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Abstract

Some recent gas-phase H/D exchange experiments are discussed. These experiments are carried out using an electrospray ionization-fa
flow tube technique. Some of the goals are: (1) deducing site-specific rate constants; (2) learning about conformers and isomers of biomolecules;
(3) understanding H/D exchange mechanisms. The experimental technique, and its advantages and disadvantages are reviewed, by comparisc
with other methods such as FT-ICR. The different methods of analyzing the data are described including a newly developed algorithm for
extracting site-specific rate constants. The examples of bradykinin (singly and doubly protonated) and the proton bound dimer of arginine
are discussed in some detail. Both systems are known to exist as gas-phase salt-bridge structures in which two arginines are protonated an
a carboxyl group is deprotonated yielding an ion—zwitterion configuration: +. Some internal inconsistencies between H/D exchange
results for N3 with the two systems are pointed out.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Amino acid clusters; Peptides; H/D exchange; ESI; Flow tube; FT-ICR; Conformers; Site-specific rate constants

1. Introduction ion chemistry of small biomolecules. This collaboration has
resulted in a recent joint publicatidd].

We have chosen the topic of gas-phase H/D exchange There has been anincreasing interestin recent years in an-
experiments for this issue in honor of Alan G. Marshall hydrous protein and peptide iofq. Evidence has been pre-
for several reasons. Professor Marshall pioneered the aresented1(a)] that conformational properties of biomolecules
of gas-phase H/D exchange using Fourier transform ion in solution are preserved in some cases during the process
cyclotron resonance mass spectrometry (FT-ICR-MS). The of electrospray ionization (ESI) that is used in mass spec-
FT-ICR group at Florida State University headed by Alan trometry (MS) to introduce these biomolecules into the gas
Marshall has studied quite large biomolecu]gk He and phase. Conformational changes in proteins were probed by
Marshall have also developed a special kinetic algorithm hydrogen-exchange electrospray-ionization mass spectrom-
for determining site-specific rate constaft$. At the He- etry (ESI-MS)[1(a),6] The generally held idea has been
brew University of Jerusalem, we have demonstrated that anthat compact structures protect some labile hydrogen atoms
electrospray ion source combined to a flow tube reactor canfrom H/D exchange in the gas phase. As in the case of liquid
be employed to study ion—molecule reactions of protonated solutions the reduction in amide hydrogen exchange rates in
biomolecules including H/D exchangf@]. This led to a col- proteins in the gas phase is attributed to certain hydrogens
laborative effort between our own group and that of Pro- such as those buried in the hydrophobic core, having little
fessor Marshall in the form of a joint US—Israel Binational access to the exchange reagent, or hydrogens participating
Science Foundation (BSF) research project on the gas-phasin hydrogen bonding such as those foundaithelices or
B-sheetq7]. As a result, open conformers are expected to
reach higher levels of exchange than compact ones. It has
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also been demonstratgd] that ESI-MS plays a major role
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in studies of non-covalent complexes of proteins. H/D ex- of octamers comprising zwitterionic amino acid uriit9]
change by MS has complemented NMR to give insight into and discussions of the relevance of the data to the origin
the populations and structures of folding intermedid83s of life [20]. Several alternative structures of the protonated
Human recombinant [C22A] FK506-bonding protein amide octamer have been consideld®,20]
exchange rates from mass spectrometry were found to match Amino acids are known to exist as zwitterions in solu-
and extend those from NMRL(b)]. ESI was combined with  tion. In the gas phase, however, even arginine (Arg or R),
FT-ICR spectrometry and correlations were drawn betweenthe most basic amino acid, exists in the non-ionic neutral
specific H/D exchange levels observed in the gas phase andonfiguration21]. Calculations for the monomer shq@22]
conformations that have been characterized in soljgpn that the neutral conformer is energetically slightly more sta-
H/D exchange was studied for shape-resolved cytochiome ble than the zwitterionic form. At the same time DFT cal-
conformers pre-selected through their drift velocities in gas culations on the proton-bound dimer of arginii23] have
phase ion mobility experimen{40]. demonstrated a reversed stability pattern with the salt-bridge
The proper interpretation of H/D exchange experiments or ion—zwitterion form found to be more stable than the sim-
requires a detailed knowledge of the reaction mechanismsple protonated or ion—molecule form.
involved. A large number of studies of H/D exchange be- Inthis paper, we will present a short summary of the recent
tween protonated peptides and deuterated solvent moleculesvork done at The Hebrew University on gas-phase H/D ex-
were performed with this end in mind and several alterna- change of small biomolecules with special emphasis on the
tive mechanisms have been propo§et]. ND3 was found topics of clusters of amino acids and ion—zwitterion struc-
to be the most efficient reagent studied for promoting H/D tures. The specific examples that will be covered include the
exchange. Other reagents studied includgOPCHzOD, protonated dimer of arginine, (argininéy*, (2R+H)™, and
CD30D, DI, and CRCO,D. the diprotonated nonapeptide bradykinin, (BK2H)2t, or
ESI-MS has been knowii2] to produce multiply proto- (Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg 2H)Y>". A major
nated peptides and proteins. The occurrence of ‘fractional goal of our recent H/D exchange research was the deriva-
charging’ by which cluster ions of amino acids are formed tion of site-specific rate constants. Our own work will be
with more than one solute molecule per charge was discov-discussed in the light of known literature data.
ered as well[13]. Large multimers were observed in the
ESI-MS of peptideq14]. The formation of non-covalent
supramolecular assemblies plays a critical role in biologi- 2. Experimental
cal systems. The discovery of multimers led to a series of
studies of the clustering of the natural amino aditis 16], The electrospray ionization/fast flow apparatus is shown
the formation of peptide aggregatds], and the complex-  schematically inFig. 1 It has been described in detail pre-
ation and clustering of proteirj48] under ESI-MS. A fas-  viously [3,24-32] It consists of a SIFT apparatus that we
cinating discovery has bedi6] that serine undergoes a constructed several years ago and modified to work with an
chiroselective self-directed oligomerization to form a singly electrospray (ES) source connected directly to the flow tube.
protonated octamer. Collision-induced dissociation that was The apparatus is made of a flow reactor that is 123cm in
performed led to the suggestion that the protonated octamerdength and an inner diameter of 74 mm. A neutral reagent is
is composed of four hydrogen-bonded dimers, stabilized by introduced into the flow tube through either one of two ring
further extensive hydrogen bonding. Density functional cal- inlets. Tylan mass flow controllers define the flow rate of
culations supported this model. Several other groups havethe neutral reactant into the flow tube. The quadrupole mass
been involved in the experimental and theoretical study of analyzer (652601 ABB EXTREL) is housed in a differen-
the octamer of serine and larger serine clusters, modelingtially pumped chamber that is separated from the flow tube
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Fig. 1. Schematic drawing of the experimental setup combining electrospray (ES) ionization with a fast flow technique. The ion source and quadrupole
mass spectrometer of the SIFT part of the apparatus are not used in the present series of experiments.
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by a nose cone (NC) skimmer with a 1.0 mm sampling ori- 500
fice. A small NC voltage is used for focusing ions into the Arginine.H*
analysis quadrupole. Helium buffer gas enters the flow tube
at the upstream end through another Tylan flow controller. 2500 |
It is pumped through the tube by a Roots blower.

