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An electrospray ionizationfast flow technique has been employed to study the reactions of doubly protonated
bradykinin and des-Afgbradykinin with CHOD and NI, respectively. Deconvolution of the experimental

mass spectral data followed by simulation of the kinetic data by solution of differential equations leads to
sets of apparent and site-specific rate constants. On a time scale of several milliseconds, bradykinin undergoes
with NDj3 three fast H/D exchanges and one slow exchange. Three equivalent exchanges are observed with
CH;OD that are nearly 2 orders of magnitude slower than thg iBctions. Up to six hydrogen exchanges

are observed for the reaction of des-Aladykinin with NDs. The more efficient exchange of des-Arg
bradykinin is accompanied by formation of collisionally stabilized complexes between doubly protonated
des-Ard-bradykinin and NIQ at a He carrier gas pressure of about 0.2 Torr. Multiple-collision activation
collision-induced dissociation of reactant and product ions of the isotope exchange reactions was carried out
in front of the sampling nose cone of the analyzer quadrupole mass filter system. The degree of deuterium
incorporation into the parent doubly protonated ions and into several of,thenid y* ions combined with

the site-specific rate constants obtained indicates that the three equivalent hydrogens exchanged in doubly
protonated bradykinin are at the protonated N-terminus amine group. Complexation of doubly protonated
bradykinin by NB is prevented by its tightly folded structure, and this in turn prevents H/D exchange of the
amide hydrogens of bradykinin. The additional H/D exchanges observed in the case of doubly protonated
des-Ard-bradykinin are made possible by complexation of its less compact structure via hydrogen-bonded
intermediates that promote H/D exchange of amide hydrogens.

Introduction DI, and CxCO,D. Most of these studies were carried out at

) I . . very low ion source pressures of T0to 107 Torr in FTICR
There has been increasing interest in recent years in anhydrou y P

protein and peptide ion'sConformational properties of bio- Tnass spectrometers. i .
molecules in solution are said to be preserved during the process We have Qemonstrated recefitifhat an electrospray ion

of electrospray ionization (ESI) that is used in mass spectrometrysource combined with a_flow tube reactor can b? employed to
(MS) to introduce these biomolecules into the gas pRase. stu(;:iy |on/r_nolecule reactions ?f protonlatedr(]:hgl)f/mr_\re, GHV?; h
Conformational changes in proteins were probed by hydrogen-;Jn ﬁr carrier %as pregsm;re? of severa ]:[ent”.s.o a" orr. b.ﬁ Zve
exchange electrospray ionization mass spectrometry (ESIfS). urthermore o serve+ t © ormation of collisionally St"? nize
The generally held idea has been that compact structures protec{;on.]plexeS of GI.‘W V‘.”th NH3’. met_han_ol, and a series of
some labile hydrogen atoms from H/D exchange in the gas amines and _studleg their format|0|_w kinetics. In a_stuc_;ly of H/D
phase. ESI was combined with Fourier transform ion cyclotron exchgnge with NB® we have momtored for the first time the
resonance (FTICR) spectrometry, and correlations were drawncon'lfIon COfT;pILEX?S (lzogr_lesEogdlng o the conse(éuél_wle H/ D
between specific H/D exchange levels observed in the gas phas )r(lc fanges_ N L_e Ivela 'F. y”_ro_ger?s(;n prgt((j)_nate_ 9 ycmg.
and conformations that have been characterized in solfition. H /S g(r:r?;fne ?r?;f:étr:rlijs'[tl{gsc,vlvs;r)g-lsr:ugiceed folﬁr?glat;g?c;r?;te d
H/D exchange was studied for shape-resolved cytochrome betaine/amrr?onia compl&xhat has partial zwitterioniF(): char-
conformers preselected through their drift velocities in gas-phase 10 P P

ion mobility experiment8.The interpretation of H/D exchange acter. . -

experiments requires a knowledge of the reaction mechanisms_ | € Nonapeptide bradykinin, BK (Arg-Pro-Pro-Gly-Phe-Ser-
involved. Many studies of H/D exchange between protonated " '0;Phe-Arg or RPPGFSPFR), has attracted considerable at-

. i ,11+-28 i i

peptides and deuterated solvent molecules were perfdiNBd. te_nltlon recentl;Za egi'_lfﬂrms BKr']n thebsm_gl_y, d]?ubly, and g

was found to be the most efficient reagent studied for promoting EIE yhprotck;nate dstat ' q ebgas-p a?ﬁf_ %S'E'_ty o protogtg

