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Abstract

Native proteins and particularly native non-covalently bonded protein—protein and protein—substrate complexes are of gre
interest and are intensely studied by ESI-MS methods. The multiple charges on these ions are not only useful in lowering 1
m/z values but play also an important role in the chemical behavior of these complexes.

Evidence from the literature and the present work is presented which supports the charge residue model (CRM) as 1
mode of formation of the charged globular proteins in the gas phase. Very small water droplets which contain only one prote
molecule are ultimately formed in the ESI process. The surface of these droplets is charged by an excess of small ions
to a salt which is also present in the solution. Thus, in the positive ion mode, and when the buffer (ammonium acetate) is |
main electrolyte used, the excess small positive ions argNbhs. Evaporation of the water in the droplet leads to a residue
which is the globular protein. The protein is charged by the excess positive ions suchyasTiie number of NI+ ions
available,Zcrm, can be predicted on the basis of CRM. The proteins in order to be able to hold all of the protons providec
must have a sufficient number of basic side chains located at the surface of the protein. It is found that most proteins he
more than enough basic sites to hold the chargey. Examples for these are carbonic anhydrase and cytochcoRar
these proteins the charge observed with ESI-MS is found to be close to equal to the Zbavgsupplied.

Some unusual proteins such as pepsin, have too few basic side chains, much less than the number Ztghamesjded.
Forthese proteins the number of basic sites available on the protein determine how many of the charges provided by CRM wiill
retained. The number of basic sites can be evaluated and is found in agreement with the observed charges in the mass spec

Other predictions can also be made on the basis of the CRM. Thus, evaporation of the water droplet will lead to formatic
of neutral (uncharged) adducts on the protein, which are due to neutral components of the buffer. The approximate numt
of adducts can be predicted. Predictions can also be made which buffers will lead to adducts difficult to get rid off, in th
desolvation stage of the mass spectrometer. (Int J Mass Spectrom 219 (2002) 39-62)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction MS, has developed very rapidly and is providing
unique information of great significandd]. Non-
The area involving mass spectrometric studies of denatured proteins and complexes are required in all
non-denatured proteins and protein—protein, protein— studies which attempt to provide correlations between
substrate, non-covalently bonded complexes, by ESI- binding energies of the complexes observed in the
gas phase and the binding energies in the biologi-
* Corresponding author. E-mail: paul.kebarle@ualberta.ca cal environment such as the aqueous solution of the
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cytoplasm. The experimental conditions required for
obtaining good, clean mass spectra at neutral pH and
in aqueous solution, were developed essentially by
trial and error. Thus, it was found in early work that
the traditionally used buffers in protein biochemistry
were generally unsuitable for ESI-MS, because they
led to formation of multiple adducts to the protein,
such as multiple catonization by NaK* ions when
present in the buffer or neutral adducts due to neu-
tralized components of the buffer. These obscured the
mass spectrum, which desirably should contain only
the polyprotonated protein, see Smith and coworkers
[2] and references therein.

In present practicf?], the most often used buffer is
ammonium acetate (NfAc), while ammonium bicar-

bonate is also used but to a lesser extent. These buffers

generally lead to relatively clean multiply protonated
proteins. It is worthwhile to recall that N{Ac is not

a buffer. The dissolved salt in water does lead to a
pH = 6.8 which is very close to the required physi-
ological pH, but NHAc alone in solution has limited
ability to buffer, i.e., to resist changes of pH. One
major theme of the present work will be to explore
the reasons for the success of M and ammonium
bicarbonate. Evidence will be given that the major
role of these buffers is to provide NHM ions which
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(Taylor cone) contain an excess of positive elec-
trolyte ions, when the capillary tip is positive
(positive ion mode).

Evaporation of solvent from the droplet de-
creases the radius of the droplets and since the
charge is conserved, at some critical radius given
by the Rayleigh equatiof8], Coulombic forces
overcome the surface tension of the liquid and
lead to fission of the droplets. Repeated evap-
oration and fission lead to very small charged
droplets which are the precursors of the gas phase
ions.

The actual mechanism by which the gaseous
ions ultimately detected with the mass spec-
trometer, are formed from the very small and
highly charged droplets was until recently un-
der dispute. Two models were considered, the
charged residue mechanism (CRM) and the ion
evaporation mechanism (IEM). Fortunately re-
cently strong evidence has accumulated that
indicates that both mechanisms apply. The IEM
is involved in the production of small ions such
as the conventional inorganic and organic ions
[8,10,14] while CRM is involved in the produc-
tion of macroions such as the globular proteins
[2d,11,18]

(b)

(©

are the protonating reagents that lead to the observed

multiple protonation of the globular proteins. The
recognition of this fact is of considerable practical
utility.

To obtain a good understanding of the conditions
that lead to the multiple protonation and multiple

charging in general, one needs to consider the mecha-

nism which leads to formation of multiply protonated
globular proteins in the gas phase.
The mechanism of E$8-18]involves three stages:

(a) Formation of small charged droplets at the tip
of the electrospray capillary. The droplets are
charged because, due to the action of the applied
electric field on the solution at the ES capillary
tip, the meniscus of the liquid at the capillary
tip becomes enriched on positive ions. Therefore,
the droplets formed from the elongated meniscus

11. CRM

The charged residue model is due to Dole and
coworkers[16]. It focuses on the very last stages
of solvent evaporation from the smallest droplets
produced by solvent evaporation and successive
Coulomb fissions of parent droplets. Some of these
very small droplets may contain only one or a few
charges, i.e a few unpaired electrolyte ions. Contin-
ued solvent evaporation of such a droplet to dryness
will lead to gas phase ions. If the droplet happens
to contain also one neutral solute molecule, adduct
formation between the ion(s) and the molecule will
lead to a charged ion—-molecule complex. A cartoon
illustrating the formation of a droplet which con-
tains one globular protein as a solute is shown in
Fig. L
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Charge Residue Model (CRM)
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Fig. 1. A cartoon illustrating the production of globular proteins in the gas phase by CRM. A parent droplet with many charges on
its surface (charges not shown) undergoes a Coulomb fission. Some of the off-spring droplets contain one globular protein (black disl
Evaporation of the water from such an off-spring droplet leads to a protein in the gas phase. Charges on the surface of the off-spril
droplet are transferred to the protein. (Based on Fig. 13 in Kebarle and$]9

12. IEM located at the surface of the proteins. Due to the pres-
ence of these groups the protein is not likely to seek
The formation of gas phase ions by IEM was first the droplet surface but will in general tend to stay in-
proposed by Iribarne and Thoms@h7]. These au- side the droplet and be available to become a gas phase
thors, on the basis of a derived equation, showed thation via the charge residue model.
when the charged droplets become very small (radius  Another reason to expect CRM for globular pro-
R < 10 nm), the electric field due to the charges at the teins, is the fact that the observed proteins are not
surface of the droplet is strong enough to cause emis- only charged but also, in general heavily covered with
sion (evaporation) of gas phase ions from the droplet. neutral adducts due to the presence of other solutes,
For example, assuming that the major electrolyte in such as buffers. These must be removed by heating in
the solution was NacCl, in the positive ion mode of a “desolvation” process. The presence of such multi-
ESI, the charges at the surface on the droplets will ple adduction would be expected with CRM but much
be due mostly to N ions, while the interior of the  less so with IEM.
droplets will be populated by paired Naand CI- Globular proteins in the mega-Dalton mass range
ions. The emitted ions are generally partially solvated are routinely produced by ESI. The production by
[17]. Thus, N& (H20),,, wherem = 6 or 7, may be a mechanism where these giant species “evaporate”
expected to evaporate, because the activation energyfrom the droplet appears very unlikely.
required for such an evaporation is lower than that for ~ Strong support for the CRM being the mechanism

the naked ior8,17]. was provided recently by Fernandez de la M[drd).

