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bstract

Hydrogen bonding is crucial to biological systems and is intrinsic to non-covalent interactions. They are important in the formation of higher order
tructures of proteins as well as in the interactions of proteins with other biological molecules. Electrospray ionization (ESI) is an important tool
n the study and characterization of molecular complexes and has proven to be extremely powerful and invaluable in the studying of biomolecular
tructures and non-covalent interactions. We have utilized solution and gas phase hydrogen/deuterium exchange (HDX) as a method to determine
he specificity of supramolecular complex formation using monomers possessing sites containing hydrogen-bond donor and acceptor groups. By
omparing the average number of exchanges for the monomer subunits to the average number of exchanges for the complex, we can distinguish if

specific complex is formed in solution, or whether it is the artifact of a gas phase process during ESI. In this paper we have investigated several
on-covalent supramolecular complexes by nanoelectrospray (nanoESI) mass spectrometry (MS). By using the solution and gas phase HDX, we
ere able to identify several specific supramolecular complexes. Thus, solution and gas phase HDX combined with nanoESI-MS provides for a

onvenient method in ascertaining the origin and stability of non-covalent complexes.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Growing interest in understanding the interactions in liv-
ng systems has made supramolecular chemistry an active
eld. Supramolecular chemistry has evolved from efforts

o mimic the weak non-covalent interactions and the phe-
omenon of molecular recognition in biological systems [1–4].
upramolecular chemistry, with the goal to gain control over

he intermolecular non-covalent bond, is concerned with struc-
ure and function of entities formed by the association of

wo or more chemical species. The characterizing feature of
upramolecular chemistry is that carefully designed synthetic
tructures recognize target molecules forming non-covalent
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omplexes. Experimental methods for studying non-covalent
omplexes include spectroscopy (NMR, UV, mass spectrom-
try (MS), IR), electrochemistry (potentiometry), calorime-
ry, and X-ray crystallography [2]. Supramolecular chemistry
nd the quantification of non-covalent interaction strengths
ffer the basis for novel approaches in medicine, host–
uest chemistry [5], chromatography [6], and biocatalysis
7].

Matrix-assisted laser desorption/ionization (MALDI) [8,9]
nd electrospray ionization (ESI) [10] have revolutionized the
pplication of MS to the analysis of thermally fragile and high
olecular weight biomolecules. ESI mass spectrometry has

ecome an excellent tool for the characterization of a wide

ariety of non-covalent interactions including protein–ligand
nd protein–protein complexes, oligonucleotide complexes, and
ven pharmaceutical drugs complexed to proteins or oligonu-
leotides; several reviews provide excellent overviews on the
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readth of non-covalent interactions which have been probed
sing ESI [11–16].

Solution and gas phase hydrogen/deuterium exchange (HDX)
re promising methods in elucidating the solution or gas phase
ormation of non-covalent complexes. In this study, we apply
DX in elucidating the solution and gas phase formation of

everal molecular duplexes comprised of monomers contain-
ng hydrogen-bonding donor and acceptor groups. HDX is
ommonly used to provide insights into the roles of various
on-covalent interactions in stabilizing the appropriate three-
imensional (3D) structural information of solution and gaseous
ons, including information on protein conformation and has
een applied successfully to obtain more structural information
n various types of molecules [17–27], in particular to establish
onnections between the solution and gas phase conformations
f molecules [27–31]. Generally, the HDX rate constants are
ffected by structural, steric and energetic factors, including the
ypes and the accessibility of exchangeable protons, the pres-
nce of intramolecular and/or intermolecular hydrogen bonds,
he nature of the isotopic exchange agent, and the number of
ollisions [32,33]. These features make the technique capable of
roviding insights into the roles of various non-covalent interac-
ions in stabilizing the appropriate 3D structure of solution and
aseous ions, including protein conformation [17,22,34,35].

