are linear. Their slopes, ky, when plotted versus P and
versus P?, appeared to be proportional to P% ky = ks°P2.

ks° = 3.3 ms! mTorr? = 3.0 X 102 s molecule™ cm®

k4° is the average third-order dimerization rate constant
for the considered pyrrolidine—piperidine mixture. Similar
dimerization reactions have been shown to follow a rate law
consistent with the likely mechanism involving collisional
deactivation of the excited dimer initially formed (23, 24):

k.
AH* + A —k<_i> (AHA*)*
b

(AHA®)* + A —% AHA* + A
d(AHA*) /dt = k(AH*)(A)

where k = ki (A)/[ky + B (A)].

This means that these reactions approach second order at
high pressure and third order at low pressure.

The preceding results show that the considered dimerization
reactions follow third-order kinetics implying rate-limiting
collisional deactivation, which is also the case for similar amine
systems in the same pressure range (24).

CONCLUSION

Ion confinement in the rf-only collision cell of a tandem
quadrupole mass spectrometer allows the study of a reaction
mixture for variable reaction times and thus gives access to
reliable kinetic and thermodynamic data for the reactions
involved. The described application of this method to
quantitatively characterize competitive reactions between
pyrrolidine and piperidine in the gas phase demonstrates that
it has the potential for investigation of complex reaction
mechanisms. Application of the ion confinement technique
to various ion—molecule reactions, for instance in the area of
gas-phase organometallic chemistry, is thus very promising.
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Sequence Analysis of Highly Sulfated, Heparin-Derived
Oligosaccharides Using Fast Atom Bombardment Mass

Spectrometry
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Heparin, a polydisperse, sulfated copolymer of 1 — 4 linked
glucosamine and uronic acid residues, has been used clini-
cally as an anticoagulant for half a century. Desplte a yearly
use of over 50 million doses in the U.S. alone, heparin’s exact
chemical structure remains unclear. The negative ion fast
atom bombardment mass specirometry (FAB-MS) analysis is
presented for a series of enzymatically prepared, homoge-
neous, structurally characterized, highly sulfated, heparin-
derived oligosaccharides using triethanolamine as the FAB
matrix. In addition to the clear presence of monoanionic
sodiated molecular ions, structurally significant (sequence)
fragment lons are observed and characterized with respect
to the known structure for five of the heparin-derived oligo-
saccharides. The structure of a sixth oligosaccharide Is
predicted by using negative ion FAB-MS and subsequently
confirmed by chemical, enzymatic, and NMR spectroscopic
methods.

INTRODUCTION
Heparin, a polydisperse (having multiple sugar chain
lengths), sulfated polysaccharide of 1 — 4 linked glucosamine

* Author to whom correspondence should be addressed.

and uronic acid residues, has been used clinically as an an-
ticoagulant for half a century (I). Despite a yearly use of over
50 million doses in the U. S. alone (I), the exact chemical
structure of heparin remains unclear. The role of heparin in
anticoagulation involves the regulation of the coagulation
cascade primarily through its potentiation of serine protease
inhibitors (2) and is due to the presence of specific protein
binding sites in the heparin chain (3, 4). The heparin mac-
romolecule is a proteoglycan (molecular weight approximately
1000000 amu) that consists of several polysaccharides having
approximate molecular weight of 100000 amu attached to a
protein core (5). Although the structure—activity relationship
of the heparin—serine protease inhibitor interaction has been
explored in detail (6, 7), considerably less is known about the
structural requirements for heparin’s other activities (8, 9).

Glycosaminoglycan (GAG)-heparin results from the meta-
bolic processing of proteoglycan heparin by proteases and a
B-endoglucuronidase resulting in polydisperse polysaccharide
chains of 5000-40000 amu (average of 13000 amu). The se-
quence of the polysaccharide chains comprising GAG-heparin
is of considerable interest (as this is heparin’s drug form); thus
heparin lyase is used to enzymatically depolymerize GAG-
heparin into smaller oligosaccharides more suitable for
structural analysis (10). In general, the structure and sequence
of these heparin-derived oligosaccharides have been deter-
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