He used data compiled by Smith and coworKé&za],
1.3. Charged globular protein ions are produced which are shown irFig. 2 The experimental points
by CRM give the range of the observed numbers of elemen-

tary chargesZops, 0N globular proteins, electrosprayed

The derivation of the IEM equatigid7] was based  under conditions which did not lead to denaturing,
on small ions and it is most doubtful that it can be ex- i.e., pH = 7, and water as the only major component
tended to very big ions like the globular proteins. Fur- of the solvent. The authofd9a] found that the av-
thermore, globular proteins, such as enzymes, are veryerageZgps plotted vs. the molecular madé of the
often designed to function within the cytoplasm and protein (Da) was well fitted by an equation of the
therefore must be soluble in water. This is achieved form:
by the presence of polar (hydrophilic) side chains
and ionizable acidic and basic side chains, which are Zyps = aM” Q)
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Fig. 2. Reproduction of plot used by Fernandez de la Madd. Number of charges observed mass spectrometrically, (@) highest;
(O) lowest charge sprayed under non-denaturing conditions, from data in the litefa@afvs. the mass of the protein (in MDa).
Fernandez de la Morfl1] showed, see solid curve, thdgys is very close to charg@r expected on water droplets of the same size as

the protein. Also shown, see upper horizontal axis, is the radius for the protein assumed by Fernandez de la Mora. Also included in the

present plot are the data obtained by Standing and coworkey$1©bl.

where botha andb are constants. The valdbe= 0.53
led to the best fit[19a] Standing and coworkers
[19b] have also provided a plot which involves only
non-covalently bonded protein complexes. This plot
also provides a value df which is between 0.52 and
0.55. The data in both plots, extend fravh= 10* to
M = 10’ Da, an impressively wide mass range! The
data of Standing were included in the plot shown in
Fig. 2

Fernandez de la Mord 1] found that theZ values
for the globular proteins could be also well fitted by
the charg&r predicted by the Rayleigh stability limit
for Coulomb fission$3], of water droplets of the same
radiusR as the globular proteins.

The Rayleigh equatiof8] is

)

where y is the surface tension (0.072 N/m for wa-
ter), o the electrical permittivity of vacuum (8 x

R =

8
Z (yeoRHY2
e

10712C2%/Jm), e the elementary charge .G x
10-19¢).

Fernandez de la Morfl 1] evaluated the radius of
the proteins from the molecular madsof the proteins
in Daltons, by assuming that the density of the globular
proteins is the same as that of wajer= 1g/cn?.
(This assumption, which is approximately true, will
be examined later.) With this assumption, the radius
of the proteins was evaluated with

4
<§NR3,0> Na=M 3)
whereN, is the Avogadro number (& 1029).
CombiningEgs. (2) and (3)one obtains
1/2
zr="" (L‘”) MY2=0078MY2  (4)
e 47 Np

(numerical factor 0.078 is fav (Da)).
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Notably, the exponent foM equal to 0.5 is very  much from the quality of ammonium acetate as a
close to the exponent 0.53 of the empiriéad. (1) buffer, but from the ability of N to protonate
observed by Smith and coworkers, and Standing and the basic side chains at the surface of the protein.
coworkers[19]. The curve corresponding t&q. (4) The ability of NHy* to protonate basic side chains
is shown inFig. 2 Also shown on the horizontal has been proposed earlier by Siu and coworkers
axis are the corresponding values of the radRusee [20a] in a very interesting study of the protonation
Eqg. (2) corresponding to the giveM of the protein, of a small protein, gramicidin S. Ni as protonat-
Eqg. (3) ing agent was considered also in more recent work

Fernandez de la Morfl1] proposed that the ob- [18,20b]
served agreement between the charges on the pro- The concentrations typically used in modern work
teins and the charges on water droplets of the sameon non-denatured proteins are found to+&0~>M
size, at the Rayleigh limit, is not a coincidence but in the globular proteins and 18M or higher in am-

a consequence of the multiply charged proteins being monium acetate. Thus, the concentration of ;NHs
formed by the CRM. Small droplets just a little bit in general at least 100 times higher than that of the
larger than the protein will have a (excess) charge at protein. This fact shows that Nfi is expected to be
the surface, close to that at the Rayleigh lifdit]. the major charged constituent at the surface of the
In some of these droplets one protein molecule could droplets.

be present. As the solvent evaporates, and the charged A schematic representation of the charging of the
water surface collapses over the protein, the (excess)globular protein by NH* ions at the surface of the
charges, due to the small ions at the surface, will be droplets is shown irfFig. 3. As the last water evapo-
transferred to the protein, and for this reason one canrates and assuming a near neutral pH, the basic and

expect the charge on the gaseous proiirwill be acidic side chains on the surface of the proteins, which
close to the Rayleigh charge on the water droplet, were ionized in solution, will become neutralized by
ZR. reacting predominantly with the major counter ions in

Fernandez de la Mora’'s world1] was preceded the vanishing aqueous solution:
by a very similar proposal due to Smith et §d]
which did not deal with proteins but with starburst protein---NHz™ + Ac™ (ag)
dendrimers. However, Smith’s work provided much = protein- - - NHaHAc (neutralization (5)
less details and documentation.

1.4. The chemistry of charging of globular protein- - - CO;~ + NH4 " (ag)
proteins = protein. - - CO,HNH3 (neutralization (6)

Fernandez de laMoffa 1] considered in some detail ~ The basic side chain i&gs. (5),(7),(8)s assumed to
various aspects of the production of the charged gashave an amino group. When the solvent is reduced
phase proteins. However, the question as to the chemi-by evaporation to a (few) monolayers over the pro-
cal nature of the charges on the droplet surface and itstein, near gas phase condition prevail and charging of
relationship to the chemical nature of the charges on the basic groups at the surface of the protein, by the
the proteins and specifically the formation of polypro- NH4™" charges at the surface of the droplet can occur.
tonated proteins (in the positive ion mode) was not The most stable products will be the proton bridged
examined. adducts:

The experience, in modern work on protonated
globular proteins at neutral pH, that ammonium ac- Protein---NHz + NH4*
etate is the best buffer, derives in our view, not so = protein. - - NHy—H-NHz™* @)
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Fig. 3. Schematic representation of carbonic anhydrase, CAll (based on crystallographic data) inside a water droplet. The basic side chains
Lys, Arg, His, at the frontal face of CAIl are highlighted. NH ions present at the surface of the shrinking water droplet, which are part
of the excess charge on the droplet, are expected to attach themselves to the basic sites and ultimately lead to their protonation.