H/D exchange. Other reagents studied includ® DPCD;OD, has been determined by a modified kinetic method.
Collision cross sections deduced from ion chromatography
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between the guanidino groups of the N- and C-terminal arginines chamber that is separated from the flow tube by a nose cone
of BK was invoked on the basis of post-source-decay product (NC) skimmer with a 1.0 mm sampling orifice. In the
ions25 BK has been studied by the ion mobility techniddé? conventional operation of the apparatus, a small NC voltage is
and by BIRD?® These studies, combined with calculations by used for focusing ions into the analysis quadrupole. Helium or
the AMBER suite of program¥®! have indicated that the lowest  nitrogen buffer gas enters the flow tube at the upstream end
energy conformer of singly protonated BK is a salt bridge near an electron impact ion source through another Tylan flow
structure in which the deprotonated carboxylic acid is located controller. It is pumped through the tube by a Roots blower
between the two protonated arginine residues. Further supportwith flow velocities of up to about 9000 cnt5with typical
for a salt bridge structure as the most stable conformer in the pressures of a few tenths of a Torr. The present experiments
gas phase has come from recent DFT calculafi®fsagmenta- were run at pressures ranging from 0.1 to 0.4 Torr and at reaction
tions of BK have been studied by, in addition to BIRD, several times of several milliseconds.
other slow heating methods including IR heatth@ORI-CID?’ The system has been employed in the study of reactions of
and thermal dissociation in a quadrupole ion #aphe major protonated diglycine and protonated betainelt has been
reactions of the singly, doubly, and triply protonated BK have upgraded by addition of a new quadrupole mass fil&52601
been identified and their Arrhenius activation parameters ABB EXTREL—and power supplies to allow the study of
determined. reactions of ions of higher mass to charge ratitg, such as
Several studies of gas-phase H/D exchange of singly, doubly, multiprotonated bradykinins.
and triply protonated BK and of several BK derivatives have  The electrospray ion source was designed following ref 31.
appeared recentf:19-2226 Experiments were carried out at the A capillary tube serves as the interface between the electrospray
relatively low pressures of FTICRs and ion traps. A model was and the helium flow reactor. Stainless steel tubes 15 cm in length
developeé describing the deuterium uptake of an ensemble with 0.05 cm i.d. are employed. The entire assembly is inserted
of (BK + H)* gas-phase ions which are exposed t@©apor. into the flow tube at a distance 896 cm from the sampling
The rate and extent of gas-phase H/D exchange of BKs furnishedorifice, 135 to the direction of the helium flow, through an
further evidence for the existence of zwitterions (i.e., salt bridge “O”-ring-type vacuum fitting. A capillary tube of 0.05 cm i.d.
structures) in the gas pha&eThe rate data for (BK+ 2H)?" introduces an air leak into the flow tube with a pressure of 0.07
indicated the presence of at least two noninterconverting ion Torr and a flow rate of 1.3 L/min (STP); these numbers have
populationg? It has been demonstrated that H/D exchange to be added to the helium pressure and helium flow rate when
kinetics and DI attachment kinetics can be used as chemicalrate constants are calculated. lons are electrosprasi@dmm
probes of three-dimensional gaseous polypeptide ion struéfures. through ambient air into the grounded capillary tube from a
A general classification was proposed for H/D exchange stainless steel syringe needle biased ab4kV dc. Dilute
mechanism&2 ¢ The labile proton at the charge site is intimately ~ solutions of the analyte of interest in a polar solvent are delivered
involved in the first mechanism. For example, exchange of the to the electrospray needle at flow rates of 1:45min—* from
three hydrogens on the protonated N-terminus amino group ofa 5000uL syringe mounted onto a model 100 KD Scientific
glycine oligomers with N as the reagent gas proceeds via an syringe pump.
“onium” mechanism in which the endothermicity of proton Second-order rate coefficients are obtained by monitoring the
transfer to ammonia is compensated by intermolecular solvationintensity of the primary ion decay as a function of the neutral
of the resultant ammonium ion. Protons at the charge site aregas B concentration introduced downstream.
not directly involved in the second mechanism. An example is  CID can be applied to products of ion/molecule reactions
the salt bridge mechanism in which proton transfer to a basic carried out in the flow tube or to ions injected into the flow
exchange reagent leads to a charge-separated ion pair that catube through the ESI source. The sampled ions are dissotiated
be stabilized by favorable interaction with a proximal charge by increasing the voltage on the NC, following the work by
(e.g., the protonated N-terminus). Exchange of carboxylic acid Bohme and co-worker& The extent of collisional dissociation
and amide hydrogens in glycine oligomers proceeds via a saltof the sampled ions is controlled by the magnitude of the NC
bridge mechanism. These exchange mechanisms have beenoltage Unc), which can be varied in our experiments from 0
verified recently by density functional theory calculatiéhs. to —80 V. A grid operated at ground potential is placed at the
In this report we describe our first results on a medium-sized exit of the flow tube. Upon entering the detection region of the
peptide using ESIMS in combination with a fast flow technique. apparatus, ions experience sequentially a front-lens voltage
We have chosen BK for this study since, on one hand, so much(Us = 0 to —100 V), a quadrupole field (rf/dc), and a
prior information is available concerning this peptide and, on channeltron voltage~2000 to —2500 V). Conversion from
the other hand, there are still many discrepancies and unknownlaboratory ion energy to the center-of-mass energy frame is