Presently, the application of nanoelectrospray (nanoESI) MS
36,37] for studying non-covalent complexes is highly desirable,
lthough a notable recent report indicates desorption electro-
pray ionization (DESI) is even gentler than ESI at preserving
rotein conformation from solution into the gas phase and holds
reat promise for probing non-covalent complexation in solution
38]. In addition to the lower sample consumption and higher
ensitivity offered by nanoESI as compared to conventional ESI,
ith its nanoliter per minute flow rates nanoESI may be softer

han conventional ESI-MS during the transfer of complexes from
olution into the gas phase (although the lower droplet size
nd higher charge density may preclude non-specific aggrega-
ion) [39,40]. Our method here is to use nanoESI-MS [41,42]
ith solution and gas phase HDX to explore the intermolecu-

ar hydrogen bonds of specifically designed hydrogen-bonded
olecular duplexes [43–45]. In this method, which we devel-

ped for probing specificity of drug–drug complexes [29,30], a
olution containing molecules which may form complex asso-
iations is injected with a deuterating reagent, and the solution
s subsequently loaded for on-line ESI analysis (in the previous
ases directly into a syringe for ESI, while here into a nanoESI
mitter). HDX proceeds continually while mass spectra are col-
ected; a comparison of the average number of H/D exchanges
or the individual monomer units comprising the duplex with
he number of H/D exchanges in the complex itself provides
seful information about the existence of hydrogen bonds in
he duplexes. If the total number of H/D atoms exchanged in a
uplex is lower than the sum of H/D atoms exchanged in each of
ts components, this is strong evidence that the hydrogen bonds

ere formed in solution prior to ESI. If a hydrogen bond is

ormed during the ESI process (or the HDX is rapid relative
o the process of hydrogen bonding), the average number of
/D atoms exchanged in a duplex should equal the sum of the

2

o
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umber of H/D atoms exchanged in each of the components.
weakness of this approach is that the first several seconds

f HDX cannot be probed until the sample is fully loaded and
eady for ESI. Recently, Konermann and co-workers have devel-
ped an on-line pulsed HDX method to probe protein–protein
omplexes formed within tens of ms in solution [46,47]; in their
ethod, two samples containing either aqueous or deuterated

rotein solution are infused via separate syringe pumps and then
dmixed in a tee immediately before entering the ESI needle.
he HDX levels are then compared as in our method to distin-
uish whether a complex is formed in solution, or is an artifact of
SI. This HDX pulse labeling approach is advantageous because

t enables determination of complex formation on the ms time
cale, as opposed to the second time scale.

Here, the component monomers exhibit aggregates (homod-
mers and heterodimers) in nanoESI-MS; the hydrogen bonds of
hese duplexes (formed in solution or in the ESI process) were
xplored with solution and gas phase HDX to evaluate which
ydrogen bonds of these duplex might originate in solution
hase, or be formed during nanoESI. In some cases, HDX sug-
ests that hydrogen bonds of the duplexes observed in the mass
pectra are formed in solution. However, in other instances the
vidence from nanoESI and HDX suggests that the duplexes are
ormed as an artifact of nanoESI; however, gas phase exchange
uggests that once formed in nanoESI, such duplexes possess
rotection, indicating formation of hydrogen bonds during the
pray process.

. Experimental

.1. Apparatus

All experiments were performed on a modified Thermo Elec-
ron LCQ Advantage quadrupole ion trap mass spectrometer
San Jose, CA). The ESI source was replaced by a home-built
anoESI source [26,48] designed and manufactured specifically
or use with nanoESI instead of the standard ESI source of
he LCQ. A schematic of the nanoESI source and the inter-
ace to the LCQ is shown in Fig. 1. This source contains within
t an XYZ translatable emitter platform and mount through
hich voltage is applied. Methanol–d4 and deuterium oxide
ere used as the deuterating reagents in both solution and gas
DX experiments. For solution HDX, the sheath gas was not

mployed. Samples were introduced into the nanoESI source
sing polyaniline-coated emitters [41]. The emitters were posi-
ioned ∼4 cm from the inlet of the mass spectrometer and sup-
lied with +4.0 kV to form positive ions. For gas phase HDX,
itrogen from sheath gas was bubbled through the methanol–d4
olution then evaporated into curtain gas stream, as shown in
ig. 1. Mass spectra were acquired for at least 3 min. Instrumen-

al parameters and the operating conditions used are given in
able 1.
.2. Reagents

Chloroform and acetic acid were HPLC grade and were
btained from Fisher Scientific Co. (Fair Lawn, NJ). All other
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ters were removed and stored until used. Borosilicate emitters
used nanoESI with an average flow rate determined to be about
5 ± 2 nL/min using a recently described approach [49].
ig. 1. Schematic diagram of the nanoESI source and the interface of the modifi
no sheath and curtain gas needed) and gas phase (with sheath and curtain gas)

rganic solvents were purchased from Aldrich (Milwaukee, WI)
nd were of HPLC grade. Water was doubly distilled, deionized
illiQ water. Deuterium oxide and methanol–d4 were obtained

rom Cambridge Isotope Laboratories Inc. (Andover, MA) and
ldrich Chemical Company (Milwaukee, WI), respectively.