The electrospray ion source was designed as follows. A
capillary tube serves as the interface between the electro
spray and the helium flow reactor. A stainless-steel tube (@
15cm in length and 0.05cm i.d. is employed. The entire as- g,
sembly is inserted into the flow tube at a distance-66 cm
from the sampling orifice, 1330 the direction of the helium
flow, through an ‘O’-ring type vacuum fitting. The capillary
introduces an air leak into the flow tube with a pressure that
has been remeasured recently of 0.065 Torr and a flow rate of
11/min (STP); these numbers have to be added to the helium .

L

900

pressure and helium flow rate when calculating rate con- %7z 17s 174 175 16 177 178 173 180 181 162 163 184 165
stants. The experiments are carried out at total flow velocities  (b) m/z
of ~6000—7000 cm/s leading to typical flow tube pressures
of ~0.1-0.35 Torr and reaction times of several milliseconds. 600
lons are electrosprayed5 mm through ambient air into (BK+2H+)Z+
the grounded capillary tube from a non-conductive capillary 500 -

WithND,

400 - /

300

made of fused silica tubing i.d. 30m biased at 5-6.5kV dc.
The contact between the power supply and the solution is
provided by a metallic union some distance from the spray
capillary tip. A large series resistor(0 G2) was placed
between the power supply and the contact to the ESI to in-
crease stability33]. Dilute solutions of the biomolecule un-
der study in a polar solvent are delivered to the electrospray
needle at flow rates of 1-5/8/min from a 1 ml syringe
mounted on a model 100 KD Scientific Syringe Pump. o oo , J

From the point of view of gas-phase H/D exchange the 529 530 531 532 533 534 535
instrument has several experimental drawbacks compared to
the FT-ICR[1]. The first is the relatively poor mass resolu-
tion of the quadrupole mass filter. For example, singly pro- rig. 2. mass spectra (ion counts as a function of the mass-to-charge
tonated arginine ions with and without reaction with ;ND ratio, in Thomson units) obtained by the quadrupole detector for (a) the
demonstrate isotopic multiplets that are separated by wholeprotonated monomer of arginine, (b) the protonated monomer following
units of mass-to-charge ratiayz (Fig. 2a and b that are H/D exF:han_ge with NP at a flow rate of 8 x lolgmglecules/s and