A complete proton transfer, leading to protonation of stage due to ion acceleration by the electric field ap-

the side chain: plied between sampling capillary and skimmer elec-
protein. - - NH—H—NHg* trodgs. Detajls consid_ering proceslses (7) anq (8), are
) i considered in theSection 3 In particular, it will be
— protein- - - NH3™ + NH3 (8a)

shown that the energy supplied to achieve desolvation
occurs probably later in the “desolvation” stage in the may also lead to charge loss, i.e., the process (8a) is
sampling system, either in the heated sampling capil- not the only possible outcome. Charge loss via pro-
lary leading to the mass spectrometer or in the CAD cess (8b), which is driven by the Coulombic repulsion
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between the other charges on the protein and the leav-glass tip. The solution flow rate ranged from 5 to

ing charged group can also occur: 60 nL/min depending on the diameter of the nano-
electrospray tip, electrospray voltage and composition
of the solution. The droplets formed at atmospheric
— protein- - - NHz + NHz " (8b) pressure were introduced into the vacuum system

This means that the observed chalggs in the mass of the mass spectrometer through a stainless steel
spectrum will not depend only on the charging via capillary (0.43mm i.d.) operated at a temperature of

the CRM mechanism but also on the ability of the 150°C to assist with solvent evaporation from the

protein to hold the charge when processed through the droPlets and microsolvated complexes. The ion/gas

“desolvation” stage. jet escaping from the capillary (52-54 V) was trans-
Experiments which support the proposed mecha- Mitted through a skimmer (2-6V, 1.0mm i.d.) and

nism of protonation of globular proteins by the hiH stored, electrostatically, in the hexapole. lons were

ions are presented Bections 1-3Charge loss is con- ~ @ccumulated in the hexapole for 5-10s, depending
sidered inSection 2 on the ion intensities, then ejected and accelerated to

Another empirical reason for the choice of Mt ~2700V through the fringing field of the 4.7 T mag-
was that this salt does not lead to protein ions which net, decelerated and introduced into the ion cell. The

include many neutral adducts (such as/d or HAC) trapping plates of the cell were maintained at a con-
[2]. Such adducts would be expected with any buffer stant potential of 1.3V throughout the experiments.
because of the large molar ratio of buffer to protein | "€ typical base pressure for the instrument was
used. As already mentioned this is an expected conse-3 X 10~ mbar.

quence of CRM. Evidently such adducts should form  Data acquisition was controlled by an SGI R5000
also with NHyAc, but are “volatile” enough to be re- computer running the Bruker Daltonics XMASS soft-
moved in the desolvation process. The HAc andsNH  Ware, version 5.0. The time domain spectra, consist-
adducts, resulting from the neutralization reactions, N9 Of the sum of 10-40 transients containing 128 K
Egs. (5) and (6)are also expected to be easily re- data points per transient, was subjected to one zero-fill
moved in the desolvation process. A brief examination Prior to Fourier transformation.

of these processes is includedSection 3 All protein samples were purchased from Sigma,
and used without further purification. Stock solutions

containing 10-20 mg/mL of protein were dissolved
2. Experimental in deionized water and refrigerated between use at
—20°C. On the day of the experiment they were di-
Mass spectra were obtained using an Apex Il 47e luted to final concentration and buffer, and the other
Fourier transform ion cyclotron resonance (FT-ICR) reagents (NaCl, KCI, RbCI or Csl) were added im-
mass spectrometer (Bruker, Billerica) with an external mediately prior to the experiment. At that time pH
electrospray source (Analytica, Branford). Nanoelec- was measured with Orion 710 model pH meter and
trospray was performed using an aluminosilicate cap- Orion micro-pH electrode. The intensities observed
illary (0.68 mm i.d.), pulled to approximately 20m for the protein peaks were sensitive to the source con-
o.d. and 1-fum i.d. at one end using a micropipette ditions: nanospray tip dimensions, solution flow rate,
puller (Sutter Instrument Co.). The nanospray tips temperature of the metal capillary, nanospray voltage,
were positioned approximately 1 mm from the sam- source voltages (capillary, skimmer and hexapole)
ple capillary using a micro-electrode holder (Warner and hexapole accumulation times. For the experi-
Instrument Inc.). The electric field required to spray ments where comparable conditions were desirable,
the solution was established by applying a voltage Figs. 4-7, 9 and 1Icare was taken to change condi-
of 800-1000V to a platinum wire inserted inside the tions as little as possible.

protein. - - NHo—H-NHz ™



46

+11

100 %

N. Felitsyn et al./International Journal of Mass Spectrometry 219 (2002) 39-62

w
)
g 80 5
8 -
5 -
S 60
© E
2 3
g 40
o
R E
20 - +10
E +12 d
T T ‘ T T T ‘ T T T I T T ‘ T T T T ‘
(A) 1900 2400 2900 3400 miz
100 — ~
©n I
2 - =
Ll ——: 4‘/_(3
=] i I
S 60 ! =
4 @]
° E
- | +
% ; *2 X‘O_ .
B 407 o+ X
R~ ] e
- T z
: A A AN
20 y4 / v\ T
] / .
. » AN
1 - - B
] S e
S E B L AN A s S B S S B S s B
®) 2650 2660 2670 miz

Fig. 4. (A) Mass spectrum observed with~PM CAIl and 103M N

HaAc, pH = 6.8, in aqueous solution. Major charge state observed

Zobs = 11. (B) Expanded view ofZ = 11 peak shows the fully protonated ()1 species to be the major ion. However, cationized

adducts due to sodium and potassium contamination of the CAll

3. Results and discussion

3.1. Ammonium acetate as protonating agent of
proteins at neutral pH

3.1.1. Carbonic anhydrase

To examine the effect of NjAc on the protonation
of globular proteins, aqueous solution with a concen-
tration of ~10~> M of the protein was electrosprayed
with NH4Ac, at several NgAc concentrations. Hu-
man carbonic anhydrase (CAll), (MW 29,180, which

sample are also present.

includes 64 Da for the Zn cofactdfd1], was sprayed
in 2, 1, 0.3 and 0.1 mM aqueous solution of Nkt.
CAIll was chosen because it is a fair-sized proféit]
with close to spherical shape and a radius-@f3 A,
which combined with the molecular weight leads to
a density of 0.96 g/ch The pH of all of the above
solutions was 6.8.

Some of the results, obtained with the FT-ICR
instrument and nanospray, s€ection 2 are given
for 1mM NHzAc in Fig. 4, and 0.3mM NHACc in
Fig. 5.
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Fig. 5. (A) Mass spectrum of CAIl under otherwise the same conditions &igin4, but NHyAc concentration is only @ x 10~3 M. (B)
Expanded spectrum of Z 11 peak shows that lower NF to impurities ratio leads to lower degree of protonation relative to cationization
due to impurities. The small peak,P17, upper spectrum, is due to a small amount of an accidental two CAIl molecules complex with
17 charges originating from a larger droplet. The two adjacent peaks indicate8 asd+8 are also probably due to dimers withl8

and +16 charges.