.3. Compounds used to form non-covalent complexes

The three compounds used in this study (A, B, and C, Fig. 2)
ere designed and synthesized using previous methods [43–45].
he coupling reactions were carried out by standard peptide
oupling methods, and the resulting oligoamides contain 1,3-
isubstituted benzene rings linked by �-amino acid residues
ontaining a variety of sequences using H-bonding donor (DH)
nd acceptor (AH) sites, i.e., amide O and H atoms. The exact
asses of A, B, and C are 698.35 Da, 818.47 Da, 878.58 Da,

espectively. Each of these compounds has four exchangeable H
toms. Samples dissolved in chloroform solutions were used in
ll experiments unless otherwise indicated.

.4. Emitter fabrication for nanoESI

Fabrication of the nanoESI emitters used a protocol pre-
iously reported with a slight modification [42,48]. Uncoated
orosilicate glass (i.d. = 0.69 mm, o.d. = 1.2 mm) was purchased

rom Sutter Instrument Co. (Novato, CA). Borosilicate nanoESI
mitters with open emitter ends (orifice i.d. = 4 �m) were pre-
ared by pulling heated glass capillaries with the Sutter Instru-
ent Co. P-2000 laser-based capillary puller. Parameters were

able 1
nstrumental conditions used to record spectra in the LCQ mass spectrometers

Solution phase HDX Gas phase HDX

pray voltage (kV) 4.0 4.0
heath gas flow rate (units) 0 10
uxiliary gas pressure 0 0
eated capillary temperature (◦C) 210 210
eated capillary voltage (V) 36 36
ube lens offset/orifice voltage (V) 20 20
anoESI emitter position (cm) 4 4
ermo Electron LCQ mass spectrometer, which was employed to record solution
mass spectral data.

ptimized to produce emitters with short tapers, relatively thick-
alled orifices, and open emitter ends with orifices of 4 �m

nd a total emitter length of about 6.5 cm. The total pulling
ime was approximately 10 s for each glass tube. The uncoated
mitters were then positioned onto a stage that was capable
f mechanically lowering the emitters into a dispersion solu-
ion of polyaniline (Monsanto, St. Louis, MO). To avoid emitter
logging during the coating process, a stream of air was blown
hrough the emitters during dipping. Evaporation of the PANI
olution in air creates a coating layer of about 20–30 nm in
hickness (as determined by SEM). After coating, the emit-
Fig. 2. Structures of the compounds A, B, and C studied in this paper.
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.5. Solution and gas phase HDX

In solution phase HDX, nanoESI-MS mass spectra were
btained for samples of: A (0.010 mM), B (0.010 mM), C
0.010 mM), and a mixture of A with C (both 0.010 mM) at
oom temperature. The HDX solvent mixture in these cases
as always 90% chloroform/8% CD3OD (or D2O)/2% acetic

cid (v/v/v) (positive mode). HDX was conducted and the data
ere acquired from 1 min after the exchange began during which

he sample mixture was prepared and loaded into the nanoESI
ource. The gas phase HDX was conducted with the system
escribed in Fig. 1. In gas phase HDX, the solvent mixture was
0% chloroform/8% CH3OH (or H2O)/2% acetic acid (v/v/v).
ons generated by nanoESI passed through an orifice in a cur-
ain plate and the curtain gas (N2 with CD3OD or D2O vapor)
o enter the LCQ Advantage quadrupole ion trap mass spec-
rometer. Five replicate measurements of the same sample were
cquired and the errors were calculated.

