International Journal of Mass Spectrometry 303 (2011) 191-198

journal homepage: www.elsevier.com/locate/ijms

Contents lists available at ScienceDirect

International Journal of Mass Spectrometry

Biologically relevant metal-cation binding induces conformational changes in
heparin oligosaccharides as measured by ion mobility mass spectrometry

Youjin Seo®P, Matthew R. Schenauer®, Julie A. Leary®*

a Department of Chemistry, University of California, One Shields Avenues, Davis, CA 95616, USA
b Department of Molecular and Cellular Biology, University of California, One Shields Avenues, Davis, CA 95616, USA

¢ Amgen Inc., One Amgen Center Drive, Thousand Oaks, CA 91320, USA

ARTICLE INFO ABSTRACT

Article history:

Received 16 December 2010

Received in revised form 1 February 2011
Accepted 1 February 2011

Available online 21 February 2011

Keywords:

Heparin

Metal ion

Ion mobility mass spectrometry
Collision cross section

Heparin interacts with many proteins and is involved in biological processes such as anticoagulation,
angiogenesis, and antitumorigenic activities. These heparin-protein interactions can be influenced by
the binding of various metal ions to these complexes. In particular, physiologically relevant metal cations
influence heparin-protein conformations through electronic interactions inherent to this polyanion. In
this study, we employed ion mobility mass spectrometry (IMMS) to observe conformational changes
that occur in fully-sulfated heparin octasaccharides after the successive addition of metal ions. Our
results indicate that binding of positive counter ions causes a decrease in collision cross section (CCS)
measurements, thus promoting a more compact octasaccharide structure.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Heparin is a commercially available pharmaceutical drug typ-
ically administered as an anticoagulant [1], and exists as a highly
sulfated glycosaminoglycan (GAG) found in the granules of mast
cells [2,3]. It is composed of repeating disaccharide units of hex-
uronic acid (L-iduronic acid or its C-5 epimer, D-glucuronic acid)
linked (a1 — 4) to D-glucosamine [4]. Sulfation can occur at the 6-
O- and/or N-positions of glucosamine as well as the 2-0O position
of the hexuronic acid [5]. Previous studies have established that 2-
O-sulfated L-iduronic acid exists in equilibrium between the chair
(1C4) and skew boat (2Sg) conformations [6-9].

Various substitution patterns of carbohydrate residues affect
the conformation around glycosidic linkages [10]. Importantly,
the flexibility of various hexuronic acid conformations depends
on adjacent sulfated residues, surrounding counter ions, and/or
water [11,12]. A relationship exists between the biological activ-
ity of heparin and the structure of a heparin:protein complex
[5,13,14]. A classic example of this is in the blood-coagulation cas-
cade where the interaction of antithrombin with Arixtra (a heparin
pentasaccaharide analog) causes an alteration in conformation of
antithrombin, thus inhibiting factor Xa, a coagulation proteinase
[15,16].
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The effect of metal ions on protein-carbohydrate complexes
and their biological activities is largely unknown. Some stud-
ies have reported that physiological metal ions such as sodium,
calcium, and magnesium bind to heparin based on the polyelec-
trolyte theory [17-20]. In addition, there is increasing evidence
that divalent metal ions (Ca2*, Cu2*, and Zn?*) are necessary in
many protein-heparin interactions thus influencing the affinity
[18,21-23], specificity [24,25] and stability [26-28] of these com-
plexes. Conformational changes of heparin induced by calcium ions
are necessary for the interaction between the anticoagulant heparin
and annexin V [18]. Therefore, the investigation of the conforma-
tional changes of heparin caused from the binding to metal ions
may be a significant step towards understanding the biological
properties of protein-heparin complexes.

To address the physicochemical properties involved in metal
ion binding to heparin, many researchers have employed
different spectroscopic methods such as IR [29,30], NMR
[10,11,20,25,31-33], circular dichroism [34-37], and synchrotron
radiation circular dichroism [38,39]. These methods were applied
to study specific or non-specific binding of heparin to metal ions
and were used to measure conformational changes around either
the uronic acid residues or the glycosidic bonds.