aspects. possible through multiplication of the nose cone voltage by a
mass factor. Nitrogen was employed as the carrier gas in the
Experimental Section CID experiments.

BK and des-Ar§-BK (dA°BK) were samples from Sigma/
Aldrich with a stated minimum purity of 9899%. Dilute
solutions of these peptides in 1% acetic acid, 49% water, and
50% methanol were employed to electrospray the protonated

eptides. N@ was from Sigma/Aldrich with a stated isotopic
urity of =99 atom % D.

We constructed a SIFT apparatus some years*agdis
apparatus has been modified to work with an electrospray
ionization source connected directly to the flow tube, as in the
work of Poutsma et af! and not through the injector quadru-
pole; reactant ions are thus not mass selected. The system h
been described in detdit? Briefly, the SIFT consists of a flow
reactor that is 123 cm in length with an inner diameter of 74
mm. A neutral reagent is introduced into the flow tube through
either one of two ring inlets. Tylan mass flow controllers define 1. Deconvolution of Mass Spectral DataThe elemental
the flow rate of the neutral reactant into the flow tube. The formula of doubly protonated BK isggH7sN15011. The isotopic
guadrupole mass analyzer is housed in a differentially pumped natural abundance distribution complicates the analysis of the

Data Analysis
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600 (M+2H)Z + 1, m+ 2, andm + 3 to minimize the squares of the
differences between the predicted and measured overall peak
sor WithND, patterns.

The method has the advantage of minimizing the effects of
variations of isotopic ratios in natural products. It minimizes
the effects of noise and of asymmetric peak shapes and
limitations of resolution in the spectra such as the ones presented
in Figure 1.

2. Apparent and Site-Specific RatesOnce the spectra have
been deconvoluted, one obtains a set of curves for consecutive
. deuterium exchanges, as a function of the flow rate of the
529 530 531 532 533 534 535 deuterating agent. Simulation of the kinetic data by solution of
the associated set of coupled differential equations yields a set
] ] T of apparent rate constants; however, it is the set of site-specific
Flgure 1. Mass spectra (|ntensmes in lon counts per SeCOf‘Id”I/\Z}S rate constants that are of interé@tm“'An algorithm based on

of isotopic multiplets of doubly protonated bradykinin. Electrospray 2
ionization is combined with a fast flow technique, and mass analysis a Modelmaker program of Cherwell Scientific solves a set of

is by a quadrupole mass filter. Spectra shown are for the reactant ionNdependent simultaneous differential equations for a suggested

and for the product following partial deuterium exchange bysND reaction mechanism and is the way for extracting site-specific
rate constants that we have adopted.

deuterium labeling data. Larger peptides and proteins would The site-specific rate constants are based on the observation

present an even bigger problem. Successful interpretation ofthat the kinetics of sequential reactions are different from those

the experiments requires removal of the isotopic natural for parallel reactions. For sequential reactions involving the

abundance distribution to reveal the underlying distribution of replacement of hydrogen by deuterium, one can Wite

artificially introduced deuteriumy’ In FTICRs this can be

achieved by ejecting all ions except for one isobar before DOE‘, Dl—kb> D, (3)

performing H/D exchange. However, the low relative abundance

for any one isobar reduces the feasibility of that apprdéch. where 0, D;, and D> denote molecules containing zero, one,