. .. a reaction time of 11.7ms, and (c) for the reactant ion of the doubly

_eaSIIy reSOIVe@:_gO]' quever_' dOUbly prOtonated brady!(mm protonated bradykinin and for the product following partial deuterium
ions that have isotopic multiplets separated byr@5units exchange by NB. The spectra are uncorrected fBiC or 1N isotopic
are already only partially resolvedrify. 29 [25]. Further- contributions.
more, monoisotopic ions can be isolated for H/D exchange
in the FT-ICR by stored waveform inverse Fourier trans- increased and the reaction time can be extended. However,
form (SWIFT) excitation[4] whereas the flow-tube exper- the maximum available flow rate of the deuterating reagent
imental data need to be deconvoluted isotopicgh]. An that determines its concentration in our flow tube experi-
additional drawback is that it is rather difficult to observe ment is limited; furthermore the tube length and the carrier
in the flow tube many consecutive H/D exchanges. We have gas velocity limit the reaction time.
carried out simplified calculations of collision numbers. In  On the other hand, it is well known that flow tube experi-
the case of (BK-2H)?t, we adopted the collision cross sec- ments furnish truly thermal conditions. Also, since the con-
tion from ion mobility experiments and assumed an average centration of the neutral is quite accurately known, second
thermal velocity. The calculation indicates that an ion un- order rate constants are deduced experimentally. It is very
dergoes about 1600 collisions with the deuterating reagentdifficult to know the exact pressure of the neutral deuter-
in the FT-ICR experiment for a time= 100s at a pressure  ating reagent in the FT-ICR experiment. As a result, the
of 5 x 10~/ Torr. In order to get the same number of colli- pseudo-first-order rate constants deduced for H/D exchange
sions over a period of 13ms in the flow tube experiment a reactions are often not converted to second order rate con-
deuterating reagent flow velocity 635 x 108 molecules/s stants. Working on the same system (the arginine dimer)
is required. The pressure in the FT-ICR experiment can beusing FT-ICR as well as the fast flow technig[£§ has

counts/sec
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demonstrated the right conditions for the flow-tube system by one of the standard non-linear regression methods. He and
to get the same overall degree of H/D exchange as underMarshall[2] have used a weighted quasi-Newton algorithm
FT-ICR. Working on the same system has also provided a for function minimization and a variable-order, variable-step
cross check of the rate constants and an indirect measure oAdams algorithm for ordinary differential equations to solve
the ion source pressure in the FT-ICR experindit site-specific rate constants. The methods were shown to be
internally consisten{25] because the rate constants that
emerged for the glycineAD system were similar.
3. Data analysis Green and Lebrilld11(k)] have pointed out that these
treatments are computationally intensive to the point where
The undeuterated ion and its deuterated isotopomers eactthey become impractical for more than about 15 exchanges.
contribute a multiplet of overlapping isotopic peaks due to We found indeed that the approach broke down when we
the natural abundances of the various carbon, nitrogen, oxy-tried to apply it to the arginine dimer problem; we were un-
gen, and hydrogen isotopes (3€g. 2). The first step inthe  successful in getting a simulated fit to the 15 consecutive
analysis of the flow tube mass spectral data is the isotopicexchanges observed for the reaction of Nidth the proto-
deconvolution[25]. This step is not necessary for FT-ICR nated dimef30].
experiments as noted earlier, but can be applied when the A new algorithm has been developed for extracting
relative abundance of single isobars to be isolated throughsite-specific rate constants for H/D exchange and has suc-
SWIFT is very low[34]. Let the abundances of the vari- cessfully been applied to the arginine dimer problgh

ous hydrogen/deuterium isotopomers be givemby: + 1, Consider a species (amino acid, peptide or cluster) With
m+2,...,m+n. If the peak shape of the multiplet given by replaceable hydrogens. Each molecule is represented by an
the undeuterated isotopomer (e.g., argiritie Fig. 29 is N bit binary number, where 1 represents deuterium and 0
f(m), then the peak shapes of the other hydrogen/deuteriumrepresents hydrogen. In the H/D exchange system, it is as-
isotopomers will bef(m +1), f(m+2),..., f(m+n). These sumed that each of these protons is replaced independently
multiplets will be identical with the undeuterated multiplet in a first order process with rate constakis ko, ..., ki,

but displaced 1, 2, and mass units (or, in the case of dou- ..., ky.

bly charged ionskig. 2g 0.5, 1, and/2 units). The overall The probabilityP, , that thenth hydrogen will have been

peaks as measured will be the sum of these multiplets mul-replaced by deuterium after timés given by:

tiplied by their abundances, that{®5], > " (m +n) f(m +n),

where the summation is over. The function f(m) may P(D)n;r = 1 — expl—kat)

be established experimentally from runs at zero flow rate,

e.g.,Fig. 2afor arginineH™ andFig. 2c—multiplet labeled

(BK +2H1)2t—for doubly protonated bradykinin. The pro-

portions of the deuterated isotopomers contributing to the P(H), ;, = exp(—k,?)

products of the reaction may be deduced by combining these

distributions in different proportions to give the minimum  The overall probability of any structure occurring is the

sum of squares deviation from the experimental re§28k product of the individual probabilitie®(D),,, andP(H),,,