It should be noted that the relative intensities of the protonation for 1 mM NHAc relative to 0.3mM
charged states observed under non-denaturing sprayNHsAc. The fully protonated species, (CAIl1
conditions, do depend to a certain extent on the spe-is the dominant peak accounting for some 50% of
cific conditions of the measurements. Thus, Standing the totalZ = 11 intensity for thel mM solution. For
and coworkerd22] did observe thez = 9, 10, 11 the 0.3mM NHACc solution this intensity is down to
states for CAll but withZ = 10 rather tharz = 11, only 18%, sedrig. 5B. Replacement of M with Na™
being of maximum intensity, se€ig. 4A. These and K" are the major source of cationization in the
workers also used ammonium acetate, but at a 6 mM (CAII)H 1111 spectrumFig. 5B. The source of Na
concentration, and electrospray rather than nanospray.and K* is likely salts of these ions, which are present

The results for the expanded spectrazf= 11, in the commercial CAll sample. The intensities in
Figs. 4B and 5Billustrate clearly the much cleaner the spectrumfig. 4B, indicate that there is more™
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Fig. 6. (A) Mass spectrum from CAll at 18 M concentration NHAc 10-3M and added NaCl.a25x 10-3 M. (B) Expanded spectrum
of Z =11 charge state shows extensive sodiation due to addéd Na

than N&a since the (CAIl)HoNat!! peak is lower
than that of the (CAI)HoK 1L, However, the ob-
served (CAIl)HoK 1! has a small contribution from
partial overlap with an expected (CAllyNayt11
peak which occurs only~6 m/z units higher and
is not resolved from the (CAI)bhK+1! peak. The
mass spectrum observed with 0.1 mM NNkt (not
shown) was much more cationized than the 0.3 mM
spectrum, confirming the trend observedFiys. 4
and 5

Another small but noticeable effect, is the extension
of charged states towards lowgrvalues, when the
concentration ratio: (alkali salt impurity)/(N#AC)
increases. Thus, at low cationization by NakK™
(Fig. 4A), Z = 10, 9, 8, 7 charge states are of very
low intensity, while at the high cationizatioRig. 5A,
these lower charge states have somewhat increased
intensities.

The competition between Nff-induced protona-
tion and cationization by alkali ions was made even
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Fig. 7. (A) Mass spectrum of CAIl T® M, NH4Ac 0.5 x 10-3M and NaCl 05 x 10~3M in aqueous solution, pk: 6.8. (B) Extensive
sodiation is obtained, see expanded spectrunZ ef 11. (H")o corresponds to (N@1;. A slight shift to lower charge states, compare

with Fig. 4, is also observed.

more evident in a series of experiments, where known
concentrations of salts like NaCl or other alkali halides
MCI, were added to the solution. Mass spectra ob-
tained with 1 mM NHAc, 0.125 mM NaCl are shown

in Fig. 6and 0.5 mM NHAc, 0.5 mM NacCl inFig. 7.

It is evident that an increase of the NaCl/hkt
ratio leads to increased sodiation relative to pro-
tonation. This was qualitatively confirmed also by
mass spectra (not shown) with other concentration
ratios.

The observed intensities of the (CAIl)Nag_, 11
peaks obtained with the 0.5 mM NKAc, 0.5 mM NacCl
solutions Fig. 7B) were used to evaluate the average
Na™ and H" content of theZ = 11 ions. The re-
sult obtained is 46% Naand 54% H . This is very

close to the 50% NKAc, 50% NaCl present in the so-
lution. However, such close correspondence was ob-
served only in the 1:1 range. Thus, for a'NBlH,"
ratio of 1:4 in the solution the ratio in the mass spec-
trum was 1:2.6, a relative enrichment of Nat low
Nat:NH4* ratios.

The (CAIl)H.Nay1_, 711 ion intensities Fig. 7B)
are shown inFig. 8 together with relative intensities
from statistical probabilities evaluated with the bino-
mial equation:

1
)

where p = 0.54 andg = 0.46. The predicted sta-
tistical intensities were evaluated withg. (9) by

(p+t = pt+11p0%* +55p%2% + ... + ¢
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Z=11 charge state CA Il in 0.5 mM NH,Ac and 0.5 mM Na CI

25 ) .
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Number of Protons

Fig. 8. Plot of intensities of peaks for charge state= 11 corresponding to (CAll)kNag;_, 1! from an average of three mass spectra
including Fig. 7B vs. calculated intensities expected on the basis of a statistical distributioEgs€8)

multiplying the values of the individual terms on the Experiments with MX salts of the alkali ions™
right side ofEq. (9)with the total intensity observed Rb*, Cs™ were also performed using mixtures of
for the (CAIl)HNa,_1111 ions. 0.5mM NH;Ac and 0.5mM MX. The mass spectra
The two intensity distributions are quite different, obtained were, in some cases, more complex than
which is not surprising considering that the Nand those observed with NaCl. This complexity was due
H™ ions are expected to be bound to different sites. to the presence of neutral adducts. For example, the
The H" to the basic side chains and the™N& pep- Z = 10, observed with KCI, contained at least one
tide carbonyl oxygens of the back bone as well as to KCI adduct.
side chains expected to bond strongly to'Na the An overview, Fig. 9, shows the spectra for 1 mM
gas phase. The availability of such different sites and NH4Ac, without MX and the spectra of mixtures:
different bonding is expected to skew the random dis- 0.5 mM NH;Ac, 0.5mM MX (M = Na, K, Rb, Cs).
tribution assumed bq. (9) The peak groups for a given charge state show the
A rough estimate of the concentration of Na, K salts expected broadening in the series” HNa", KT,
present by weight in the commercial sample of CAIl, Rb*, Cs". However, a decrease of the chaigds
can be obtained by comparing mass spectra obtainedalso observed in the same order. When essentially
with 1 mM NHzAc and 10> M CAIl (see for exam- only protonation (1 mM NBAc alone) is present, the
ple Fig. 4B) with the spectra obtained when a known intensities ofZ = 12 and 11 (maximum) are the high-
amount of contaminant such as 0.125mM NaCl was est, while for C$, the Z = 12 and 11, groups have
added to the 1mM NiAc, 10°°M CAIl solution essentially disappeared. Although the shift to lower
(Fig. 6B). Comparison of the observed intensities of charge states is evident, it is not dramatic. Larger
cationized peaks indicates that the spectfim 4B, shifts in the series, Na—Cs, would probably be present
contains some 0.05 mM NaK™ solution, which cor- in the complete absence of protonation,, iie the ab-
responds to a NaCl, KCI content of 1-2% in the com- sence of NHAc. As already mentioned, the positions
mercial CAll sample. of attachment of M ions are probably the carbonyl
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Fig. 9. Mass spectra observed with CAll fM, NH4Ac 0.5 x 1073M and Q5 x 10-3M of MX = NaCl, KCI, RbCl and Csl. These
are compared with spectrum with no MX addition and-4® NH4Ac shown at the top of the figure. Introduction of cationization by
Na™ — Cs' leads to a small decrease of the charge state ffom 11 for no cationization, t&Z ~ 9.8 for Cs'.