The goal can be achieved through isotopic deconvolution. The and two deuterium atoms in place of hydrogen atoms, respec-

isotopic multiplet of (BK+ 2H)?* is observed to shift to higher tively, irrespective of the deuteration site, and the rate constants

masses (Figure 1) upon introduction of iidto the flow tube.  arek,andk,. For parallel reactions of two site-specific reactions,
The measured peaks are made up of contributions from there will be two alternative sequences:

undeuterated bradykinin and its mono-, di-, and trideuterio
isotopomers (with a small contribution from a tetradeuterio
isotopomer). The undeuterated ion and its deuterated isoto-
pomers each contribute a multiplet of overlapping isotopic peaks
due to the natural abundances of the various carbon, nitrogen,
oxygen, and hydrogen isotopes. Let the abundances of the four Ky K
major hydrogen/deuterium isotopomers be givermbyn + 1, A(HHy) — A(DH,) — A(D.Dy) (4b)
m+ 2, andm + 3. If the peak shape of the multiplet given by o ) o
the undeuterated isotopomerf{gn), then the peak shapes of ~The combination of the two reaction sequences will give
the other isotopomers will b&§m+1), f(m+2), and f(m+3). dlfferent. kinetics. Eor ex_ample, the apparent first step in the
These multiplets will be identical with the undeuterated multiplet S€quential mechanism with an apparent rate conktaml be

but displaced 1, 2, and 3 mass units (or, in the case of doubly Made up of the sum of the two site-specific constantndk..
charged ions, 0.5, 1, and 1.5 units). The overall peaks as!N the case of exchange of protonated monoglycine wit®,D

measured will be the sum of these multiplets multiplied by their there are four site-specific rate constants, three of them identical,
abundances, that is corresponding to the exchange of the three equivalent hydrogens

of the protonated amine group and a fourth that is different
me(m) + (M DRMHL) + (M + 2)f(m-2) + gglré%;gﬁ)ndmg to the single carboxyl hydrogen of the mole-
(m+ 3)f(m+3) (1) He and Marshal have used a weighted quasi-Newton
. algorithm for function minimization and a variable-order,
Or, in more general terms variable-step Adams algorithm for ordinary differential equations
to solve site-specific rate constants. Modelmaker 3 solves the
Z(m + n)f(m+n) 2 simultaneous first-order differential equations corresponding to
an assumed mechanism by the Runi@tta method. Lebrilla
and co-worker® have used a similar approach. If one sets up
The functionf(m) may be established experimentally from runs a sequence of reactions both parallel and sequential, the program
at zero flow rate, and the proportions of the deuterated will predict the concentrations of the various intermediates and
isotopomers contributing to the products of the reaction may products if given the appropriate rate constants. Conversely,
be deduced by combining these distributions in different given experimental data, it will determine the optimum rate
proportions to give the minimum sum of squares deviation from constants by one of the standard nonlinear regression methods.
the experimental results. The package permits the choice of the Levenbdvigirquardt
This is done with the aid of the Microsoft Excel “Solver” or Simplex method. The former is generally the method of
program. It uses the generalized reduced gradient (GRG2)choice. It corresponds to a minimization of the weighted sum
nonlinear optimization codéand, in this case, optimizes, m of squares, and if all the weights are set as unity, then it is
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equivalent to a least-squares minimization. The Simplex method
involves multidimensional minimization, and its main advantage
over the LevenbergMarquardt method is that it is less likely
to find local minima. The rate constants that emerged for the
glycine/D,O system were similar to those produced by the He
and Marshall prograr®® which is evidence that the methods
are internally consistent.

Results and Discussion

1. Hydrogen/Deuterium Exchange ExperimentsA. Brady-
kinin. We were able to produce by electrospray ionization and
to inject into the flow tube singly, doubly, and triply protonated
BK ions. Doubly protonated bradykinin ions (BK 2H)?* were
the most abundant ions under our experimental conditions.

Singly protonated BK ions do not undergo H/D exchange in
FTICR experiments with either N or D,0.22 The high proton
affinity of the end arginine groups and the compact shape of
the zwitterionic structure prevent the exchange from taking
place. Earlier reports on H/D exchange with@°3%are now
known to be due to quadrupolar axialization in the FTICR
experiment to keep the ions centered in the cell. This axialization
converted magnetron motion into cyclotron motion and heated
the ions enough to produce H/D exchange that would not have
occurred at room temperatute.