In addition to spectroscopy, ion mobility mass spectrometry
(IMMS) has recently emerged on the forefront of conformation
analysis, and has been used in the investigations of small molecules
and protein conformations in the gas phase by directly measur-
ing their collision cross sections (CCS) [40-44]. Several groups
have shown that conformations in the gas phase are consistent
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with measurements made using solution and/or solid struc-
tures [44-51]. IMMS methods have been established for studying
oligosaccharides, as this technique has the capability to separate
the various isomers [52-55]. Additionally, IMMS can be used to
obtain structural information on sodiated carbohydrates [49,56]
and glycans [57]. In our experiments, we employ nano-electrospray
coupled with quadrupole-traveling wave ion mobility time of flight
mass spectrometry to probe conformational changes of metal ion
coordinated heparin.

We have chosen to fully interrogate sulfated heparin octasac-
charides in our study. Heparin octasaccharides are required for
antithrombin binding and thus serve as anticoagulants [58-60].
They also inhibit the angiogenic properties of cytokine fibroblast
growth factor-2 [61], and are critical during inflammation as they
are involved in the dimerization of monocyte chemoattractant
protein-1 [62,63].

Herein, we report the conformational changes of heparin
octasaccharide bound to a series of physiologically relevant metal
ions (Na*, K*, Mg2*, CaZ*). Additionally, we have examined the
impact of transition metal ion (Mn2*, Co2*, Fe2*, Ni%*) binding on
the overall shape of the heparin octasaccharide. On the basis of
these observations, our data indicate that not only does each metal
ion independently have an effect on the conformational change of
heparin octasaccharide based on ionic radii and valence of cations,
but the number of metal ion adducts also has an effect on the overall
structure of metal ion coordinated heparin octasaccharide.

2. Experimental
2.1. Materials

Heparin octasaccharide was purchased from V-labs, INC (Cov-
ington, LA). Ni (OAc),-4H,0 and FeCl,-4H,0 were purchased from
Sigma-Aldrich Corp. (St. Louis, MO). CoCl,-6H,0 and MnCl,-H,0
were purchased from Fisher Scientific (Fair Lawn, NJ) and Mallinck-
rodt (Paris, KY), respectively. Oligonucleotides TTTTTTT (T7),
CCCCCCC (C7), and ATATAT ((AT)3) were purchased from Invitro-
gen (Carlsbad, CA). The IonPac AS7 anion exchange column was
purchased from Dionex (Sunnyvale, CA). All solutions were of HPLC
grade and purchased from Sigma-Aldrich Corp. (St. Louis, MO).

2.2. Preparation of metal coordinated heparin octasaccharides

Heparin octasaccharides were separated by strong anion
exchange chromatography (SAX) to obtain only dodecasulfated
species as previously described [55]. Briefly, SAX chromatogra-
phy was performed on a Waters Delta 600 system (Waters Corp.,
Milford, MA) using the IonPac AS7 Column (4.00 x 250 mm). The
separation was optimized by linear gradient elution with solu-
tion A, 4M NaCl (pH 3.7), and solution B, H,O (pH 3.7) to isolate
the octasaccharides according to sulfate group content as fol-
lows: 0-12% A, 0-15min; 12-60% A, 15-60 min. Each elution peak
was detected by a UV-vis spectrophotometer set at 232 nm, and
the dodecasulfated heparin octasaccharides were collected. The
fractions were then applied to a 1kDa molecular weight cut off
(MWCO) Dispo-Biodilazer (The Nest Group Inc., Southborough,
MA) for desalting at room temperature. The concentration of the
desalted sample was determined by UV-vis spectrometry with
£=5500M~1cm~! in 30mM HCI at 232 nm. Metal bound dode-
casulfated heparin octasaccharides were prepared at an optimum
concentration ratio of carbohydrate and metal salt (1:100) in
1:1(v:v) MeOH:2% acetic acid aqueous solution. Metal ion solutions
of Ca* and K* were analyzed prior to use to ensure purity.