oxygens on the peptide back bone or on side chains 3.1.2. Cytochrome c

with carbonyl oxygens. The behavior of such com- Investigations along the same lines as for CAll were
plexes in the cleanup stage, will be quite different, see performed also with bovine cytochroméCYC). This
Section 3.1.1from that of the ammoniated protons is a considerably smaller protein (MW 12,358, includ-
on the basic side chains. The shift to lower charge ing the heme group). CYC is only roughly spherical,
states may be due to a greater facility for loss of M with an approximate radius of 17 A. Its structure is
ions in the desolvation stage. This question deservesalso unusual in-so-far that there is very litttehelix

a separate study involving addition of MX only, al- andp-sheet. In essence, the polypeptide chain df 10
though one would not be certain that the protein does residues is wrapped around the heme with residue
not denature partly, under such conditions. 1-47 on one side of the heme group and 48-91 on the
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other side. As is usual for proteins that must function
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spectrum ofZ = 8, Fig. 10B shows very small in-

in agueous medium, the hydrophobic side chains are tensities of the N& and K™ adducts. Similar intensity

on the inside and the hydrophilic side chains are on
the outside of the protein. These are clusters of lysine

distribution was observed also for tHe= 7 state. The
low level of Na", K+ adducts may have been assumed

side chains at the crevice along the plane of the hemeto be due to the commercial CYC sample having less

group[21,23]

Na, K salt contaminants than the CAIll sample.

The mass spectra obtained with nanospray and the The effect of adding NaCl is shown kig. 11which

FT-ICR spectrometer (seSection 2 are shown in
Fig. 10A and Bwith solutions of~10~>M CYC and
1mM NHzAc in water. Essentially only two charge
statesZ = 8 andZ = 7 are observed. The expanded

was obtained with 0.5 mM NFAc and 0.5 mM NacCl.
The Na" adducts are clearly observed, however the
extent of adduct formation is very much lower than
was the case for CAll for the same NAc and NaCl
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Fig. 10. (A) Mass spectrum observed with C¥£10-°M, NHzAc 10-3M aqueous solution, pH:= 6.8. (B) Expanded mass range of

Z = 8 shows that this is due almost completely to the Jlion.
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Fig. 11. (A) Mass spectrum observed with CYC—2M, NH4Ac 0.5 x 103M, NaCl 05 x 103M aqueous solution, pH= 6.8. (B)
Expanded mass spectrum Bf= 8 charge state shows the presence of sodiation due to NaCl present in the solution. Surprisingly, observe
sodiation is much lower than was the case for CAll, 5é&¢ 7B.

concentrations, sekig. 7B. The pure Hi peak for of CYC, could be responsible for the lowMuptake.
CAll is a very minor one, while for CYCFig. 10B This observation deserves further study.

the pure H peak is dominant. The difference observed  The resultsFigs. 7-1) do demonstrate clearly, that
seemed so surprising that repeated measurements withthe observed degree of protonation depends on the
newly prepared solutions were made, which confirmed presence of Niit, provided by NHAc. When NH,*

the results inFig. 11 The finding that CYC takes up is present in the solution, protonation is observed,
much less N& than CAIl shows that the low intensity ~when NH,™ is not present, cationization dominates.
of Na" and K" adducts inFig. 9 is not necessarily = We consider these observations as a convincing proof
due to lower salt contamination of the commercial that NH;* is the protonating agent of the proteins ob-
sample but to structural differences. The absence of served with ESI that use an NKHc buffer to maintain
a-helix andp-sheets which is a distinguishing feature a pH~ 7.
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3.2. Expected charged states on protonation by
NHg "

also on the number of charges (protons) present on the
protein and on the distances between the protonated
bases, because the presence of nearby charges facili-
3.2.1. General considerations tates, by Coulombic repulsion, the deprotonation of a
According to the CRM proposed for globular pro- given basic site.
teins[11], the number of chargeZcrm, 0N the pre- The charging via Nt was discussed iSection
cursor droplets corresponds to the number of charges1, seeEq. (7) Only a partial proton transfer to the ba-
that will be transferred to the globular protein. How- sic groups occurs and the NHinolecule remains at-
ever, for these charges to be observed in the proteintached by a strong hydrogen bond. On “desolvation,”
mass spectrum there is also the condition that the pro- the NH; molecule will be detached&q. (8a) However,
tein should have a sufficient number of strong basic charge loss can also occur by deprotonation, i.e., loss
side chains at its surface that can accept and hold theof NH4™, Eq. (8b) The charge loss (8b) will be pro-
charges in the “desolvation” process of heating and moted by the Coulombic repulsion of nearby charges
CAD. We will call the number of such strongly basic and can occur even though the gas phase basicity of

side chaindNsg.

The fact that the mass spectrometrically observed
number of chargeZqps for most proteins obey the
relationship inFig. 2, shows that

ZcrRM = Zobs (10a)

for most proteins.

Now it is extremely unlikely that all the proteins
that obeyEq. (10a)have exactly the same number of
strong basis sites &Rrwm. It is much more likely that
the majority of these proteins have more strong basic
sites than required, i.e.,

Zobs~ ZcrM < NsB (10b)

Eqg. (10b)provides the general condition f&ig. (10a)
to be obeyed.

However, exceptions wher¥sg < Zcrwm Can be
expected for globular proteins, which for some special
biological purpose have a very small number of basic
side chains. In that special case:

Zobs < ZCRM

such that

Zobs~ Nsp (11)

It should be noted that the number of “strong basic
sites” Nsg for multiply-charged proteins depends not

NHs is lower than that of the basic side chains such
as Lys.

Williams and coworkerf24] were the first to calcu-
late Nsg values. Their work was focused on denatured
proteins but results for one native protein, CYC (see
Tables 2—-%[24d] were published also. It was the pio-
neering work of Williams that encouraged us towards
calculations ofNgg values. The results for CYC were
evaluated24d] for H3O' and not NH™ as the pro-
tonating agent.

The procedure used by Williams and coworker]
developed first an equation for a simple two proton
sites case. This equation was then expanded to cover
multiple protonation sites as occur in proteins. For
the two proton case, the diprotonated alkyldiamines
HaN(CH,),NH3%t were used. They may be consid-
ered as a simple model for two protonated lysines on
opposite sides of a small protein.