An alternative approach is the maximum entropy method Selected according to whether the digit in the corresponding

(MEM) applied by Marshall and coworkef384] to FT-ICR binary number is 1 or 0.

data. For example ifN = 5, the probabilityP; of the structure
Once the spectra have been deconvoluted, one obtains a sé0re-HHDDH (binary equivalent 00110) is given by:

of curves for consecutive deuterium exchanges, as a function

of flow rate of the deuterating agent in the flow tube or, in the £+ = P(H)1: x P(H)2; x P(D)3; x P(D)a; x P(H)s,

case of FT-ICR, as a function of reaction time. Simulation = exp(—k1t) x exp(—kar) x (1 — exp(—kat))

of the _kinetic_data by _soluti(_)n of the associated set of cou- x (1 — exp(—kat)) x exp(—ks?)

pled differential equations yields a set of apparent rate con-

stants, however it is the set of site-specific rate constants that Summation of the digits of the binary number gives the

are of interesf2,11(g,j,k)] The first algorithm that we have  number of deuteriums in the intermediate, and the probabil-

adopted25,26,28,30] based on a Modelmaker program of ities of structures containing the same numbers of deuteri-

Cherwell Scientific, solves a set of independent simultaneousums can be summed to give an overall probability for that

differential equations for a suggested reaction mechanism bynumber of replacements.

the Runge—Kutta method. Lebrilla and coworkers have used The experimental profiles for the abundance of species

a similar approackl1(g)]. If one sets up a sequence of reac- containing 0, 1, 2,.., n, ..., N deuterium atoms after var-

tions both parallel and sequential, the program will predict ious reaction periods (for the FT-ICR experiment) or flow

the concentrations of the various intermediates and productsrates (for the flow-tube experiment) are then normalized

if given the appropriate rate constants. Conversely, given ex-and compared with the above calculation of the predicted

perimental data, it will determine the optimum rate constants probabilities at the same flow rates. Fitting the experimental

The probability that theith hydrogen will not have been
replaced is then:
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curves by a theoretical model can be done by minimization 4 BK+2H']'/ND,
of the distance between the theoretical and experimental
profiles. The algorithm minimizes the mutual entropy or
the Kullback-Leibler (KL)[35] information divergence 0.8
between the observed concentrations and the model.

The algorithm can treat the data for a single conformer.
Extensions of the present computer code and/or new algo-
rithms need to be developed for cases where two or more

conformers are present. 0.4
4. Bradykinin 021
X _:‘.f—-"...’f-i)("’x'i-
Several studies of gas-phase H/D exchange of singly, dou- 0 ‘)cix-"-x-"-"‘l
bly, and triply protonated bradykinin (BK) and of several 0 1E+{7 2E+17 3E+17

BK derivatives have appeared in the gdst),11(a,0—q),36]
Experiments were carried out at the relatively low pressures
of FTICRs and ion traps (].'d—10_5 Torr) as well as in Fig. 3. Relative abundance vs. flow rate of thezneut.ral deuterating reagent
the fast flow experimen[25] at relatively high pressures [OF various cations in the reaction of [BK2H']*" with NDs. Symbols
. . . . are experimental with®, [, A, and x representing species in which

(0'1_0'4T0rr' comprlsed mamly of the helium carrier gas)' zero, one, two, and three hydrogens have been replaced by deuterium,
Intermediate pressures of a few mTorr were used more re-respectively. The curves are the simulated fits for derivation of site-specific
cently in a linear ion trap (LIT]37]. rate constants.

Singly protonated BK ions do not undergo H/D exchange
in FTICR experiments with either NdD[11(a)] or D,O
[1(c)]. It has been assumed that the high proton affinity of of flow rate of the deuterating reagent at a constant reac-
the end arginine groups and the compact shape of the zwit-tion time [25]. The exchange of three labile hydrogens was
terionic structure prevent the exchange from taking place. A clearly observed for CkDD in agreement with Green and
model was developef 1(0)] describing the deuterium up- Lebrilla [11(g)]. These are proposed to be the three equiv-
take of an ensemble of (BK H)* gas-phase ions which  alent labile hydrogens at the N-terminus. Three labile hy-
are exposed to £D vapor. However the earlier reports on drogens of BK are also observed to exchange in the flow
H/D exchange with RO [11(0),38] are now known to be  tube experiment with NP at relatively low flow ratesKig.
due to quadrupolar axialization in the FTICR experiment 3; [25]). There is evidence for a minor contribution from an
to keep the ions centered in the cell. This axialization con- additional exchange of a fourth labile hydrogen. The rate
verted magnetron motion into cyclotron motion and heated and extent of gas-phase H/D exchange of BKs furnished
the ions enough to produce H/D exchange that would not evidence for the existence of zwitterions (i.e., salt-bridge
have occurred at room temperature (A.G. Marshall, private structures) in the gas phafgéc),25] The C-terminus is de-
communication, August 2000). Intermediate pressures pro-protonated in the suggested salt-bridge structure (Fig. 8 of
vided new evidence for H/D exchange due to an increasedRef. [1(c)]). The rate data for (BK- 2H)?>" indicated the
number of collisions in the traf87]; however, the singly  presence of at least two non-interconverting ion populations
protonated ion is considerably less reactive than the doubly[11(p)]. At least three conformers of the (BK2H)?+ ions
and triply protonated BK. were observed37] in the reaction with 5.7 mTorr CEDD