2.3. IMS-MS of metal coordinated dodecasulfated heparin
octasaccharide

Ion mobility mass spectrometry analysis was performed on
the Synapt HDMS system (Waters Corp., Milford, MA) with nano-
electrospray ionization. The samples were infused using in-house
prepared capillaries in the negative ionization mode with a capil-
lary voltage of 0.7kV [55]. The TOF mass analyzer was calibrated
using sodium formate in 1:1(v:v) acetonitrile:H, O from 50 to 1000
m/z to obtain mass accuracy within 3 ppm. The Synapt parameters
were optimized as followings: the sample cone voltage and extrac-
tion cone voltage were set at 5V and 0.5V, respectively, the trap
collision energy was set at 1V, and the transfer collision energy
was set at 2.5V. Low voltages in the collision cell were chosen to
avoid desulfation of dodecasulfated heparin octasaccharides. The
trap T-wave cell was operated at a flow rate of 1.0 mL/min. For opti-
mal ion mobility separation, the traveling wave velocity and pulse
height were set at 400 m/s and 8.0V, respectively. The ion mobil-
ity cell was kept at a pressure of 0.5 mbar of nitrogen. Arrival time
distributions (ATDs) of ions were recorded for 9 ms correspond-
ing to a pusher period of 45 s in the TOF analyzer at a pressure
of 1.02 x 10~6 mbar. Five independent data sets were acquired for
each sample and were processed with MassLynx (v4.1) software.

2.4. Calibration curve for collision cross section measurements

A calibration curve was constructed using a mixture of 20 uM
T7, C7, and (AT)3 in 10 mM NH4OH in 1:1(v:v) MeOH:H;0 under
the same instrument parameters as previously described. For each
oligonucleotide, individual charge state ions were identified and
their ATDs reported. Since the Synapt HDMS system cannot directly
obtain absolute collision cross sections from ATDs of ions (as com-
pared with conventional IMS-MS [64]), absolute collision cross
sections (CCS) of oligonucleotides were determined using conven-
tional IMS-MS from the laboratory of Michael T. Bowers at the
University of California, Santa Barbara. The CCS were calculated
according to previously described protocols [41,65]. Corrected CCS
were required in order to account for charge state and reduced
mass. Subsequently, the corrected ATDs of the oligonucleotides for
each charge state were plotted against the corrected CCS. The cal-
ibration curve was fitted using a linear series. Corrected ATDs of
individual metal coordinated heparin octasaccharides ions were
converted from measured ATDs as described before. The CCS were
determined by the formula derived from the linear equation in the
calibration curve and then corrected for charge state and reduced
mass, as indicated in the equation below:

Y =43.10X +318.9 whereR? =0.99

where Y is the corrected CCS of oligonucleotides and X is the cor-
rected ATDs of oligonucleotides.

3. Results and discussion

3.1. Mass spectrometry and ion mobility analysis of heparin
octasaccharide

In this study, ion mobility mass spectrometry (IMMS) was used
to investigate the conformational changes of heparin octasaccha-
ride upon metal ion binding. We first observed the dodecasulfated
heparin octasaccharide as a series of deprotonated ions, as well as
sodium or potassium ion bound forms (Fig. 1). Of particular inter-
est is the observation that the 4= and 5~ charge states predominate
under these conditions. With the use of IMMS, we next investigated
the arrival time distributions (ATDs) of the octasaccharide with
and without adducted sodium ions. For either the 4= or 5~ charge
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Fig. 1. Negative ion mode mass spectrum of 10 wM dodecasulfated heparin octasaccharide dissolved in menthol/water/acetic acid solution (49/49/2; v/v/v). M represents
dodecasulfated heparin octasaccharide. The charge distributions of 4~ and 5~ ions of heparin octasaccharides are illustrated. Asterisks represent desulfated ions corresponding
to 5 or 4~ charge state species. The mass to charge ratios of the heparin octasaccharides are shown in Table 1 of the supplementary material.