The non-deuterated and deuterated samples were analyzed
nder identical experimental conditions, and the resulting mass
pectra were compared. At a certain exchange level, each of the
nitial isotopic peaks will produce its own isotopic distribution,
ue to multiple exchange levels. The average masses of the ions
ere calculated using Eq. (1):

Avg =
(

RA(M1)

TA

)
M1 +

(
RA(M2)

TA

)
M2

+ · · · +
(

RA(Mn)

TA

)
Mn (1)

here MAvg is the average mass of the ion, RA the relative abun-
ance of a given isotopic peak, TA the total relative abundance
or all of the isotopic peaks in the distribution, and M1, M2, . . .,

n are the masses for the first, second, and nth peaks in the iso-
opic distribution. The average masses for the non-deuterated
pecies were subtracted from the average masses of the deuter-
ted species, and the average number of H/D exchanges was
etermined by dividing this mass difference by the isotopic mass
ifference between D and H (1.006 Da). The reported errors rep-
esent the standard deviation from the mean determined from
ve replicate measurements on each individual sample. Sum-
ing acquisitions effectively averages out random errors asso-

iated with fluctuations in trapped ion populations.

. Results and discussion

.1. Aggregates of the compounds

As shown in Fig. 3, compound A (0.010 mM) in chloro-
orm/methanol/acetic acid (90/8/2, v:v) yielded a mass spectrum
f the singly protonated monomer (m/z 699.3), singly sodi-
ted monomer (m/z 721.4), the singly protonated dimer (m/z
397.0), and the singly sodiated dimer (m/z 1419.0). Compound

(0.010 mM) in chloroform/methanol/acetic acid (90/8/2, v:v)

ielded a mass spectrum of the singly protonated monomer (m/z
19.5), singly sodiated monomer (m/z 841.6), singly potassi-
ted monomer (m/z 857.5), the singly protonated dimer (m/z

p
t
l
t

ass Spectrometry 261 (2007) 13–24

637.4), singly sodiated dimer (m/z 1659.4), and the singly
otassiated dimer (m/z 1675.2). Compound C (0.010 mM) in
hloroform/methanol/acetic acid (90/8/2 v:v) yielded a mass
pectrum of the singly protonated monomer (m/z 879.5), singly
odiated monomer (m/z 901.7), singly potassiated monomer (m/z
17.5), the singly protonated dimer (m/z 1757.5), singly sodi-
ted dimer (m/z 1780.6), and the singly potassiated dimer (m/z
795.5). Since the nanoESI emitters were prepared by pulling
eated borosilicate glass it is common for the mass spectra to
ave sodiated and potassiated adducts [29,41]. These emitters
ave shown very stable nanoESI and the long-term usability
37,41]. From Fig. 3, both monomers and dimers for all three
ompounds were observed in the nanoESI mass spectra. The
nly difference is that the dimer peak of compound B has high
ntensity in the mass spectra and almost has the same abun-
ance as B monomer. Evidence that hydrogen bonding between
he self-associated B molecules to form duplexes in solution was
btained previously from NMR experiments [43,45]. However,
question remained: are the homodimers of A or C observed

ere with nanoESI-MS really formed in solution from hydrogen
onding, or could they be artifacts of nanoESI? Solution phase
DX was employed to resolve this issue.

.2. Kinetic study of solution HDX by nanoESI

Since the singly sodiated ions (M + Na+) always have the
ighest relative intensity in these experiments, for comparison
urposes for HDX under the same conditions this species is
sed throughout this paper. The HDX process of compound A
n solution was monitored by nanoESI-MS. The mass spectra are
hown in Fig. 4. Before HDX (0 min) the mass spectra indicate
he presence of the singly sodiated monomer (left column) and
ingly sodiated dimer (right column) of A ions. The number of
ydrogen atoms exchanged for deuteriums were calculated for
arious exchange times from the product of the mass shift deter-
ined using Eq. (1) divided by the mass difference between D

nd H. The average HDX levels of A monomer and A–A dimer
ith D2O and CD3OD versus the exchange time are plotted in
ig. 5. HDX is rapid in solution during the first 1 min, and after
bout 40 min, the HDX reaches a near kinetic completion. These
ass spectra illustrate an important issue for the study of HDX

f macromolecules: if the individual the isotopic envelope is
elatively narrow before the reaction occurs, as HDX proceeds,
he isotopic envelope first broadens. It then narrows as the reac-
ion approaches completion. These trends also were observed in
he mass spectra of Fig. 4. Sometimes the change of the enve-
ope of the mass spectrometer may be used to obtain the protein
tructure information [50,51].