The equation proposefp4] for the diprotonated
system has been superseded by more recent work due
to Gronert[25] which has provided an insightful the-
oretical analysis of diprotonated alkyl diamines. The
potential energy diagram for the diprotonated diamine
with n = 7 which has one Ngladduct, obtained from
ab initio calculationg25], is shown inFig. 12A For
the present discussion we can assume that the ammo-
niated and diprotonated compound was obtained by
ESI and is now heated to achieve “desolvation” which
involves the dissociation of the last NHnolecule.

only on the base strength of the basic side chains, but The activation energ¥pp, for the deprotonating exit
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Fig. 12. (A) Energy surface diagram for reaction fH(HsN(CHz)7NH3)2t — (NH3(CH2)7NH3NH3)2+ — (NH3(CHz)7NH2)* +NH4 ™.
Evaluated from ab initio calculations by Grond®5]. The N-N distance of 16.5A corresponds to the distance between the charged
nitrogen of the diamine and the nitrogen on the g\Nkholecule in the transition state. The distance between the two charged ni-
trogens of the reactant NJICH,)7NH3%t, is r = 10A. (B) Energy surface diagram for reaction involving singly charged ion
NH3 + HaN(CH2)7NH3 ™ — (NH2(CH2)7NH3NH3)* — NH2(CH2)7NH2 + NHyt, after Gronerf25].

to the right Fig. 12A), is lower than the desolva- tance of the Coulombic repulsion between the two
tion energy,Eps, and therefore on heating, one ex- charges.

pects deprotonation to dominate. The deprotonation The reaction coordinate, in the absence of a second
activation energy is lower only because of the assis- charge, is well known. Transition from the left to right
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side of the coordinate corresponds to proton transfer Table 1

from one base to the other Gas phase basicitiés
BH" +Bs =B+ BgH™ CBas” GBin. prtert
Arginine 241 251
For the special case of interest here, the proton transferHistidine 227 237
is: Imidazole 217 n.a.
) Lysine 227 237
+ n-Butylamine 212 n.a.
HaN(CHz)7NH3™ 4+ NH3 Tryptophan 219 234
= HsN(CH2)7NH5 + NH4™ (12) Indole 216 n.a
o ) Proline 212 227
An ab initio calculated25] surface for such a reaction  Ammonia 196 n.a
is shown inFig. 12B Note thaEpp is higher tharEps, a Al values are in keal/mol.
which means that desolvation (loss of j)Hand not b All values are taken from the NIST database. For those amino

deprotonation will occur in the absence of Coulombic 2acids where side chain GB were available they are shown beneath
. . the amino acid.
repul§|on by.the second Charge' The dlﬁerem_. ) ¢ Estimated average intrinsic GB of amino acid in protein. The
Eps, is positive and corresponds to the proton affinity deviation for specific amino acids in the protein is estimated to be
(PA) difference: on the order oft5kcal/mol. Unusual protein arrangements may
lead to larger deviations.

Epp — Eps = PA(B) — PA(Bs) (13)

where the proton affinity is defined by the energy

changeAE for the reaction: proton transfer Kig. 12B). This coordinate can be

converted to the coordinate for the system with two

charges analogous to thathig. 12A by introducing
Proton affinities and gas phase basicities, GB, which Coulomb equation terms which account for the elec-

correspond to the free energy change for Reaction trostatic repulsions caused by the second charge. It

(14), are availablg26], for very many compounds in-  was shown25] that such an approach leads to a re-

cluding amino acids and compounds that model the action coordinate in agreement with the accurate, the-

side chains, such asBuNH, which models the Lys  oretically calculated one~{g. 12A).

BHT =B+H, AE =PA®B) (14)

side chain, sed@able 1 However, the complete reaction coordinate for the
The results inFig. 12A provide the answer, that two charge case is not really required. The activation
the number of strong basic sites for W&H2)7NHo, energy difference:
+ i 1 —
e b, Eor—Fos tochares
(Ch)12 diami SB = < u ! Epp — Eps > 0, desolvation (15)

tance between the two charges is bigger. In this case,

i i Epp— E 0, deprotonation
heating leads predominantly to loss of hlidnd not b~ &DS = P

NH4T. For details see Peschke et [&7]. is the only information needed for obtaining the re-
To obtainNsg values for the proteins of interest, itis  sult, whetherNsg = 2 or 1, and this can be obtained
desirable to generalize the two charge regtitj (12A) without the detailed consideration of the reaction co-

to distances other than the N-N distance of 10 A which ordinates at all values faR; — R (Fig. 12. Only en-

is present for the (Ch)7 diamine[25]. Also, bases  ergies at or near the maximum values of the activation

modeling peptide side chains, other than Lys, should barriers are required.

be involved as well as “solvents” other than pllSuch This realization[27], led to an examination of the

as B0 or MeOH. reaction coordinatesig. 12A which revealed that the
Gronert[25] showed that one can do this, on the energy in the region of the activation enerdigs and

basis of a reaction coordinate for the singly charged Eps, can be obtained to a very good approximation
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entirely from electrostatic calculatiofid7]. With this Table 3
approach one can Obtaln numencal ValuesE@ﬁ _ Comparison of observed Ch&}l’g%bs, Wlth, Nsg, the calculated.
. number of protons that protein can hold and the charges provided
Eps, for any distance between the charges and for by CRM (cytochromes, MW 12,4007
different bases B and B whose proton affinities or

L Charges, Ammonia, Water, Residué?

gas-phase_basmlneia(ble ) a_re kngwn. 7 Eop — Eps  Epp — Eps

For multiply-charged protglns Wlth. more than two Zo® 8 10 8 Lys53
charges, the two charge pair repulsions can be eval- 7z 9 5 43 Lys27
uated and then summed over all charges to obtain Nsg® 10 1 39 Lys99
a prediction for the maximum number of charges, > . o BZ;?
Nsg, that a given protein can hold. These are given 13 9 29 Lys79
in Tables 2—4for CAIll, CYC and pepsin. Additional 14 -15 23 Lys60
information concerning the calculations leading to 12 _Z i% tﬁgg
the results presented ifables 2—4can be found in 17 _26 12 Lys100

Peschke et a[27].

aAll energies are given in kcal/mol.

. b Total of 29 basic sites considered.

3.2.2. Carbonic anhydrase, Table 2 ¢ Residue that is easiest to be deprotonated in presence of a

The major charge state Bops = 11 (Fig. 4). The basde such as ZH?)OF Hz(?c- o A Le7 Lvsis

. . _ _ Protonated bases for the first seven charges: Lys7, Lys13,

density of protein,p = 1g/cn?, ass.umed by Fer His26, Arg38, Lys55, Lys72, Argol.

nandez de la Mora leads to a radiug, = 22.8A e Observed charge with highest intensity, $gg. 10

[11]. A similar radius R = 23-25A can be de- f Charge provided by CRM from precursor droplet.

] : g . N
duced by inspection of the X-ray structL[ﬂéL]. The Largest number of charges that available basic sites can hold.

