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Abstract: Alternative mechanisms propose that protein folding in solution proceeds either through specific
obligate intermediates or by a multiplicity of routes in a “folding funnel”. These questions are examined in the
gas phase by using a new method that provides details of the noncovalent binding of solvent-free protein ions.
Capture of an electron by a multiply charged cation causes immediate dissociation (ECD) of a backbone
bond, but with negligible excitation of noncovalent bonds; thus ECD of a linear protein ion produces two
measurable fragment ions only if these are not held together by noncovalent bonds. Thermal unfolding of 9
ions of cytochrome proceeds through the separate unfolding of up to 13 backbone regions (represented by
44 bond cleavages) with melting temperatures<@b to 140°C. An 0.25 s laser IR pulse induces unfolding

of 9+ ions in <4 s in six of these regions, followed by their refolding in 2 min. However, for theé idns

a laser IR pulse causes slower unfolding through poorly defined intermediates that leads to far more ECD
products (63% increase in bond cleavages) after 1 min, even more than heating°®, I¥ith refolding to

a more compact conformation in 10 min. Random isomerization appears to produce a dynamic mixture of
conformers that folds through a variety of pathways to the most stable conformer(s), consistent with a “folding
funnel”; this might also be considered as an extension of the classical view to a system with a far smaller free
energy change yielding multiple conformers. As cautions to inferring solution conformational structure from
gas-phase data, no structural relationship between these gaseous folding intermediates and those in solution is
apparent, consistent with reduced hydrophobic bonding and increased electrostatic repulsion. Further, equilibrium
folding of gaseous ions can require minutes, and even momentary unfolding of an intermolecular complex

during this time can be irreversible.

Introduction

The understanding of protein folding has commanded exten-

sive research studies over many yeafsHowever, how this

from a vast number of possibilities is explained by two general
mechanisms or combinations thereof. In the classical View,
folding proceeds through intermediates with specifically formed

vital natural process efficiently selects the one native conformer Partial native structures, while the “new viéwproposes a
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folding funnel in which random noncovalent associations lead
to ensembles of individual chain conformations, which in
parallel events across a complex energy landscape may all lead
to the most stable conformer. Characterizing the short-lived (e.g.,
milliseconds) intermediates expected in the classical mechanism
and the even faster structural fluctuations expected for the
folding funnel have presented formidable experimental chal-
lenges® although hydrogen/deuterium (H/D) exchange experi-
ments with cytochromes (Cyt c) followed by NMR have
recently been interpreted as providing strong support for the
classical view: Reported here are details for the far slower
folding of gaseous (solvent free) Cyt ions formed by
electrospray ionization (ESI) and characterized by mass spec-
trometry (MS)®> A new ion fragmentation method, electron
capture dissociation (ECD),s shown here to be uniquely
capable of characterizing the thermal dissociation of noncovalent
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bonding in ionized proteins, including kinetic intermediates in
laser pulse-induced unfolding and refolding.

J. Am. Chem. Soc., Vol. 123, No. 4092061

complex is proposed as the rate-limiting (milliseconds) high-
energy transition state, followed by the lower energy formation

ECD is also used here to address a related major question:of the other cooperative units. However, initial unfolding at pH
To what extent are solution noncovalent bonding characteristics >5 can yield three-state kinetics and far slowed(1 s) folding
retained in the corresponding gaseous ions formed by ESI? H/Dwhen the Met-80 bound to the heme-Fe is replaced by a

exchange and ion cross sectidrstudies with gaseous Cyt
ions earlier provided evidence for multiple nonnative conform-

peripheral His to produce an off-pathway misligatforn
solution, pH 5.5 Cytc molecules carry a net charge o0+

ers; solvent removal can greatly decrease hydrophobic and van(pH <2 for 15+).12

der Waals bonding and enhance hydrogen bontifrtdgowever,

minimal aqueous/gaseous differences are reported in numerougxperimental Section

research studies, especially those of intermolecular comgieXes.
A recent careful review reaches a qualified conclusion: “ESI/

Cytochromec was obtained from Sigma and methanol (HPLC grade)
and acetic acid (99%) from Aldrich. Cgt(20—50 uM in v/v 50:47:3

MS results may be classified as...suggestive or supportive” (of cy,0H:H,0:CHCOOH) was introduced via a nanospray ESI emitter

the solution noncovalent structurfepglthough another states

into a modified 6T Finnigan Fourier transform (FT) ion cyclotron

“These observations strongly suggest that the process ofresonance mass spectrométavith ion current~200 pA and ion

ionization does not perturb protein conformatidf.”