There are 19 exchangeable hydrogens in (BRH)?t— (with an added nitrogen base pressure of 1.7 mTorr) over a
3 at the N-terminus, 10 guanidine (argrd®), 1 hydroxy trapping period range of 0-80s.
(sef), and 5 amide hydrogens. The amine end group is pro- Contrary to the case of GI)H* [3(a)], for which we
tonated in addition to the two arginines in the zwitterionic were able to observe the formation of collisionally stabilized
di-protonated BK (see Fig. 8 of RdfiL(c)]) leading to three complexes with NH, analogous complexes of doubly pro-
equivalent labile hydrogens at the N-terminus not available tonated BK with ammonia could not be collisionally stabi-
in the singly protonated BK. Doubly protonated BK, (BK lized[25]. A different mechanism for H/D exchange may be
2H)?t, is known to undergo exchange in FTICR experiments operative, leading to a large number of exchari@ but
with CH30D [11(q)] and with DO [1(c)]. Three hydrogens  at relatively slow rates so that the small number of collisions
were exchanged with GH¥DD with similar site-specific rate  in the flow tube experiments we have performed sd2aj
constant$l1(q)]whereas 16 fast exchanges and 3 slow ones was not enough to observe these consecutive reactions. The
were observed for BD over an extended period of 1h ata more efficient exchange observed for desAbgadykinin
relatively high pressure of & 10~° Torr [1(c)]. We reacted (dA%BK) [25] is accompanied by formation of collisionally
(BK + 2H)?* in the flow tube with either NB or CHz;OD stabilized complexes between doubly protonated®RiA
and monitored the incorporation of deuterium as a function and ND; at a He carrier gas pressure of about 0.2 Torr. Com-

Flow (molecules/sec)
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Table 1

Apparent, site-specific, and overall H/D exchange rate constants (A rg inin e) H"‘/N D
(cm®/molecule s) for (BK4 2HT)* d 2 3
kapparent ksitespecific Z ksite—specific I(semilog plot 0 d1 1
CH30D

50x 10711 1.6 x 10711 48 x 10711 43x 10712
3.3x 1012 1.6 x 10711
19x 1011 1.6 x 10711

ND3
1.44 x 1079 9.2 x 10710 153 x 107° 1.31x 1079
7.1x 10710 3.0x 10710
3.7 x 10710 2.9 x 10710
1.8x 1011

Fig. 4. Mass spectra of the protonated dimer of arginine with3ND

flow; reaction time is 11.4ms; NDflow: 4.46 x 108 molecules/s; NB

plexation is apparently made possible in this case in view concentration: #4 x 10'®molecules/cri.

of the less compact structure of 8BK compared to BK it-

self and takes place via hydrogen-bonded intermediates that

promote H/D exchange. case of (BK+ 2H)** [11(p),37] the presence of two
Table 1summarizes the flow tube rate data for BK from non-interconverting ion populations. An example is shown

Ref.[25]. The sum of the site-specific rate constants is ob- in Fig. 4 These data were explained by assuming the coex-

served to be nearly equal to the rate constant derived from aistence of the two isomeric protonated dimer structures: the

semilogarithmic plot of the pseudo-first-order decay of the ion—zwitterion form and the ion-molecule fori80].

unexchanged reactant iofiaple J). This fact and the qual- Sets of profiles for consecutive deuterium exchanges as
ity of the fit (Fig. 3) are good indicators for the reliability —a function of the NI3 flow rate were obtained={g. 5). We
of the derived site-specific rate constants. have applied the newly developed algorithm for extracting

site-specific rate constants for H/D exchange to the data.

A single high site-specific rate constant2 x 10~ cm3/
5. The proton bound dimer of arginine molecule s, and 14 low onesp x 10~1?cm?/molecule s, are

in agreement with the gas-phase ion—zwitterion salt-bridge

The protonated monomer of arginine (R), that is known structure of (2R-H)™T, that has a single carboxyl hydrogen,