HDX rate constants are affected by the nature of the isotopic
xchange reagent. Fig. 5 shows the different HDX rates with
D3OD and D2O. The initial exchange rate (up to 10 min) of
oth monomer and dimer of compound A are greater with D2O
han with CD3OD [52]. However, when the HDX reaches com-

letion (after 40 min of exchange), from student F- and t-tests,
here is no significant difference between CD3OD and D2O HDX
evels. After exposing the sample to exchange agents for 40 min,
he average number of H/D exchanges for the A monomer by
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Fig. 3. Nanoelectrospray mass spectrum of 10 �M A, B, C, separately, in 90% chloroform with 8% methanol and 2% acetic acid.
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Fig. 4. Mass spectra of sodiated A monomer (left column) and sodiated A–A dimer (right column) at different solution HDX times as listed in the figure. The
exchange agent is CD3OD. All spectra were recorded under the same instrument condition.
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Fig. 5. Hydrogen exchange levels vs. exchange time for sodiated A monomer by
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Table 3
Average HDX level of compounds A, B, C as well as A–C dimer in solution by
CD3OD at 60 min

Monomer Dimer Dimer/monomer

A 3.38 ± 0.07 6.73 ± 0.07 1.99 ± 0.05
B 3.15 ± 0.09 4.89 ± 0.09 1.55 ± 0.05
C 3.31 ± 0.08 6.60 ± 0.10 1.99 ± 0.06
A a
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m

D3OD (filled diamonds), the sodiated A–A dimer by CD3OD (open squares),
odiated A monomer by D2O (open triangles), and the sodiated A–A dimer by

2O (cross).

D3OD is 3.42 ± 0.04 (Table 2), while the dimeric A complex
as a level of H/D exchanges equal to 6.68 ± 0.06 (Table 2). By
2O, the average numbers of H/D exchanges are 3.47 ± 0.05

Table 2) for monomer and 6.74 ± 0.05 for dimer (Table 2). The
xchange levels of dimer with both D2O and CD3OD are, within
xperimental error, about twice that of the monomer. There are
nly two possible interpretations of this result. One possibility
s that the A dimer does not exist as a solution phase aggregate,
ut instead is a non-specific association formed during ESI. The
ther possibility is that HDX occurs in compound A kinetically
ast relative to dimerization.

.3. Solution phase HDX levels of compounds A, B, C, and
ixture of A with C

Using the same method, solution phase HDX was performed
or compounds A, B, and C separately in order to determine
he origin of the dimer species. Mass spectra of isotopic dis-
ributions shown in Fig. 6 for A are described as follows. All
istributions show the singly sodiated monomer before HDX
left top), after gas phase HDX (left middle), and after 60 min
olution HDX (left bottom) as well as singly sodiated dimer
efore HDX (right top), after gas phase HDX (right middle),
nd after 60 min solution HDX (right bottom). We will discuss
he gas phase HDX further below after discussing the solution
hase HDX experiments. For solution phase HDX, the average
DX level of compounds A, B, and C in solution after expos-

ng the samples to CD3OD for 60 min of isotope exchange are
alculated from the mass shift using Eq. (1) divided by the mass

ifference between D and H; these results are shown in Table 3.
ll standard deviations were calculated from five replicate mea-

urements. The average number of HDX for the A monomer is
.38 ± 0.07 (Fig. 6 and Table 3), while the dimeric A complex

able 2
verage HDX levels by CD3OD and D2O between 40 min and 60 min of com-
ound A monomer and dimer calculated by Eq. (1)

xchange agents Monomer Dimer Dimer/monomer

D3OD 3.42 ± 0.04 6.68 ± 0.06 1.95 ± 0.03

2O 3.47 ± 0.05 6.74 ± 0.05 1.94 ± 0.03

b
i
a
i
e
C
e
o
v
i
b
b

–C 5.11 ± 0.09 1.53 ± 0.06

tandard deviations were calculated from five times measurements.
a Value of dimer/(average of monomer A and C).

as a level of HDX equal to 6.73 ± 0.07 (Fig. 6 and Table 3).
his number is 1.99 ± 0.05 times (Table 3) the number of HDX
bserved in the compound A monomer. Thus, the exchange
evel of the dimer is, within experimental error, twice that of
he monomer. We can see here again the average number of
xchanges for the A–A dimer is equivalent to the sum of the
umber of exchanges for the A monomer, suggesting either that
his complex is formed during the nanoESI process or that HDX
s kinetically fast relative to dimerization.