ECD. The high amount {6 eV) of energy released on
capture of an electron by a multiply charged protein ion can
effect immediate €10712 s, nonergodic) dissociation of a
backbone bond, producing maintyand z ions (eq 1 Even

n+
1 e OH

O--H* - -NH, '
=S —C-NH—CHR

1 NH, ’Im o TN
+ —C-NH—CHR:

NHZ —](n-m)+
——C=NH + ‘CHRL m
c z-

with randomization of the remainder of this 6 eV energy over

trapping aided by a 20 ms Nyas pulse £107° Torr). After SWIFT
isolation of the desired ion charge state, these ions were activated by
either blackbody infrared (IR) irradiation from the ion chamber walls
(temperature equilibration for40 s) or a 0.25 s IR laser (10/6m)
pulse!® For ECD spectra, electrons:0.3 eV,~0.2uA) from a heated
filament were introduced into the ion cellf@d s and spectra from
multiple (20-40) experiments were summedifter the laser pulse,
the quantity of Cytc ions fell more rapidly than usual, so that ECD
spectra taken after 1 min delay were of low signal/noise; the tight e
collimation along the magnetic axis may make ECD spectra unusually
sensitive to off-axis ion scatterin§Only c, zs ions (eq 1) ofrvz >500

the thousands of degrees of freedom of the ion, other bondsare includedge, y product$ are~10% of these. The computer program

will not be appreciably energizédthus any weak noncovalent
bond between the newly formed complementaigndz ions
will keep them together, with this complex product exhibiting

THRASH was used to assign the fragment masses and compositions.
The ECD spectra shown are averages of at least three separate series
of measurements.

the same mass as the reduced molecular ion. (It is possible thahesults and Discussion

local noncovalent bonding would interfere with the eq 1

mechanism, also reducing ECD.) In fact, separate ergodic

precleavage of noncovalent bonds by collisional activ&fion

IR photoexcitation is necessary to produce any ECD of larger
(>17 kDa) proteins (“activated ion” ECD).In contrast, for
peptide ions with minimal noncovalent bonding, temperature
has little effect on their rate of ECD, as expected for a
nonergodic dissociatiochThus any new ECD cleavages pro-

ECD Characterization of Noncovalent Bonding.Heating
the FTMS ion cell and allowing the introduced protein ions to
equilibrate thermally (absorption and re-emission of IR photons)
has been shown by Williams and co-workers to produce a
Boltzmann distribution of ion internal energies characteristic
of the cell temperatur&. Heating the 9 Cyt c ions to 140°C
(Figure 1) increases the number of ECD cleavages yielding

duced by heating should be indicative of noncovalent bonds separated products from 23 to 44 (of the 103 possible) and the

ruptured, as will be tested here.

ECD is applied here to thet9 15+, and 16+ gaseous ions
of Cyt c,®> one of the most thoroughly studied of all pro-
teins#>7.12The most abundant charge states from ESI of the
native and denatured states of Cgtare 9+ and 16+,
respectivelyt? For solution unfolding of Cyt, NMR studie$
identified four separable cooperative units (bottom, Figure 1):
the overlapped N- and C-terminal helices, the 60 s helix and
an Q loop on the other side of the protein, a centaloop,
and anQ loop adjacent to the C-terminal helix. In the two-
state solution folding process, formation of the N/C helical
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fragmentation yield from 14% to 31%.