to be non-zwitterionic in the gas phase, exchanges effi- 4 amine hydrogens and 10 guanidino hydrogens. The single
ciently with ND3 a maximum of four hydrogens out of the relatively fast rate is ascribed to the lone carboxyl hydrogen.
eight labile oneg11(1),30]. Derivation of site-specific rate  Thus, whereas arginine monomer is neutral, the protonated
constants for this systef80] demonstrated that the bulk of  dimer is zwitterionic[4,23].
the reactivity of NI} with the protonated monomer is cen- There is a remaining apparent internal inconsistency
tered at a single site. This has a site-specific rate constantbetween the bradykinin and arginine data. Whereas the
ksite-specific = 2.0 x 10~% cm?/molecule s whereas the sum protonated R dimer, whose stable conformer has the
over all the site-specific rate constants)iSksite-specific = ion—zwitterion structure, undergoes exchange withsNiD
2.1 x 10~2cm®/molecules. Ammonia/Ri™ complexes all of its 15 labile hydrogens, the singly protonated BK ion,
were observed in the flow tube experiment. The exchangethat has similarly a salt-bridge, ion—zwitterion conformation
data were interpreted30] by ammonia stabilizing the as its most stable structuj23], does nofl11(a)]. It has been
zwitterion structure of the protonated arginine monomer pointed out by Beauchamp and cowork§td(a)] that the

by forming a salt-bridge complex, C(N#p™-NH-CH,- so-called ‘onium’ ion H/D exchange mechanism, by which
CHy-CH-CH(NH)-COO™-NH,4 ™. We found that the pro-  ammonia forms an ammonium complex with a positively
ton bound dimer of arginine exchanges with NBIl of charged center that is then stabilized by solvation, would

its 15 labile hydrogen atoms. A “relay” mechanism was require that the favorable salt-bridge be disrupted. How-
suggested to explain the result30] for the salt-bridge ever, the so-called ‘relay’ mechanidiil(a)], that has been
ion—zwitterionic structure of the dimer, C(Nbp*-NH- suggested for the exchange mechanism of the protonated R
CHy-CHay-CHy-CH(NH,)-COO ™ -C(NH,)>™-NH-CHa- dimer with ND; [30], can also operate for the salt-bridge
CH2-CH-CH(NH2)-COOH [23] since there is a carboxy- conformer of BK, since there is a carboxylate group onto
late group onto which the proton can be transferred. This which the proton can be transferred. As a result, all the
allows the exchange of all the guanidino hydrogens that are guanidino hydrogens should be exchangeable in protonated
not exchanged in the monomer. BK, albeit at a slow rate 0&£5x 10~ 12 cm®/molecule s. This
Bimodal deuterium distributions were observed un- mechanism may be the reason why H/D exchange has been
der some conditions in the mass spectra of exchangingobserved for protonated BK with JD), under conditions
populations of the arginine dimer indicating, as in the allowing many successive collisions to take pl&&é].
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1)

0.3

0.0t

6} 30

ND, Flow, 10'® molecules/sec

Fig. 5. Relative abundance vs. neutral flow rate in molecules/s for the
various indicated cations for the 15 consecutive exchanges in the reaction
of the protonated arginine dimer, (2RH)*, with ND3. The reaction
time is 12.24 ms; helium carrier gas flow: 4.91/min; flow tube pressure:
0.286 Torr. The points are experimental; the continuous curves are the
results of the simulation based on the algorithm that minimizes the KL
divergence. The results are presentedmas my, etc. because the ions
contain contributions from3C, 1°N, and other natural isotopes in addition

to the H and D isotopes. Convolutions with the natural isotopic abundance
and the experimental peak shape were carried out for comparison of the
simulated data with experiments.

The prevailing H/D exchange mechanisms need to be
understood better. For example, do the intricate differences
between (BK+ H)™ and (2R+ H)™ play a role in the
H/D exchange? The former is a nonapeptide with seven
intermediate amino acids covalently binding the two end
R groups whereas the latter is an electrostatically and
hydrogen-bonded cluster of the two arginines that has an
additional carboxyl group that is absent in the peptide. The
diprotonated (BK+ 2H)** has the additional protonated
amine group present in the zwitterion structure that is ab-
sent in (BK+ H)*. That raises its reactivity considerably
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but at the specified protonated amine site. The protonated
amine group may interfere with the relay mechanism sug-
gested above, by shielding the carboxylate group from the
deuterating reagent.

In the long run, it would be advantageous to learn about
the contribution of the different coexisting conformers
of (BK + 2H)?* and/or (2R+ H)* mentioned earlier to
site-specific rate constants. The algorithm that has been ap-
plied to the arginine dimer problefd] treated experimental
data that indicated the presence of a single conformer.

Acknowledgements

This work was supported by the United States—Israel Bi-
national Science Foundation under Grant No. 2000026. Pro-
fessor Alan G. Marshall is the American cooperative in-
vestigator. We thank Professor Alan G. Marshall, Professor
Bryan G. Reuben, Ms. Melinda McFarland, and Ms. Orit
Geller for helpful discussions. The Farkas Research Center
is supported by the Minerva Gesellschaft fur die Forschung
GmbH Minchen.