states, the general trend observed was that the arrival time (AT) was
inversely proportional to the number of the sodium adducts; as the
number of sodium adducts increased, the AT decreased (Fig. 2). This
phenomenon suggests that an increased number of bound sodium
ions induces a more compact octasaccharide structure regardless
of the increasing mass of the ion-bound octasaccharide. A possi-
ble explanation for the compact structure resulting from metal ion
binding may be due to the fact that the 2-O-sulfur-L-iduronic acid
units of the heparin octasaccharide are flexible [49,66], and that the
positively charged metal ions cause the flexible rings to encapsulate
it, thereby creating a more compact structure. The metal ion may
also coordinate to the 6-position sulfates, causing the oligosaccha-
ride to form a multi-coordinated structure. Interestingly, the overall
effects of compact structure formation are seen more dramatically
in the 4~ than in the 5~ charge state. This may be explained by
the fact that the charge-charge repulsion is stronger in the 5~
charge state than that of the 4~ charge state, thereby hindering
the formation of the compact structure.
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3.2. Effects of various metal ions on arrival time distributions
(ATDs) of metal coordinated heparin octasaccharide

After investigating the effect of the sodium ion adduct on over-
all heparin octasaccharide compact structure formation, we next
investigated the effects of other types of metal ions on the same
octasaccharide. In addition to the alkali metal sodium, we also
investigated the effects of the alkaline earth metals potassium and
calcium, and the transition metal, nickel. All of these metal ions
have been previously shown to have a biological effect on heparin
[18,67,68], and therefore were reasonable candidates for examina-
tion. Despite the different properties of each metal ion adduct, the
results mirrored that of sodium; increasing the number of metal
adduct ions caused the formation of a more compact structure
(Fig. 3). Whether these compact structures are structurally similar
to those induced by sodium is yet to be determined. However, vari-
ous metal ion properties which include, but are not limited to, ionic
radii, charge, coordination geometry, specificity for octasaccharide
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Fig. 2. The arrival time distributions for sodium coordinated heparin octasaccharide (a) in the 5~ charge state and (b) in the 4~ charge state. The dash lines indicate the
baseline of the arrival time distribution for sodium-free coordinated heparin octasaccharide. Arrival time distributions are recorded in milliseconds.
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Fig. 3. The difference in arrival time distributions between metal and metal free coordinated heparin octasaccharide, plotted against the number of metal adducts (a) in the
5~ charge state and (b) in the 4~ charge state. Differences in ATDs are calculated by subtracting the ATDs for metal coordinated octasaccharides from those of the metal free
species. ATDs of calcium and potassium coordinated octasaccharide that exhibit two ion populations in the ion mobility spectrum are shown with the most abundant ion

population represented.

metal ion binding sites (O-sulfates, N-sulfates, or carboxylates), or
ionic strengths, may all factor into the formation of the compact
structure observed in the gas phase. Fig. 3 shows that octasaccha-
rides bound to calcium or nickel ions undergo larger differences
in arrival times (ATs) between metal ion-bound and metal ion-
free states compared to that of the sodium or potassium-bound
ions. The maximum difference in ATDs was observed at 0.79 ms for
the 5~ charge state and 2.51 ms for the 4~ charge state. Divalent
cations strongly draw negatively charged groups of the octasaccha-
ride to encapsulate it, thus generating a more compact structure.
In addition, potassium coordinated octasaccharides show a larger
decrease in ATs (0.49 ms in the 5~ charge state, 2.30ms in the 4~
charge state) than sodium coordinated (0.23 ms in the 5~ charge
state, 2.00 ms in the 4~ charge state) despite the increased ionic
radii of the potassium versus the sodium ion. This phenomenon
suggests that ions with larger ionic radii induce a more complete
enclosure by the octasaccharide, but ions with smaller ionic radii
induce only a partial folding of the octasaccharide. Thus, potassium
ions generate more compact structures than sodium ions. Simi-
larly, the relatively large ionic radii of the potassium ion would
likely have an effect of masking the negatively charged groups of
the octasaccharide, thus lessening the charge-charge repulsion of
closely spaced negatively charged groups.