The increased specific cleavages yieldmgr ions should
not be due appreciably to the temperature effect on the bond
dissociation energy (eq 1); not only is this dissociation energy
decrease small compared to the large amount (up to 6 eV) of
energy available from the ecapture, but all cleavages would
be affected similarly. ECD product yields from a specific bond
cleavage increase with temperature because either the probability
of H* attack (eq 1) at that site increases or the probability of
thec, z products separating increases; both of these should be
due to a loss of local conformational structure. No appreciable
effect of temperature on ECD spectra was found for pepfides,
consistent with minimal noncovalent bonding. Also, increasing
the temperature from 25 to 12%& greatly increases the ECD
cleavages for & and A ions of ubiquitin (76 residues), but
has no effect on the #3ions in which all basic residues are
protonated.’
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Jockush, R. A.; Strittmatter, E. F.; Williams, E. R.Am. Chem. S04996
118 10640-10644.
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Figure 1. Thermal unfolding of & ions of Cytc as shown by their ECD spectra at different ion cell temperatures. Changes in the intensities of
c (filled bars) andz (open bars) (eq 1) indicate the extent of denaturing of the noncovalent bonding at the site. B&Gowalues for solution
denaturing of specific unfolding intermediates.
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The “energetic” MS/MS technigues such as CAD, blackbody = ECD of Gaseous ¢ Cyt c lons. The ECD spectrum of the
infrared dissociation (BIRD}? and IR multiphoton dissociation ~ 9+ Cyt ¢ ions at 26°C (Figure 1) shows, z ions resulting
(IRMPD)® of course show increased protein cleavages with from cleavage between 23 pairs of the 104 residues. For all
increasing temperature. ECD is quite the opposite, with sepa-these cleavages except those of bonds 1 and 103, the transition-
rated products expected from cleavages between almost allstate intermediate of solution Cgtfolding cannot be present.
unbound residue pairs (except the N-terminal side of Pro) or In this intermediate the N- and C-terminal helices (bottom,
near sites of higher Haffinity, vide infra)® even making  Figure 1) are formed and complexed to each other by hydro-
possible de novo sequencing of ubiquitfor 8+ to 18+ Cyt phobic bonding; this head-to-tail connection would obviously
c ions excited by collisional activation, ECD vyieldsand z prevent separation of any and z ions formed by interior
ions from cleavage of all bonds in the central region, residues Packbone cleavage. This nonnative structure ferCyt c ions
24 to 90, except for four X-Pro paifd.For 15+ Cyt ¢ ions was assumed previously from high values for both H/D

excited by an IR laser pulse, ECD yields separated products€Xchanggand cross sectidrof these ions. _
from all but five of these cleavages (vide infra). Thus thermal _ Several ECD products are also inconsistent with heme-Fe

denaturation appears to be the only logical basis for the ECD ligation to Met-80-S or His-33; the latter is a cause of the slow
spectral changes resulting from ion cell or laser heating, as 3-State folding in solutiofi.Two of the largest peaks of the ECD
discussed further below. spectrum, those representing cleavages at bonds 1 and 103, could
. result from repulsion by the central charges of the terminal
For a broa(_JI region near the Fe(lll) heme (bonds 8 through proton sites (e.g., Lys-5 or -7, Lys-99 or -100) toward the
23), no ECD is observed at any temperature for the 95+, corresponding chain ent¥so that these protons would be near
and 16t ions (\_/|Qe infra). This is consistent with the far higher o appropriate (eq 1) carbonyl groups whercapture occurred
(+1 eV) H affinity of the Fe(lll) heme versus the backbone (o for intersystem crossing from the initial Rydberg stéte).

. 5 . ) . .

amide carbonyl§® thus EQD .prov.|des no useful information . Thermal Denaturation of 9+ Cyt ¢ lons. At 26 °C the most

on the nonc.ovalent bonding in this region that represents 15%jntense ECD products result from cleavages at bonds 1, 55, 69,

of the protein. and 103; these remain intense at higher temperatures (Table
(18) Horn, D. M.; Zubarev, R.; McLafferty, F. WRroc. Natl. Acad. (29) Schnier, P. D.; Gross, D. S.; Williams, E. R.Am. Chem. Soc.

Sci. U.S.A200Q 97, 10313-10317. 1995 117, 6747+6757.
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Table 1. Melting Temperatures’C) at Bonds of ¢, 15+, and mainly for its 98 side-chain H atoms, a structure combining
16+ Cyt c lons a-helicaP® and 3-sheet sections was suggestédhus such
9+ ions 15+ ions 16+ ions sections could correspond to the regions of Table 1. Even
1 <26 1P <26 10 <26 without specific structural data, the gaseous folding of the 9
2—7: 140 ions does appear to proceed through as many as 13 specific
24-28: 140 24-26: <26 24-26: <26 intermediates of increasing free energy requirements, far more
27: 130 than those identified in solution studi&s. Within the rather
3142 90 5;3182:;26 §$318250<26 large experimental error, it is possible that these represent only
46 51)—54: 40 46- 100 &° 110 three ensembles of parallel events occurringaﬁ, _40 to 100
55 <26 49 <26 49: <26 and>120°C (Table 12 However, the large intensity variation
66,67: 80 between thec, z products in each ECD spectrum could arise
69 <26 69 <26 69 <26 from averaging the ECD spectra of many conformers. To study
;g'_;‘;{ }3%0 a7 <06 o <06 the interdependency of these intermediates, kinetic data on
90-95: 50 90 <26 92 60 unfolding and refolding were sought.
96—102: 120 10 120 10F 130 Laser Pulse Denaturation of 9+ Cyt c lons. Photoexcitation
103 <26 103: <26 103: 120 by a 0.25 s IR laser pulse causes unfolding (Figure 3) that is