Similar results were obtained with B and C (Table 3, mass
pectra not shown). Compound B has an average number of H/D
xchanges equal to 3.15 ± 0.09 for the monomer. The dimeric
–B complex has a level of H/D exchanges at 4.89 ± 0.09

Table 3), 1.55 ± 0.05 times the number of H/D exchanges
bserved in the B monomer. This is clear evidence that solu-
ion HDX in the B–B dimer is greatly restricted, implying that
he B–B dimer complex must be formed by hydrogen bonds in
olution prior to ESI and HDX. Compound C monomer shows
.31 ± 0.08 (Table 3) H/D exchanges, while the average num-
er of exchanges for the C–C dimer was 6.60 ± 0.10 (Table 3),
.99 ± 0.05 times the number of H/D exchanges observed in the
onomer. Thus, either the C–C dimer does not exist as a solu-

ion phase aggregate (but instead is a non-specific association
ormed during nanoESI) or HDX in compound C is kinetically
ast relative to dimerization.

The nanoESI mass spectrum of the interaction of compound
with C (Fig. 7, 0.010 mM respectively, 90% chloroform/8%

H3OH/2% acetic acid) reveals A (sodiated, m/z 721.5) and
monomers (protonated at m/z 879.5, sodium adduct at m/z

01.7), the A–A dimer (sodium adduct, m/z 1419.3) and C–C
imer (protonated at m/z 1758.7, sodiated at m/z 1780.7, potassi-
ted at m/z 1796.6), and the sodiated A–C heteromeric complex
protonated at m/z 1577.5, sodiated at m/z 1599.5, potassiated at
/z 1615.5). This mixture of A and C is then monitored for HDX
y nanoESI. As shown in Fig. 8, the A–C heteromeric complex
ndicates HDX proceeds in solution so that after 60 min, the
verage number of exchanges for the heteromeric complex A–C
s 5.11 ± 0.09 (Fig. 8 and Table 3). The average number of H/D
xchanges for the A monomer is 3.38 ± 0.07 (Table 3) and the

monomer is 3.31 ± 0.08 (Table 3). The average number of
xchanges for the A–C complex is clearly less than the sum
f the number of exchanges in its constituent monomers (5.11

ersus 6.69). Therefore, it can be concluded that solution HDX
n the A–C dimer is restricted and the A–C complex observed
y ESI is the result of a solution phase interaction of hydrogen
onding. This result is consistent with previous NMR data (not
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Compound B has an average HDX rate equal to 1.85 ±
0.05 min−1 for the monomer (Table 4), while the dimeric B
complex has an HDX rate of at 3.05 ± 0.06 min−1 (Table 4);

Table 4
Average HDX rate (min−1) of coumpound A, B, C as well as A–C dimer in
solution by CD3OD at the first minute

Monomer Dimer Dimer/monomer

A 1.90 ± 0.07 3.81 ± 0.08 2.01 ± 0.09
B 1.85 ± 0.05 3.05 ± 0.06 1.65 ± 0.06
ig. 6. Insets of isotopic distributions. Left column: sodiated monomer A befo
ight column: sodiated A–A dimer before HDX (top), gas phase HDX (middle

hown) in our labs that suggest the A–C heteromeric complex
s a solution phase dimer.