Table 4
Table 2 Comparison of observed chargesys, With, Nsg, the calculated
Comparison of observed charg&&ys, with, Nsg, the calculated number of protons that protein can hold and the charges provided

number of protons that protein can hold and the charges provided by CRM (pepsin, MW 34,606
by CRM (carbonic anhydrase, MW, 29,260)

Charges, Ammonia,  Water, Residué&?
Charges, Ammonia, Water, Residuéd Z Epp — Eps Epp — Eps
Z Eop — Eos  Eop — Eps 8 3 4 Pro292
Zops 11 9 47 Lys133 Nsg® 9 1 39 Prol16
Zerw' 12 8 46 Lys113 Zobd 10 -1 37 Pro23
13 6 44 Lys168 11 -3 35 Pro268
14 3 41 Lys213 12 -4 34 Pro256
Nsg? 15 1 39 Lys252 13 -11 27 Pro183
16 -2 36 Lys170 14 -16 22 Pro135
17 -4 34 Lys159 ZcrmY 15 -19 19 Pro324
18 -5 33 Lys261 16 -23 15 Trpl41
19 -8 30 Lys80 17 -33 5 His53
20 -13 25 Lys127 3 - - -
All energies are given in kcal/mol.
aAll energies are given in kcal/mol. b Total of 24 basic sites considered.
b Total of 36 basic sites considered. ¢Residue that is easiest to be deprotonated in presence of a
®Residue that is easiest to be deprotonated in presence of abase such as Ngor H,O.
base such as NfHor H;0. dProtonated bases for the first seven charges: Pro5, Pro58,
dProtonated bases for the first nine charges (in addition to Pro108, Trp181, Trp299, Arg308, Arg315.
Zn(OH)"): His15, Arg27, His36, Arg58, Arg89, Lys154, Argl82, € Largest number of charges that available basic sites can hold.
Arg227, Lys257. f Standing and coworker§22]. Pepsin itself is difficult to
€Observed charge with highest intensity ($&g. 4). observe with ESI and values dtops = 10 are an average of
f Charge provided by CRM from precursor droplet. reported datd22].

9 Largest number of charges that available basic sites can hold. 9 Charge provided by CRM from precursor droplet.
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Rayleigh equation leads to 2gr ~ 13.6 for this ra- the rule thatZcry determinesZgps (becauseNsg is
dius, however as already pointed out by Fernandez much higherEg. (9)). For pepsin one expecyps ~

de la Mora[11], water droplets with radius lower Ngg, because the number of basic sites are the limit-
than R ~ 80 A have a charge at their surface which ing factor,Eq. (11)

is somewhat lower than the Rayleigh charge, be- Unfortunately, pepsin is difficult to produce by
cause such small droplets loose charge by the ion ESI-MS at pH 7. We were not able to observe useful
evaporation model (IEM). The charge on droplets mass spectra under these conditions. Zhg = 10 is
losing small ions by IEM, cannot be evaluated accu- due to results by Standing and coworkgzg]. These
rately, but is some 10-20% lower than the charge ex- authors also had difficulties observing pepsin, but

pected under Rayleigh fission conditid8s10,11,17] were able to observe pepsin from ESI of the complex

Zcrm = 12 as given inTable 2is thus a “best” of pepsin and its inhibitor pepstatin. These indicate

choice. a Zops = 10 for pepsin, which is the value used in
The evaluated number of chargeégg = 15, in- Table 4 The shape of pepsin is also significantly

dicates that the protein can hold many more charges different from that of a sphere, which makes the eval-
than theZcrm = 12 charges, that need to be accom- uation of Zcrw ambiguous. A value oZr ~ 16,
modated. If HO rather than N was involved, an can be obtained from assuming density of 1 gic/
Nsg > 20, seeTable 2 is predicted. Thus, the data value of Zr ~ 16 can be obtained also by selecting a
obtained for CAll are consistent with the assumption radius that would fit the shape of pepsin observed in

that in generaNsg is higher tharZcry so thatZcrwm the X-ray structure. This value should be reduced by
is the charge limiting factor (se€€qg. (9). some 10% because the charge is controlled by IEM.
Thus, the “best” choice o¥crm = 15 is used in
3.2.3. Cytochrome c, Table 3 Table 4
The most intense charge stat&ig,s = 8 (Fig. 10. The result that the evaluatedsg = 9 and Zgps ~

The Rayleigh charge for a protein density= 1 g/cn? 10, provides very good evidence that for the special
is Zr = 9. The X-ray structure shows that CYC is case where basic groups are scarce, the charge limiting
not spherical, which indicates that a larger charge factor isNgg.

such asZr = 10, should be assigned. However, the

surface charge in this smaller protein is expected to 3.3. Cleanup in the desolvation stage

be smaller since it is controlled by IEM. Best choice

Zcrm = 9. The predicted maximum charge that  The formation of globular proteins by CRM is
can be held when Nglis involved is Nsg = 10, expected to lead not only to a given multiple charg-
if water was involvedNsg > 17. These CYC data ing of the protein, but also to deposition of other,
are also consistent with the proposition that for neutral solutes on the protein. It can be demon-
most protein&Zcrwm is the charge determining factor  strated that rather large quantities of solutes could be

(seeEq. (9). deposited.
Consider a litter of droplets that have just formed by
3.2.4. Pepsin, Table 4 a Rayleigh fission of a precursor dropl&id. 1). One

Pepsin was deliberately chosen. It is a digestive en- or more of these droplets contain one globular protein.
zyme that is designed to function in an acidic medium Assume that the droplets that were just formed have
and has an extremely large numbet3Q) acidic (Glu a chargeZ and a radiusy;. The chargeZ is too small
and Asp) side chains near its surface. On the other handto lead to an immediate new fission. For the average
it has only four strongly basic side chains, Lys319, droplet it is approximately 0.7 times too sméil1].
His53, Arg315, and Arg307, at its surface. Therefore, The droplets shrink, by evaporation of solvent, from
this special protein is expected to be an exception of the initial radiusR;, to the radiugg when a Rayleigh
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fission can occurEq. (16)can be obtained:
1\2/3 R\3
=) =127 L) ~2
0.7 RRr

(16)
with use at the Rayleigkqg. (2)and the condition that

R; _
RR_

Vi
VR_

59

adducts was observed in the spectra. Thus, the cleanup
of MX during the desolvation stage must have been
quite efficient, yet one might have expected that these
ion-paired species are not sufficiently volatile.

Shown in Table 5 are the binding energies
[27,28-31]for several model compounds which are

the charge is constant. The result is that the volume of relevant. The binding enthalpies ob8 and NH; to

the initial droplet will be approximately twice as large

the diprotonated diamines illustrate the bond strength

as the volume at the Rayleigh limit. The volume of of these molecules to protonated sites, which model
the Rayleigh limit should approximately correspond to protein sites. The bond energy values were obtained
the volume of the protein, because of the relationship from ion—-molecule equilibria measurements in the

observed irFig. 2

A common choice of concentrations in the solution
to be sprayed is-10-> M of the protein and-103M
or more of the buffer. The ratio 100:1 moles buffer
to moles protein is expected to be approximately pre-
served in the droplet under consideration. According
to Eqg. (16)we can expect some 100 molecules of am-
monium acetate (NFAc) to land on the protein on
evaporation of the precursor water droplet. The des-
olvation stage would have to be able to remove such
a deposit. Evidently this is possible with MRc as
buffer because use of NJAc leads to observation of
clean protein mass spectra.

That a rather large number of solute molecules orig-
inating from the buffer can be deposited is illustrated
by the experiments of Smith and coworkgb], who

gas phas§26,28,30]which allow also the observation

of the temperature range over which the dissociation
of the solvent molecule is fast (tens of microseconds).
These temperatures are also givenTable 5 Re-
moval of O and NH thus requires temperatures
in the 100-125C range. The binding energies for
these adducts are in the 20 kcal/mol range and these
adducts are easily removed.