" — - - - sufficiently fast (<4 s) to be evident in the “0 s delay” ECD
Bonds in italics and bold: the five dominant cleavages at 26 and 7. - o -
140°C, respectively® Bond in the salt bridge region whose relative SPECtrum; i 4 s period of electron capture was initiated with
cleavage is reduced with increasing temperatuBond on the N-  the laser event. This increases E€Dz product intensities
terminal side of Thr whose relative cleavage is increased with (Figure 4) in the protein regions affected by heating the ion
temperature; this effect is evident, but smaller, at bonds 57, 62, and 77 ce|| from 40 to 100°C (Table 1), and so represents only partial
for 15+ ions and 57 and 62 for H6ions. . A :
unfolding. Most of these six regions have unfolded in a few
seconds and refolded to near their original intensity values in

4 o .
° ~120 s. Denaturing of the noncovalent bonding in the-98
4 : ) region appears slower than that of the other regions of Figure
4, despite its relatively favorable melting temperature (Table
£ 3 1); possibly prior unfolding of the neighboring 887 region
é is necessary to destabilize the-986 region. The effect may
o, also work in reverse, with the 905 region appearing to refold
faster than the others of Figure 4. These six regions (each
'y possibly similar to ana-helix or g-sheet, vide supréfd2°
represent the majority of bonds in the center of the protein chain
0 , . . - — (cleavage at 37 bonds bgtween bonds 31 and 95), separated by
26° 50° \ 110° 130° 140° bonds 55 and 69 of dominant 2€ cleavage.
c In solution, the reversibility of Cyt folding in six distinct
Figure 2. Unfolding _in bond regions (Table 1) 0H9Cytc ions versus Subsequences (bottom’ Figure 1) is Cﬁm Strong support for
temperature from Figure 1 data. the classical folding theory. Figure 4 shows similar behavior

) ] for six gas-phase regions of partially unfolded €ybns, even
1). However, heating the-9 Cyt ¢ ions to 140°C greatly  though these regions show no clear structural relationship to
increased the products resulting from most of the other ECD tnose in solution. This gaseous folding is far slower than the
cleavages found at 26C (Table 1), presumably by more mjjliseconds Cytc two-state folding in solution, and the rates
extensive dissociation of the noncovalent bonding that preventssgy the six gaseous regions are similar; thus these regions could
separation of the andz fragment ions. Consistent with more 5150 pe viewed as folding in an ensemble of parallel evénts.
open ion conformations, heating of ions from 25 to IID  Apy excited vibrational states of the Cgtions populated by
increased H/D exchange by 30%, although inexplicably this the jaser IR pulse should re-radiate IR and re-establish temper-
value dropped to 20% at 13C; only a single conformer was  atyre equilibrium with the cell walls within a few secorids.
observed over this temperature rafgjeProducts from the  The reactants have far longer lifetimes; the initial laser pulse
cleavages of neighboring bonds that appear to undergo S'm”arappears to cause random cleavage of noncovalent bonds to
intensity changes are assumed to represent coordinated unfolding,roduce a complex mixture of additional conformers. Recalling
intermediates (Table 1). Plotting the summed product ion the search of configurational space in the “new” vitslynamic
intensities versus ion temperature provides approximate meltingfexing of the protein chain should result in continuing isomer-
temperature values, with plots for five bond groups of values jzations producing new conformers that finally result in the
40 to 80°C shown in Figure 2. Three more groups for cleavages energetically favorable folded regions (vide infra).
at bonds 27, 24-28, and 96-102 (Table 1) show melting ECD of 15+ and 16+ Cyt ¢ lons. The 26°C ECD spectrum
temperatures: 120 °C. of the 15+ (Figure 5) is quite similar to that of the #6ions
The ECD data show that the terminal regiors72and 96- (not shown); these contain some of the prominent peaks of the
102 of thermally denatured gaseous @yt cions would have 9+ spectrum (Table 1). However, no differences correlate
the hlghest tendency to fOld, in paraIIeI to the initial foldlng of C|ear|y with the gas_phase conformer states assigned by H/D
the termini of Cytc in solution. Again, here the resemblance exchangé! The 15+ and 16+ spectra show~70% more
ends, with all other ECD cleavages inconsistent with the head- cleavages than that of therSions; the increased electrostatic
to-tail complexation of these N- and C-terminal helices in repulsio® apparently has weakened the noncovalent (as well
solution that yields the cyclic template for further folding to
the native structuréWith D,0, trapped 9- Cyt ¢ ions exchange (20) Theoretical calculations indicat.e theeds) oligoAIa heliceg adapt
. the 3 conformation in the gas phase: Topol, I. A.; Burt, S. K.; Deretey,
128 & 2 of their 198 exchangeable hydrogénbecause an g Tang, T.-H.; Perczell, A.; Rashin, A.; Csizmadia, I.43Am. Chem.
o-helical structure presumably would show H/D exchange Soc.2001 123 6054-6060.
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Figure 4. Unfolding and folding by laser excitation of bond regions