.4. Solution phase HDX rates of compounds A, B, C, and
ixture of A with C

Based on the kinetic study conducted previously, samples of
ompounds A, B, and C and the mixture of A with C in solu-
ion were exposed to CD3OD for 1 min of isotope exchange
ndividually. The average HDX rates (min−1) for every sam-
le in the first minute were calculated and shown in Table 4.
uring this first minute of exposure, the average HDX rate for
he A monomer is 1.90 ± 0.07 min−1 (Table 4), while the A–A
imer has a HDX rate equal to 3.81 ± 0.08 min−1 (Table 4). The
xchange rate of the dimer is, within experimental error, twice
hat of the monomer. Comparison of these two numbers suggests

C
A

S

X (top), gas phase HDX (middle), and after 60 min solution HDX (bottom).
60 min solution HDX (bottom).

hat the A–A complex is formed during nanoESI, and represents
1.86 ± 0.08 3.70 ± 0.10 1.99 ± 0.10
–C 3.15 ± 0.07 1.68a ± 0.10

tandard deviations were calculated from five times measurements.
a Value of dimer/(average of monomer A and C).
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the C–C dimer was 1.73 ± 0.11 times that observed in the C
monomer, indicating the C–C dimer formed during nanoESI
also exists as a gas phase duplex with intermolecular hydrogen
bonds.

Table 5
Average HDX level of A, B, C as well as A–C dimer in gas phase by CD3OD

Monomer Dimer Dimer/monomer

A 0.62 ± 0.03 1.10 ± 0.04 1.77 ± 0.11
B 0.56 ± 0.02 0.76 ± 0.03 1.36 ± 0.07
Fig. 7. Nanoelectrospray mass spectrum of a mixture of compounds

his number is 1.65 ± 0.06 times (Table 4) the rate of HDX rate
bserved in the B monomer. This is additional supporting evi-
ence that solution HDX in the B–B dimer is restricted, implying
hat the B–B dimer complexes are formed in solution.

The average rate of HDX for the compound C was
.86 ± 0.08 min−1 (Table 4), while the average exchange rate for
he C–C dimer was 3.70 ± 0.10 min−1 (Table 4). The exchange
ate of the C–C dimer was 1.99 ± 0.10 times (Table 4) the HDX
ate observed in the C monomer, suggesting this complex is
ormed as a result of the nanoESI process.

The average HDX rate for complex A–C is 3.15 ± 0.07 min−1

Table 4). The initial HDX rate for the A monomer is
.90 ± 0.07 min−1 (Table 4) and the C monomer shows an initial
DX rate equal to 1.86 ± 0.08 min−1 (Table 4). Since the initial
DX rate for the A–C complex is less than the sum of the rates
f exchanges in its constituent monomers, it can be concluded
hat the A–C complex observed by nanoESI is the result of a
rue solution phase interaction.

.5. Gas phase HDX level of compounds A, B, C, and
ixture of A with C

For gas phase HDX, the atmospheric interface of the nanoESI
ource was described in Fig. 1. Here, the HDX reaction was car-
ied out by introducing the deuterating agent (CD3OD or D2O)
nto the N2 sheath gas stream of a commercial mass spectrom-
ter. In contrast to other HDX techniques in which gas phase
DX reactions are carried out on trapped ions [53,54] or on

ons in low energy ion beams, the ions in these experiments
re not trapped. The atmospheric pressure gas phase HDX here
llows exchange to be studied in a population of metastable ions
eginning immediately after their formation [26,27].

Atmospheric pressure gas phase HDX was performed for
ompounds A, B, and C, and the mixture of compound A with C.

he mass spectra of isotopic distributions after gas phase HDX

middle) are shown in Figs. 6 (for A) and 7 (for A mixed with
). The average gas phase HDX level of compounds A, B, and C
nd A mixture with C after gas phase HDX are calculated using

C
A

S

d C (both are 10 �M) in chloroform/methanol/acetic acid (90/8/2).

q. (1) and the results are shown in Table 5. The average number
f gas phase H/D exchanges for the A monomer is 0.62 ± 0.03
Fig. 6 and Table 5), while the A–A dimer has a level of H/D
xchanges equal to 1.10 ± 0.04 (Fig. 6 and Table 5). In contrast
o the solution phase HDX, this number is only 1.77 ± 0.11 times
Table 5) of the number of H/D exchanges observed in the com-
ound A monomer. Since the exchange level of the dimer is less
han the sum of the number of exchanges for the A monomer, it
s likely that the A–A dimer formed by nanoESI exists as a gas
hase duplex with intermolecular hydrogen bonds.