Doubly protonated BK, (BK+ 2H)?*, is known to undergo
exchange in FTICR experiments with gbD?° and with D,0.22
Three hydrogens were exchanged with;OB with similar site-
specific rate constant8 whereas 16 fast exchanges and 3 slow
ones were observed for,D over an extended period b h at
a relatively high pressure of £ 1075 Torr.22 We reacted (BK
+ 2H)?* in the flow tube with either NP or CH;OD and
monitored the incorporation of deuterium as a function of flow
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rate of the deuterating reagent at a constant reaction time. Somerigure 2. Relative abundance vs flow rate of the neutral deuterating

characteristic results are represented in Figuregt.2The
exchange of three labile hydrogens is clearly observed for CH
OD (Figure 2) in agreement with Green and Lebriflahere

are 19 exchangeable hydrogens in (BK2H)*" — 3 at the
N-terminus and 10 guanidine (&r@rd), 1 hydroxy (s€f), and

5 amide hydrogens. The amine end group is protonated in
addition to the two arginines in diprotonated BKsee Figure

8 of ref 22), leading to three equivalent labile hydrogens at the
N-terminus not available in the singly protonated BK. It is these

three hydrogens that are proposed to exchange out of the 19

exchangeable hydrogens in (BK 2H)?*. Three labile hydro-
gens of BK are also observed to exchange in the flow tube
experiment with NI (Figure 3). There is evidence for a minor
contribution from an additional exchange of a fourth labile
hydrogen (Figure 4) that could be due to the hydroxyl group of
serine (s&). The C-terminus is deprotonated in the suggested
salt bridge structure (Figure 8 of ref 22). If there are two
noninterconverting ion populatiod$it is possible that one of
these undergoes H/D exchange at the C-terminus.

As noted in the Introduction, we were able to monitor the
collision complexes corresponding to consecutive H/D ex-
changes in our previous flow tube reactor study of protonated
diglycine® However, contrary to the case of GkM™,” for
which we were able to observe the formation of collisionally
stabilized complexes with Nglanalogous complexes of doubly
protonated BK with ammonia could not be collisionally
stabilized. We did observe the highly efficient formation of
collision complexes between (B 2H)?* and trimethylamine
at a carrier gas pressure of 0.23 Torr (see Figure 5).

reagent for various cations in the reaction of [BK2H*]?* with CHs-

OD. Symbols are experimental witt», O, A, and x representing
species in which zero, one, two, and three hydrogens have been replaced
by deuterium, respectively. The curves are the simulated fits for
derivation of (a) apparent rate constants and (b) site-specific rate
constants; see the text.
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Figure 3. Relative abundance vs flow rate of the neutral deuterating
reagent for various cations in the reaction of [BK2H]?* with NDs.
Symbols are experimental wit, O, A, and x representing species

in which zero, one, two, and three hydrogens have been replaced by
deuterium, respectively. The curves are the simulated fits for derivation
of site-specific rate constants; see the text.

occurs by simple proton transfer possibly through a four-center
intermediateé®l However, the gas-phase basicity of protonated

When the gas-phase basicities of the deuterating reagent andbradykinin, 217.8 kcal/mo# is considerably higher than that
the substrate undergoing exchange are similar, H/D exchangeof ammonia, 195.6 kcal/mdl. It is conceivable that a collision
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Figure 4. Relative abundance vs flow rate of the neutral deuterating
reagent for various cations in the reaction of [BK2H"]2" with ND3
as in Figure 3 but at higher flow rates. Symbols are experimental with
<, 0, A, x, and * representing species in which zero, one, two, three,
and four hydrogens have been replaced by deuterium, respectively.
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Figure 5. Reactant and product ion intensities in the reaction of [BK
+ 2H™?" with trimethylamine, (CH)3N, at a helium carrier gas pressure
of 0.233 Torr. The product is the collisionally stabilized complex
between [BK+ 2H']?" and (CH)sN.

complex with N} is being formed; however, the potential well
is too shallow for it to be collisionally stabilized at the pressures
existing in the flow tube.

b. Des-Argd-bradykinin. The most stable conformer of the
doubly protonated octapeptide, #2K (RTPPGFSPF), has an
extended structure with an intercharge distance of 1438 A,
Although its labile hydrogens are exposed in such an open
structure, this peptide was found to be very unreactive witg-CH
OD, exchanging a single labile hydrogen extremely sloWly.
We have followed the reaction of [#BK + 2H]2" with ND3

and observed fast H/D exchange. At least five labile hydrogens

were observed to undergo exchange with a quite firm indication
for a sixth exchange. Each consecutive H/D exchange is
accompanied by formation of a collisionally stabilized complex
between the corresponding protonated or deuteratéaikiand
ND3s. The formation reactions of collision complexes track the

H/D exchanges as has been the case for protonated digfycine.