of 9+ Cyt c ions from Figure 3 data.

as the covalent) bonding, as observed also for ubiquitini6ns.
The prominent cleavages of the-9on ECD spectrum at bonds
1, 69, and 103 still produce significant products in thet15
and 16+ ion spectra, although the 55 bond cleavage has ECD cleavage more similar. The+5nd 16+ ions should have
inexplicably disappeared. The cleavage at bond 69 and thosea relatively more open tertiary structure than tHei®ns;/21922

at bonds 49, 87, and 90 are all on the edge of salt bridge regionsbut also they have a substantial increase in secondary nonco-
Such regions of Cyt ions were also found to be uniquely
resistant to H/D exchange of their amide hydrogen at#ns.

RDIYKAN
KELELNKYPTMFGKKEELALKTE

60 70 80 90 100

IR laser pulse excitation of 28C 9+ Cytc ions, with ECD spectra (4 s eexposure) started after the indicated delay.

Thermal Denaturation of 15+ and 16+ Cyt c lons. lon
cell heating* of these more highly charged ions to 80 and
to 110°C produces relatively few new z products from ECD
cleavages (Figure 5). In contrast to the $on behavior, the
intensity increases are mainly characteristic of individual sites
and correlate poorly with regional cooperative denaturing of
intermediates. However, higher temperatures causes@%
increase in the number of bonds cleaved; the conformer structure
has been extensively denatured. The most dramatic type of
product increase (Table 1) arises from a specific cleavage on
the N-terminal side of many Thr residues (bonds 27, 39, 46,
57,62, 77, and 101); this is accompanied by a product reduction
from most cleavages at the edges of salt bridge regions (bonds
1, 49, 69, 87, and 90). The local noncovalent bonding (possibly
to the Thr hydroxyl group) that is weakened thermally to allow
the Thr cleavage could somehow then stabilize the salt bridge
region; however, the latter cleavage reduction could also just
result from thermal destabilization of all noncovalent binding
that makes most probabilities of z product separation after

valent bonding from solvation of their additional side-chain
protons to the electronegative carbonyl groups of the back-
bone®1% Thus thermal rupture of this additional secondary

(21) The 15+ Cyt cions produced by ESI consist of the single State V. structure is imposed on any cooperative unfoldingxeielix/
conformer, the 1& ions of a 70:30 mixture of States | and I, andt ®ons
of State Il only; heating does not change the number of conformers. For a . .
given charge state, State | is the most compact of these, wih D IR heating of the 1% State V ions converted them to State I,
exchanging~10 H atoms less than State V, which exchangé&® H atoms
less than State fid The 16+ Cyt c ions of conformer state Il have 14 less