Na™ and NaCl are expected to interact with the pep-
tide oxygens. For these interactions N-Me acetamide
(CH3CONHCHg) is a good model. The Nabond to
the oxygen of N-Me acetamide is 36 kcal/mol. This is
a very strong bond and Nais not expected to be lost
during the dissolvation stage. Furthermore, the"Na
ion might even be more strongly bonded by dicoordi-
nation to two peptide oxygens of the protein. Yet some

observed carbonic anhydrase molecule spectra (chargdoss of M' ions on cleanup was indicated, Jéig. 9,

state 10) which had up to 40 citric acid molecule

adducts when the buffer used was ammonium citrate.

The exact origin of the neutralized citric acid adduct
observed2b] cannot be easily predicted, but possibly,
on evaporation of the water and during the desolva-
tion process, loss of ammonia (NHcould have oc-
curred which left behind the very much less volatile
citric acid. Acetic acid, on the other hand, is much
more volatile and on heating of ammonium acetate,
one might expect that both NfHand acetic acid are
formed, which easily evaporate.

In the present experiments where sodium chloride
and other MX salts were added (S€igs. 6, 7 and P
at concentrations up to 0.5 mM MX, deposits of some
10-50 or more MX molecules on one protein molecule
might be expected. But the presence of only a few MX

which shows a small shift to lower charge states as
protonation is replaced by cationization by

Loss of Na (or M* in general) is however possi-
ble through the mediation by MCI. Thus, some NaCl
may deposit on N coordinated to peptide oxygens.
The results inTable 5 which give the bond energies
of Nat—acetone, 31 kcal/mol and NaClNaacetone,
~23 kcal/mol, illustrate the effect and the likelihood
that the loss of M can be mediated by MX, just like
the loss of a proton was mediated by NH

A decrease in the charge state when M in MX was
changed from Na to Cs was observed-ig. 9. How-
ever, this decrease was not very big. Had only the
bonding of M to the peptide oxygen been involved,
one could have expected a larger decrease of charge
state, because bonding to the larget @svery much
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Table 5

Bond energies of model compounds relevant to cleanup of proteins

Reaction Energy (kcal/mol) TemperatufeC]
(NH3(CHz)gNH3-OH,)%+ = NH3(CHz)gNH32t + OHy 16.9 ~110
(NH3(CHz)12NH3—OHp)?t = NH3(CH,)12NH3%t 4+ OH, 15.72 ~110°
(NH3(CHz)12NH3—NHz)?t = NH3(CH,)2NH3%t + NH3 19.5 ~1258
(CH3)2CO-Na" = (CH3),CO + Nat 317, 34.3 300
(CHz)2CO-NaCl= (CH3)2CO + NaCl 17.8 120°
(CH3),CONaCINa = (CHg)>CO + NaCINa" 26.5 150
NaCINa" = NaCl + Nat 477 >300
(CH3)2COK* = (CH3)2CO + K+ 26.00 ~250
CH3CONHCHK* = CH3CONHCH; + K+ 30 ~350
CH3CONHCHgNa™ = CH3CONHCH; + Nat 36" >400

aFrom equlibria[28].

bFast dissociation (half-life 10-1Q0s) observed from equilibria of reaction shown at nitrogen gas pressures 10 Torr. Expected to
dissociate at cleanup temperatures below 180

¢ From equilibria[28].

d Armentrout and Rodgerf29].

€ Calculated ab initio values, present work, B3LYP/6-31G(d,p) level without zero point energy correction. Corrected values expected
to be some 3 kcal/mol lower.

f Decomposition not expected to be fast and lead to removal at cleanup temperature bef@v 250

9 Equilibrium values[30].

h Experimental and theoretical bond energy val[&H.

weaker, i.e., rection, is very small and the bondingkbmethyl ac-
etamide, which models the peptide although stronger
is still expected to be under 20 kcal/mol so that temper-
— Cs" atures of 100-150C in the desolvation stage should
easily remove the NaCl adducts.

While the data are qualitative, they do illustrate
>C=0---MXM T bond energy decreases slowly that a rational account of the possible fate of various

from Na™ — Cs" adducts resulting from CRM can be given.

>C=0---M™ bond energy decreases rapidly from™Na

However, when MXM is present,

because a small ¥ bonds strongly also to MX and
bonding to MX facilitates the decomposition. 4. Conclusions

The observed, very low uptake, of Ndor CYC,
Fig. 11, compared to that for CAlKig. 7, may be due
to the fact that CYC has na-helices and3-chains
and thus may be less suited to provide dicoordinated
sites for the N& ion, which in general are expected
to foster retention of the Nlaon protein.

Neutral NaCl molecules, which may not find a place
on Na" coordinated sites, may settle on peptide oxy-
gens. The bond energy, s&able Swith zero point cor-

(1) Native globular proteins sprayed at pH7, are
produced by the CRM. The charges at the sur-
face of the evaporating droplet that contains one
protein molecule are due to small ions originally
present in the solution used. Charging of the pro-
tein occurs via these surface ions.

(2) When the predominant electrolyte leading to
small ions is the buffer, such as ammonium

CH, acetate (NHAC), it is the excess NHE" ions

;C:O..,NaCI ~ 15 kcal/mol at the surface of the droplet that are involved

CH; in the protonation of the protein. This can be
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®)

(6)
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demonstrated by using mixtures of Wt and
NaCl or other alkali ion salts (MX). When the
concentration ratio NiHAc to MX is small, lit-

tle protonation is observed and protonation is
replaced by cationization by ™

NH4* can be the protonating agent because the
gas phase basicity of NHs lower than the gas
phase basicities of side chains such as Arg, Lys,
His, Trp, Pro.

Fernandez de la Mora’s proposal that

(8) The formation of charged proteins in the gas
phase via CRM is very gentle and is expected
to lead to relatively small changes of struc-
ture in the transition to the gas phase. The
desolvation-cleanup stage may be a source of
changes. Careful choice of buffer and purity of
solution and protein sample may be used to min-
imize the need for a high temperature cleanup
stage.

Zobs~ ZCRM Acknowledgements
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the surface of the protein which have sufficient
basicity to hold a maximum charg&max =

Nsg. The proteins, carbonic anhydrase (CAll) References

and CYC, had aVsg > Zops This shows that
these proteins can accommodate all the charges
that the droplet provides such thafgps =~
ZCRM.

One protein, pepsin, is an exception to the re-
lationshipZcrm ~ Zops, and has &gps that is
significantly lower tharZcrwm. It is shown that
pepsin has an insufficient number of basic sites,
Nsg. For this protein,Nsg ~ Zgps Proteins
with as few basic sites at the surface as pepsin
are the exception, rather than the rule.

The formation of the protein in the gas phase
via CRM leads not only to charging but also to
deposition of neutral adducts due to the pres-
ence of solutes such as buffers in the precursor
droplet. Estimates based on CRM predict values
for the number of solute molecules expected to
be deposited on the protein.

Bond energies of model solute—protein inter-
actions can provide estimates as to which so-
lutes are sufficiently volatile so that they can
be removed by the desolvation-cleanup process
achieved by heating and CAD.
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