Levy-Seri et al.

for this poor reactivity, particularly in view of the efficient
reaction with N3 observed here. The exchange mechanisms
for D,O and CHOD on one hand and Nyon the other are
different. NDs is basic enough to gain a proton and be solvated
by the peptide, whereas,D and CHOD are incapable of
deprotonating the peptide ion and were postulated to exchange
via a “relay mechanism”, in which the reagent simultaneously
gairs a D while losing an Hbk

2. Determination of Apparent and Site-Specific H/D
Exchange Rate ConstantsThe experimental points presented
in Figures 2-4 are the ones obtained following isotopic
deconvolution (see Data Analysis, subsection 1). The curves
are the result of simulation of the kinetic data by solution of
the associated set of differential equations (see Data Analysis,
subsection 2). The simulation given in Figure 2a corresponds
to the apparent rate constants, whereas the ones in Figures 2b,
3, and 4 yield the site-specific rate constants. Overall dis-
appearance rate constants were deduced from semilogarithmic
decay plots of the reactant ion. Table 1 summarizes the rate
constants obtained.

[BK + 2H']2" exchanges three hydrogens upon reaction with
either ND; or CH;OD. The three site-specific rate constants
deduced are equal for GBD (see Table 1). This indicates that
the three sites undergoing exchange in doubly protonated
bradykinin are equivalent. The set of rate constants obtained
for the ND; reaction system is more than an order of magnitude
larger than for CHOD, as is expected in view of the stronger
basicity of NDs. The three high site-specific rate constants for
NDj3 are not equal; in most of the experiments they are made
up of two equal rates and a third that is about twice as high as
the first two. This may reflect the fact that NBan exchange
more than one hydrogen atom per collision with protonated BK
whereas CHOD cannot. Beauchamp and co-workérsported
on extensive multiple exchanges for BlIDAs a result, the
apparent rate constants deduced for the reaction of \MEh
[BK + 2HT]2 (Table 1) may be more significant than the site-
specific ones. A fourth hydrogen exchange is observed for the
ND3 reaction at a considerably lower rate than the first three
(Table 1), indicating the presence of a separate site of exchange
of a single labile hydrogen in bradykinin.

The [BK + 2HT]2"/ND3 reaction involves a proportiervery
close to 10% of material that does not react. This has been
taken into account in the simulations. The rate constant for [BK
+ 2H™)2" disappearance was estimated from 10 runs as (1.44
+ 0.6) x 102 cm® molecule® s71 (see Table 1) on the
assumption of 10% inert material and a measured 2.7% level
of protium contamination in the NP Overall rate constants
taking the whole of the initial concentration of BK into account
would be about 12% lower.

The existence of two noninterconverting ion populations of
[BK + 2H'2" with different reactivities has been observed
before. On the basis of the interaction with HI, it was
concluded! that the two populations were present in roughly
equal abundance at room temperature, whereas in our experi-

Typical examples of flow tube experimental results are presentedments we found a ratio of about 1:9. lon mobility experimé&hts

in Figure 6. These results confirm the existence of an open
exposed structure of [(#BK + 2H*]2" contrary to the compact
structure of [BK+ 2H']2*. The exposed structure of doubly
protonated des-Afgbradykinin allows the complexation by
ammonia through multiply hydrogen-bonded structures that
involve the backbone carbonyl groups as in the case for
GLY;HT.2%2The poor reactivity of CBOD with protonated dA

BK has been ascribed to steric hindrance but is not quite well
understood? It is worthwhile contemplating again the reasons

have indicated only one conformation for doubly protonated
BK. The explanation for the discrepancies between different
experiments regarding the existence and population abundance
ratios of the two conformers has to await additional experiments
and/or computations.