exchangeable H atoms than do the ®Bns>d

p-sheet regions. Note that H/D exchange indicated that laser

(22) Hudgins, R. R.; Woenckhaus, J.; Jarrold, M. Irt. J. Mass
Spectrom. lon Processd997 165/166 497-507.
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Figure 5. Thermal denaturing of b Cyt c ions; see Figure 1 legend. The maximum intensiify) is 5.6 units (Figure 2).
and that of 16- States | and Il ions to States V and>p9.21 much longer delays after IR laser pulse were found possible,
Details of these mechanisms are under further investigation. and a 10 min delay reduced the cleavages that yietexl
Laser Pulse Denaturation of 15 Cyt ¢ lons. As found for products to 24. In a single similar experiment with+1éns,
the 9+ ions, the laser IR excitation (Figure 6) of t5ons is the 10 min delay reduced cleavages from 43 to 11; even after

not sufficient to denature regions of melting temperatures above correcting for ion losses in 10 min, more than half of the ECD
~100 °C (Table 1); this excitation of the #5ions has little cleavages are no longer measurable. The pulsed gas collisions
effect on the bonds on the N-terminal side of Thr or on the salt used for translational cooling for initial trapping of the ions in
bridge bonds. Despite the higher electrostatic repulsion, their the cell appear to have broken noncovalent bonds, so that ECD
ECD spectra respond much more slowly to the laser pulse thanspectra taken soon after the ion collection are subject to
do those of the @ ions. Only afte 5 s isthere a general increase variations in ion introduction and trapping conditions. Vibra-
in intensity for the minor products in the central regions (bonds tionally excited ions produced by collisional or photoactivation
24—86), but as yet with a negligible increase in the number of should cool by IR emission in a few secoridsThus for the
bonds cleaved. However, in time the latter increases dramati-dissipation of internal energy added to these larger ions, the
cally, with 58% more cleavages in the 60 s spectrum than that dominant process appears to “conformational cooling”, in which
before the laser excitation. Some peak intensities have decreasethe more open conformers produced must fold to intermediate
in the 60 s spectrum, suggesting that some refolding has begunlower energy conformers that are thus vibrationally excited and
but signal/noise levels at longer delay times were too low for capable of emitting IR photons. The extent of gaseoy3 B/D
definitive characterization of regional refolding. This is a far exchang# of laser IR excited ions after 10 min of cooling will
greater change in the ECD spectrum than that between the 26b€ determined for further evidence of such conformational
°C spectra of the 15 and 16+ ions, and thus is not due to  cooling.

laser isomerization of the 35 conformer V2! Excluding the Solution versus Gas-Phase UnfoldingTwo-state solution
bonds on the N-terminal side of Pro, for which ECD is folding of Cytc proceeds through an initial rate-limiting barrier
ineffective® 58 bonds of the possible 63 in the central regions formed in “a lengthy energetically uphill conformational search
(bonds 24 to 90, 4 Pro residues) are cleaved; only 47 of thesefor a set of interactions that can pin the chain into some native-
are cleaved at 146C. All 63 of these bonds were cleaved in like transition state topology”.For the gaseous-9 and 15+

the ECD spectrum of 8 to 18+ Cyt ¢ ions excited by Cytcions studied here, it now appears clear that the electrostatic
collisional activation just prior to electron captufesuggesting repulsion of the protonated sif@sloes not allow the protein

a similar denaturing mechanism for “in beam” ECD. chain to cyclize to form this nativelike transition state. However,

Conformational Cooling. In attempts to check these 15 - - -
d | | h | (23) The new electron gun could be producing a higher diameter electron
ata nearly one year later, the 26 ECD spectrum (no laser)  peam, offsetting any.y expansion of the trapped ions caused by the laser
showed products from 55 cleavages. However, good spectra apulse.
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Figure 6. IR laser pulse excitation of 28C 15+ Cyt ¢ ions with ECD spectramax = 8.0 units.

the failure of this key step allows gas-phase observation of the space explored must be unusually large (5 stable conformers
kinetic conformational search process that instead leads to thehave been demonstraté¥and energetically flat (the laser pulse
multiplicity of nearly isoenergetic conformers indicated by H/D produced no conformational melting that require$00 °C),

exchangéd so that an amazing several minutes appears to be necessary to
As found for the 9 ions, regions of both the #5and 16+ explore this configuration space effectively. Thus at one moment
ions do unfold sequentially, at least for temperatur@$, 26— in time ECD cleavage would give separable products for those