Interestingly, the ATDs representing the 4~ charged potassium
and calcium-coordinated octasaccharides are significantly different
(Fig. 4). Since potassium ions bind to heparin nonspecifically [19],
there are two possible metal ion binding sites on the octasaccha-
ride. One possible mode of binding would bring the reducing and
the non-reducing rings close to each other to generate an over-
all compact structure. The other possibility suggests that two or
more proximal sulfation sites of the octasaccharide coordinate to
the potassium ion; i.e. two or more sulfate groups could simul-
taneously bind to the potassium ion [69-73]. However, without
significant modeling studies, it would be very difficult if not impos-
sible to ascertain which of these conformations predominates. The
octasaccharide bound to one calcium ion generates a similarly com-
pact structure to that of the potassium coordinated ion. Previous
studies have shown that calcium ions bind more favorably in the

region located between the glucosamine and iduronic residues of
heparin hexasaccharide [25]. This observation suggests that a sin-
gle calcium ion can bind either a favorable or unfavorable site of
octasaccharide thus leading to two ion populations (Fig. 4b, right).

3.3. Collision cross section measurements of metal-coordinated
heparin octasaccharide

From each measured ATD, we then calculated the corresponding
collision cross sections (CCS) of octasaccharide bound to the various
metal ion adducts. When calibrating the Synapt IMMS instrument
to calculate CCS of the octasaccharide, there are two commonly
used curves with which to fit the data; a power fit [74] and a lin-
ear fit [50]. Since previous studies showed that the linear fit was
found to be the more appropriate method for small molecules [50],
we used this method for analysis. Indeed, our data are consis-
tent when using a linear fit method for calculating CCS of metal
coordinated- and free-octasaccharide. The relationship between
estimated cross sections and published cross sections of oligonu-
cleotide standard mixture is best described by a linear relationship
(R*>=0.9985, Fig. 5).

The binding of successive metal ions to the octasaccharide
results in a decreased CCS of the metal ion coordinated octasac-
charide (Table 1a). There are no general differences observed in
the calculated CCS of sodium ion adducted versus potassium ion
adducted octasaccharide when more than one metal ion is present.
However, a 23 A2 difference is apparent for the single metal ion
species; the single potassium ion promotes formation of two pop-
ulations with different conformations. The increased number of
metal ion adducts may bind more free sulfate groups or carboxy-
lates that would otherwise experience charge—charge repulsion,
thus generating a more compact conformational change compared
to fewer metal ion adducts.

Next, we calculated the CCS of heparin bound to alkaline
earth metal ions (Table 1b). As with alkali metals, similar trends
were observed; the CCS of magnesium ion-bound and calcium
ion-bound octasaccharides did not vary significantly, except that
one calcium ion bound also produced two populations. In gen-
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Fig. 4. Isotope distributions and arrival time distributions of heparin octasaccharide bound to (a) one potassium ion (b) and one calcium ion. The theoretical monoisotope
mass difference is 2.2 mDa between K* and Ca?*. There are two slightly different ion populations corresponding to K*- and Ca?*-coordinated octasaccharide in the ion mobility

spectrum.

eral, a cross comparison between the CCS of alkali and alkaline
earth metals showed that alkaline earth metals impart a greater
change in CCS than that of alkali metals. For the ions in 1s22s22p6
configuration, the maximum differences were observed with 4
adducts with a difference of 11A2? between 4-sodium coordi-
nated and 4-magnesium coordinated octasaccharides. For the ions
in 1s22s22p%3s23pSconfiguration, the maximum differences were
observed with 3 adducts with a difference of 12A2 occurring
between the 3-potassium coordinated and the 3-calcium coordi-
nated octasaccharides. The more compact structure generated by
the alkaline earth metal ions may be explained by the stronger
effective nuclear charge and/or by the fact that alkaline earth metal
ions have higher charge densities than the alkali metal ions, which
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Fig. 5. The relationship between estimated and absolute collision cross sections
using linear fit calibration.

therefore allow the negatively charged, highly sulfated oligomers
to adopt a more compact structure.

Lastly, we investigated the effects of transition metal ions on col-
lisional cross sections of heparin octasaccharide (Table 2). As with
alkali metal and alkali earth metal ions, similar trends of decreased
CCSs upon successive additions of metal ions were observed. How-
ever, the greatest difference observed for transition metal ions
occurred at the singly metal ion bound form i.e. the cobalt adduct
differed from one nickel adduct by 13 A2 (Fig. 6). Adding succes-

Table 1

Collision cross sections of alkali and alkaline earth metal coordinated heparin
octasaccharide in the 4~ charge state. Either one potassium or one calcium coor-
dinated octasaccharide shows two collision cross sections resulting from ATDs with
two ion populations in the ion mobility spectrum. The data are from five individual
measurements.