References

[1] (@) F. Wang, M.A. Freitas, A.G. Marshall, B.D. Sykes, Int. J. Mass
Spectrom. 192 (1999) 319;
(b) Z. Zhang, W. Li, T.M. Logan, M. Li, A.G. Marshall, Protein Sci.
6 (1997) 2203;
(c) M.A. Freitas, A.G. Marshall, Int. J. Mass Spectrom. 182/183
(1999) 221,
(d) M.A. Freitas, C.L. Hendrickson, M.R. Emmett, A.G. Marshall,
Int. J. Mass Spectrom. 185-187 (1999) 565;
(e) Z. Zhang, W. Li, M. Li, T.M. Logan, S. Guan, A.G. Marshall,
in: D.R. Marshak (Ed.), Techniques in Protein Chemistry, vol. VIII,
Academic Press, San Diego, 1997, p. 703;
(f) M.A. Freitas, S.D.-H. Shi, C.L. Hendrickson, A.G. Marshall, J.
Am. Chem. Soc. 120 (1998) 10187;
(g) F. Wang, W. Li, M.R. Emmett, C.L. Hendrickson, A.G. Marshall,
Y.-L. Zhang, L. Wu, Z.-Y. Zhang, Biochemistry 37 (1998) 15289;
(h) A.G. Marshall, M.R. Emmett, M.A. Freitas, C.L. Hendrickson,
Z. Zhang, in: A.L. Burlingame, S.A. Carr (Eds.), Mass Spectrometry
in Biology and Medicine, Humana Press, Totowa, NJ, 1999, p. 31;
(i) K.B. Green-Church, P.A. Limbach, M.A. Freitas, A.G. Marshall,
J. Am. Soc. Mass Spectrom. 12 (2001) 268;
() F. He, A.G. Marshall, M.A. Freitas, J. Phys. Chem. B 105 (2001)
2244,
(k) M.A. Freitas, A.G. Marshall, J. Am. Soc. Mass Spectrom. 12
(2001) 780.

[2] F. He, A.G. Marshall, J. Phys. Chem. A 104 (2000) 562.

[3] (a) G. Koster, M. Soskin, M. Peres, C. Lifshitz, Int. J. Mass Spectrom.
179/180 (1998) 165;
(b) G. Koster, C. Lifshitz, Int. J. Mass Spectrom. 182/183 (1999)
213.

[4] B.G. Reuben, Y. Ritov, O. Geller, M.A. McFarland, A.G. Marshall,
C. Lifshitz, Chem. Phys. Lett. 380 (2003) 88.

[5] C.S. Hoaglund-Hyzer, A.E. Counterman, D.E. Clemmer, Chem. Rev.
99 (1999) 3037.

[6] V. Katta, B.T. Chait, Rapid Commun. Mass Spectrom. 5 (1991) 214.

[7] D.L. Smith, Z. Zhang, Mass Spectrom. Rev. 13 (1994) 411.



70

[8] A. Miranker, C.V. Robinson, S.E. Radford, R.T. Aplin, C.M. Dobson,
Science 262 (1993) 896.
[9] D. Suckau, Y. Shi, S.C. Beu, M.W. Senko, J.P. Quinn, F.M. Wampler
Ill, FW. McLafferty, Proc. Natl. Acad. Sci. U.S.A. 90 (1993) 790.
[10] S.J. Valentine, D.E. Clemmer, J. Am. Chem. Soc. 119 (1997) 3558.
[11] (a) S. Campbell, M.T. Rodgers, E.M. Marzluff, J.L. Beauchamp, J.
Am. Chem. Soc. 116 (1994) 9765;
(b) S. Campbell, M.T. Rodgers, E.M. Marzluff, J.L. Beauchamp, J.
Am. Chem. Soc. 117 (1995) 12840;
(c) S.-W. Lee, H.-N. Lee, H.S. Kim, J.L. Beauchamp, J. Am. Chem.
Soc. 120 (1998) 5800;

C. Lifshitz/ International Journal of Mass Spectrometry 234 (2004) 63-70

[15] D. Zhang, L. Wu, K.J. Koch, R.G. Cooks, Eur. Mass Spectrom. 5
(1999) 353.

[16] R.G. Cooks, D. Zhang, K.J. Koch, F.G. Gozzo, M.N. Eberlin, Anal.
Chem. 73 (2001) 3646.

[17] A.E. Counterman, A.E. Hilderbrand, C.A. Srebalus Barnes, D.E.
Clemmer, J. Am. Soc. Mass Spectrom. 12 (2001) 1020.

[18] J.A. Loo, Mass Spectrom. Rev. 16 (1997) 1.

[19] A.E. Counterman, D.E. Clemmer, J. Phys. Chem. B 105 (2001)
8092.

[20] R.R. Julian, R. Hodyss, B. Kinnear, M.F. Jarrold, J.L. Beauchamp,
J. Phys. Chem. B 106 (2002) 1219.

(d) X. Cheng, C. Fenselau, Int. J. Mass Spectrom. lon Process. 122 [21] C.J. Chapo, J.B. Paul, R.A. Provencal, K. Roth, R.J. Saykally, J.