The ion mobility experiments have shown furtiehat the
cross-sections of singly and doubly protonated BK change by
only 1 A2 This result demonstraté§,in agreement with the
charge-separation experiments of doubly protonatedBKat
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Figure 6. Relative abundance vs flow rate of the neutral deuterating reagent for various cations in the reactiotBKf jd 8H"]2" with NDs.
Filled symbols represent uncomplexed ions, whereas open symbols represent ions complexed Bgne3 a, b, and c represent results for
species in which zero, three, and four hydrogens have been replaced by deuterium, respectively.

TABLE 1: Apparent, Site-Specific, and Overall H/D Exchange Rate Constants (cfhmolecule™t s71) for (BK + 2HT)?* with
CH50D and ND3

CHsOD NDs
kapparent ksiu.»speciﬁc zksit&specific ksemilog plot kapparent ksil&peciﬁc stit&speciﬁc ksemilog plot

5.0x 101 1.6x 10711 1.44x 10°° 9.2x 10710

3.3x 101 1.6x 1071 4.8x 1071 43x 1071t 7.1x 10710 3.0x 10°%0 1.53x 107° 1.31x 107°

1.9x 101 1.6x 1071 3.7x 101 29x 1010

1.8x 1071

[BK + 2HT]%" is just as compact as [BK- H*]*. The only 500
difference is the additional protonation of the amine group in BK (Ms2H)2
[BK + 2H™?". Our observation of three major equivalent a0 - /
exchanges for both NPand CHOD is thus understandable.
The result for CHOD is in agreement with Green and Lebrilfa,
although we observe considerably higher rate constants. Itis g 300
surprising that the FTICR experiment with,® has demon- £
strated? 16 fast exchanges and 3 slow ones for [BK2H]?+ g 200 - -
and no exchange with [BK- H*]** whereas the flow tube
experiment with NI@ gives only 3 major exchanges and 1 minor 100 L v, b,* by’
one for [BK + 2H*]2*. This can be explained as follows: A bt lyJ : RN v
simplified calculation indicates that an ion undergoes about 1 g ﬂ v yf
X 106. collisions with the deuterating reagent in the FTICR % 00 300 400 00 500 00 800
experiment fo 1 h at apressure of 1% Torr?2 and about 4000 mz

collisions during 13 min at 10 Torr.1® However, there are only
about 70 collisions in the flow tube experiment over a period Figure 7. A mass spectrum of doubly protonated BK obtained
of several milliseconds at a deuterating reagent flow velocity folowing MCA—CID in front of the sampling nose cone of the analyzer
of 1.2 x 10" molecules/s. This prevents observation in the flow quadrupole mass filter.

tube of many consecutive exchanges. In addition the FTICR
experiments may involve internally hot ions, whereas the flow dA®BK (M+2H7)2
tube experiments are truly thermal. We have carried out a single
run with a flow tube heated to 40 C. This gave an overall rate
constant of 7.0x 10-° cm® molecule! s~ with NDg, a high w00 - b,
value substantially outside the error limits for the rate in the
unheated system. It led also to an increased degree of the fourth 200 L (M+2H:-H,0)
H/D exchange.

3. Multiple-Collision Activation —Collision-Induced Dis-
sociation (MCA—CID). We have performed MCACID
experiments in front of the sampling nose cone of the analyzer
quadrupole mass filter on dOl_Jny _protonated BK and’BIA. _ 200 300 400 500 500 700
The results are represented in Figures 7 and 8, respectively.
[BK + 2H*]?" produces the well-known fragments observed
earlier under thermal dissociat#&nand BIRD'® experiments. Figure 8. A mass spectrum of doubly protonated @& obtained
These include the 4 and y* fragments (nomenclature of  following MCA—CID in front of the sampling nose cone of the analyzer
Roepstorf#9) from the carboxyl end of the peptide, theth  duadrupole mass filter.
fragment from the amine end, and a water loss peak from thegroup of the peptide. MCACID of [dA°BK + 2H']2*
doubly charged ion. In addition we observe further fragmentation produces (see Figure 8) the ions pbs™, and k%" that have
leading to structurally informative y and b fragments (see Figure been reported previousfon the basis of MIKE (mass-analyzed
7).y ions are protonated peptides that are formed by cleavageion kinetic energy) spectroscopy. Additional ions observed are
of the peptide bond and transfer of two hydrogens from the the water loss peak from the doubly charged ion and various y
amine end of the molecule. b ions contain the original amine ions, particularly y*.

400

100

m/z
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plexes that can be collisionally stabilized, and these structures
undergo H/D exchange at backbone amide sites.
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