# of adduct Na* K*
CCS (A2) CCS (A?)
(a) Alkali metal coordination
0 413.22 + 0.00 413.22 + 0.00
1 381.08 + 0.90 377.45 + 0.00 and 358.12 +0.00
2 353.20 + 1.47 352.18 £ 0.00
3 349.56 + 0.73 348.39 £ 0.72
4 346.26 + 0.00 338.52 +2.64
# of adduct Mg?* Ca**
CCS (A?) CCs (A?)
(b) Alkaline earth metal coordination
0 413.22 £ 0.00 413.22 £+ 0.00
1 376.17 £ 0.00 380.21 + 2.37 and 359.56 +1.22
2 347.63 £ 0.73 349.23 + 0.00
3 34249 + 1.30 336.08 + 0.00
4 33539 + 1.34 332.10 £ 0.90
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Table 2
Collision cross sections of transition metal coordinated heparin octasaccharide in
the 4~ charge state. The data are from five individual measurements.

# of adduct Mn?* FeZ* Co?* Niz*
CCS (A?) CCS (A2) CCS (A?) CCS (A?)

41322 £0.00 41322 +0.00 413.22+0.00 413.22 + 0.00
378.68 £ 1.26 375.14 £ 0.90 384.38 + 1.32 371.86 +0.73
347.88 £ 0.00 345.72 +£0.72 350.75 + 1.05 344.27 + 0.90
336.02 £ 0.00 335.37 £0.90 337.05+0.59 334.77 + 1.26
331.30 £ 0.00 330.53 +£1.30 33299 +0.00 330.57 + 0.72
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Fig. 6. Collision cross sections (A?) of transition metal coordinated octasaccharides
plotted against the number of transition metal adducts in the 4~ charge state.

sive metal ions did not lead to a greater difference in CCS between
each transition metal ion species. This observation suggests that the
induced conformational change is not specific to any specific transi-
tion metal ion. The slightly different observed CCS of four-transition
metal coordinated octasaccharides are likely due to different ionic
radii of the metal ions used in this study. Given the above data,
under the conditions used in this study, it does not appear that
the more compact structure depends on ionic radii or mass of the
transition metal ion, e.g. cobalt. Several groups have reported that
the conformation of protein bound to transition metal ion changes
depending on spin states [75-77]. The cobalt ion in high spin has a
larger ionic radius (89 pm) than the same ion in a low-spin state
(79 pm). Cobalt ions bound to the octasaccharide appear to fol-
low this general trend. This result also suggests that there are
differences in the binding interactions of the cobalt ion and the
octasaccharide depending on the spin state, thus having an effect
on the overall conformational change.

Overall, our IMMS data demonstrate that various metal ions
induce conformational changes when bound to the octasaccharide
compared with those without metal ion coordination. Among the
physiologically relevant cations (Na*, K*, Mg2*, Ca2*), calcium in
particular has been shown to induce remarkable conformational
changes in solution [20,39]. Our gas phase data are consistent
in that the biggest conformational change is caused by calcium
coordination. Metal ions are indispensable for the interaction of
protein-heparin complexes, thus it may be that important con-
formational changes are required for biological activity [16,78,79].
Measuring CCS of metal ion coordinated octasaccharide-protein
complexes will help us further understand these processes.

4. Conclusions

We have shown that various metal ions induce a conformation
contraction in heparin octasaccharide structure. This observation
suggests a conformational change of heparin induced by metal ions
may alter the interactions of heparin and heparin-binding proteins
[18]. We have shown that the effects of metal coordination were

more pronounced in lower charge state ions. Furthermore, we have
shown that the number of metal ion adducts, the ionic radii, and the
ionic valence of metal ions are all factors in metal-induced compact
octasaccharide conformational change. There was little difference
in the measurements of conformational change measured here
in the gas phase with those of previous solution measurements
[20,39]. For transition metal ions, the spin state of the ions has an
effect onionic radii. Given the different CCS measurements of metal
ion-coordinated octasaccharides, our results may warrant future
investigations into the structure-function relationships of other
macromolecular structures.
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