(1992) 109;
(e) E.H. Gur, L.J. de Koning, N.M.M. Nibbering, J. Am. Soc. Mass
Spectrom. 6 (1995) 466;
(f) E.H. Gur, L.J. de Koning, N.M.M. Nibbering, J. Mass Spectrom.
31 (1996) 325;
(g9) E. Gard, D. Willard, J. Bregar, M.K. Green, C.B. Lebrilla, Org.
Mass Spectrom. 28 (1993) 1632;
(h) E. Gard, M.K. Green, J. Bregar, C.B. Lebrilla, J. Am. Soc. Mass
Spectrom. 5 (1994) 623;
(i) M.K. Green, E. Gard, J. Bregar, C.B. Lebrilla, J. Mass Spectrom.
30 (1995) 1103;
() M.K. Green, S.G. Penn, C.B. Lebrilla, J. Am. Soc. Mass Spectrom.
6 (1995) 1247;
(k) M.K. Green, C.B. Lebrilla, Mass Spectrom. Rev. 16 (1997) 53;
() N.D. Dookeran, A.G. Harrison, J. Mass Spectrom. 30 (1995) 666;
(m) X. Zhang, N.P. Ewing, C.J. Cassady, Int. J. Mass Spectrom. lon
Process. 175 (1998) 159;
(n) C.J. Cassady, J. Am. Soc. Mass Spectrom. 9 (1998) 716;
(o) T. Wyttenbach, M.T. Bowers, J. Am. Soc. Mass Spectrom. 10
(1999) 9;
(p) T.G. Schaaff, J.L. Stephenson Jr., S.A. McLuckey, J. Am. Chem.
Soc. 121 (1999) 8907;
(q) M.K. Green, C.B. Lebrilla, Int. J. Mass Spectrom. lon Process.
175 (1998) 15.

[12] J.B. Fenn, M. Mann, C.K. Meng, S.F. Wong, C.M. Whitehouse,
Mass Spectrom. Rev. 9 (1990) 37.

[13] C.K. Meng, J.B. Fenn, Org. Mass Spectrom. 26 (1991) 542.

[14] M. Busman, D.R. Knapp, K.L. Schey, Rapid Commun. Mass Spec-
trom. 8 (1994) 211.

Am. Chem. Soc. 120 (1998) 12956.

[22] z.B. Makst, B. Kovaevic, J. Chem. Soc. Perkin Trans. 2 (1999)
2623.

[23] E.F. Strittmatter, E.R. Williams, J. Phys. Chem. A 104 (2000)
6069.

[24] G. Koster, C. Lifshitz, Int. J. Mass Spectrom. 195/196 (2000) 11.

[25] E. Levi-Seri, G. Koster, A. Kogan, K. Gutman, B.G. Reuben, C.
Lifshitz, J. Phys. Chem. A 105 (2001) 5552.

[26] P. Ustyuzhanin, A. Kogan, B.G. Reuben, C. Lifshitz, Int. J. Chem.
Kinet. 33 (2001) 707.

[27] A. Kogan, P. Ustyuzhanin, B.G. Reuben, C. Lifshitz, Int. J. Mass
Spectrom. 213 (2002) 1.

[28] P. Ustyuzhanin, J. Ustyuzhanin, C. Lifshitz, Int. J. Mass Spectrom.
223/224 (2003) 491.

[29] O. Geller, C. Lifshitz, Int. J. Mass Spectrom. 227 (2003) 77.

[30] O. Geller, C. Lifshitz, J. Phys. Chem. A 107 (2003) 5654.

[31] O. Geller, C. Lifshitz, Isr. J. Chem. 43 (2004) 347.

[32] O. Geller, C. Lifshitz, Int. J. Mass Spectrom. (2004) in press.

[33] N.B. Cech, C.G. Enke, Mass Spectrom. Rev. 20 (2001) 362.

[34] Z. Zhang, S. Guan, A.G. Marshall, J. Am. Soc. Mass Spectrom. 8
(1997) 659.

[35] P.J. Bickel, K. Doksum, Mathematical Statistics, vol. |, Prentice-Hall,
Upper Saddle River, 2001, p. 116.

[36] T.G. Schaaff, J.L. Stephenson Jr., S.A. McLuckey, J. Am. Soc. Mass
Spectrom. 11 (1999) 167.

[37] D. Mao, D.J. Douglas, J. Am. Soc. Mass Spectrom. 14 (2003) 85.

[38] Z. Zhang, W. Li, S. Guan, A.G. Marshall, Proceedings of the 44th
ASMS Conference on Mass Spectrometry and Allied Topics, Port-
land, Oregon, 1996, p. 1061.



	A review of gas-phase H/D exchange experiments: the protonated arginine dimer and bradykinin nonapeptide systems
	Introduction
	Experimental
	Data analysis
	Bradykinin
	The proton bound dimer of arginine
	Acknowledgements
	References