Compound B has an average number of gas phase H/D
xchanges equal to 0.56 ± 0.02 for monomer (Table 5), while the
–B complex has a level of H/D exchanges equal to 0.76 ± 0.03

Table 3). This number is only 1.36 ± 0.07 times the number
f H/D exchanges observed in the B monomer, and is signifi-
antly less than the sum of the number of H/D exchanges for the

monomer. This is clear evidence that gas phase HDX in the
–B dimer is greatly restricted, implying that the dimer complex
xists in the gas phase. In addition, the smaller dimer/monomer
atio indicates more intermolecular hydrogen bonds in the B–B
imer than in the A–A dimer. Similarly, the average number
f gas phase H/D exchanges for compound C was 0.66 ± 0.03
Table 5), while the average number of H/D exchanges for the
–C dimer was 1.14 ± 0.05 (Table 5). The exchange level of
0.66 ± 0.03 1.14 ± 0.05 1.73 ± 0.11
–C 0.86 ± 0.04 1.34a ± 0.10

tandard deviations were calculated from five times measurements.
a Value of dimer/(average of monomer A and C).
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ig. 8. Insets of isotopic distributions in the A–C dimer. Sodiated A–C dimer b
Admixing compounds A and C (both 10 �M in 90% chloro-
orm/8% CH3OH/2% acetic acid) for gas phase HDX resulted
n the ESI mass spectrum shown in Fig. 8. The average number
f exchanges for the heteromeric complex A–C is 0.86 ± 0.04

(
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HDX (top), gas phase HDX (middle), and 60 min solution HDX (bottom).
Fig. 8 and Table 3). Since the average number of H/D exchanges
or the A monomer is 0.62 ± 0.03 (Table 5) and for the C
onomer is 0.66 ± 0.03 (Table 5); the average number of

xchanges for the A–C complex is less than the sum of the
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Fig. 9. Sequence specificity of the mutually complementary hydrogen-bonded
molecular duplex A–C that contains the DDAD–AADA array.

F
m

n
s
t
b
h

f
g
S
(
c
a
e
h
s
c
c
c
c
a
A
m
s

4

w
u

n
t
i
c
s
p
r

A

a
o
G

R

[
[
[
[
[
[
[
[

[
[
[
[

[

[

[

[
[

[

[

[
(2001) 795.
ig. 10. Sequence specificity of the self-complementary hydrogen-bonded
olecular duplex B–B that contains the DADA–ADAD array.

umber of exchanges in its constituent monomers (0.86 ver-
us 1.28). Therefore, it can be concluded that gas phase HDX in
he A–C dimer is also restricted, and the A–C complex observed
y nanoESI is the result of a solution phase interaction forming
ydrogen bonds.

It is reasonable to envision it is easier for molecules to
orm supramolecular aggregation through intermolecular hydro-
en bonds in the gas phase without the effect of the solution.
ince compound A contains a sequence of DHDHAHDH array
DH: H-bonding donor and AH: H-bonding acceptor) while
ompound C contains a sequence of AHAHDHAH array, there
re at most two intermolecular hydrogen bonds. For the het-
romeric A–C dimer, however, the mutually complementary
ydrogen-bonded molecular duplex that contains the sequence
pecificity of DHDHAHDH–AHAHDHAH array shown in Fig. 9
an be formed, with up to four hydrogen bonds. Compound B
ontains a sequence of DHAHDHAH, so it can form the self-
omplementary hydrogen-bonded molecular duplex B–B that
ontains the sequence specificity of DHAHDHAH–AHDHAHDH
rray of four hydrogen bonds, which is shown in Fig. 10. Both
–C and B–B duplexes show similar HDX ratios of dimer to
onomer (1.68 versus 1.65 in solution (Table 3) and 1.34 ver-

us 1.36 in gas phase HDX).

. Conclusions
The hydrogen bond studies here are generally in agreement
ith earlier experiments with NMR. This study illustrates the
se of solution and gas phase HDX to determine the specificity of

[

[

ass Spectrometry 261 (2007) 13–24 23

on-covalent complexes observed by nanoESI-MS. Thus, solu-
ion and gas phase HDX provides for a convenient method in
nvestigating the hydrogen bonding of non-covalent molecular
omplexes. The results here demonstrate that this nanoESI-MS
ystem can be used to study and compare both solution and gas
hase HDX reactions. Also it can be used to monitor continuous
eactions for over 2 h with only 1 microliter of sample.
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