100, and>100°C (Table 1). These regions could be viewed as backbone sites not then held together by noncovalent bonds,
folding intermediates, per the classical viéfvput also as with the 4 s electron exposure allowing conformer isomerization
ensembles of parallel events, per the “new” vieowever, for ECD to cleave other bonds. Conformer equilibration is
the laser IR excitation has caused an unfolding of the Ciyt slowed by many orders of magnitude not only by removal of
c ions that is even slower and more complex than that of the the solvent, but also apparently by the far smaller free energy
9+ ions. The initial absorption of IR photons could have Penefit of folding to conformer(s) not designed by natural
produced short-lived<{3 s)4 excited vibrational states. Con- ~ Selection. A “folding funnel” of randomly equilibrating con-
sistent with the minimal change in the “0 s delay” spectrum, formers, sampled also at random by ECD, would appear to
redistribution of this energy to cleave noncovalent bonds is account for the Figure 6 data, but this could also be interpreted

necessary to yield the increase of minor ECD product intensities With the classical view for multiple reaction pathways of much
in the “5 s delay” spectrum. However, for delay times of 10 s smaller free energy change leading to multiple isoenergetic

up to 60 s, these intensities stay relatively constant, but the Preducts.

number of cleavages continues to increase to a value even Retention of Solution Conformational Structure in the Gas
greater than that for 15 ions whose conformers had equili- PhaseAs postulated previously, removal of the aqueous solvent
brated at 14C0°C. Although the ions at 140C have surely ~ should increase hydrogen (and van der Waals) bonding and
attained a far higher average excitation energy, possibly their greatly decrease hydrophobic bondrfgThus a noncovalent
“conformational cooling” for 40 s at this higher temperature complex held together by hydrogen bonding in solution could
was sufficient to reach a near equilibrium of stable conformers retain its conformational structure in the electrospray process;
(times longer than 40 s had little effect on the ECD spectrum). these and other experimental factors have been covered exten-
This suggests that the laser excitation has produced a long-livedSively in the excellent recent review of L&o.

dynamic interchange of opening and closing secondary nonco- None of the discrete unfolding intermediates of @yibns
valent bonds in structures of nearly equal energies that arefound here appear to be similar to those found in solutiés.
undergoing complex positional fluctuations. The configuration a critical factor in this, the isolated charges on a gaseous multiply
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protonated protein repel each other far more than in aqueouscombination of noncovalent bonds that releases the bound
solution with its far higher dielectric constatitthis makes molecule will produce a misleading binding constant, as this
cyclization to join the terminal regions of Cgions much more loss is irreversible in the gas phase.

difficult in the gas phase. These ECD kinetic studies also .

indicate a previously unrecognized factor: conformational Conclusions

isomerizations in the gas phase can occur nearly randomly over Electron capture dissociation is unique in providing informa-
even minutes of time, so that the structures of the resulting tion on the noncovalent bonding in gaseous protein ions, such
gaseous conformer ions could depend critically on electrosprayas at 72 of the 103 interresidue sites of-16yt c ions (Figures
experimental conditions such as temperature, pressure, nozzles and 6). Consistent with the classical view, unfolding of these
skimmer voltage, ion trapping time, and delay before spectral ions in the gas phase appears to proceed through a series of
measurement. Recent ion mobility data on model systems havediscrete intermediatés};?’although their unusually large number
lead to theoretically proposed conformer structures quite dif- could indicate grouping in ensembles of parallel events. After
ferent than those found in solutidi4 partial unfolding from a laser excitation pulse, the ®ns show
refolding of six intermediates in a minute, regenerating the same
ECD spectrum. However, this pulsed excitation of thé-1&ns
appears to produce noncovalent bond rearrangements that are
far less discrete, representing a dynamic equilibrium of con-
formational states requiring minutes to refold to multiple stable
conformers. This provides yet another caution against assuming
that the electrospray process does not alter noncovalent bonding.

This study was concerned only with intramolecular nonco-
valent bonding, while the preponderance of reports proposing
similar solution and gaseous structures are for intermolecular
complexe$1° For most of these the bonding will be in a much
smaller region of the interior of the larger molecule (e.g.,
protein), so that the electrostatic repulsion of the relevant
protonated sites will be increased less by transfer to the gas
phase. A new concern, however, is the possible lengthy minutes  Acknowledgment. We thank Barry Carpenter, Blas Cerda,
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