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Abstract: Molecular activation by blackbody photons, first postulated in 1919 by Perrin, plays a dominant role in
the unimolecular dissociation of large ions trapped at low pressure in a Fourier-transform mass spectrometer. Under
readily achievable experimental conditions, molecular ions of the protein ubiquitin equilibrate with the blackbody
radiation field inside the vacuum chamber. The internal energy of a population of these ions is given by a Boltzmann
distribution. From the temperature dependence of unimolecular dissociation rate constants measured in the zero-
pressure limit, Arrhenius activation parameters equal to those in the high-pressure limit are obtained.

Introduction pressures. Dunbdhas modeled these processes for small ions
and has shown that the absorption of blackbody photons is the
rate limiting step in the observed dissociation process. Here,
we demonstrate that under readily achievable experimental
conditions, activation of ubiquitin ions (8.6 kDa) by blackbody

photons is significantly faster than the dissociation processes.
Under these conditions, where dissociation is the rate limiting
step, ions equilibrate with the blackbody radiation field inside

the vacuum chamber, and the internal energy distribution of a

In 1919, Perrit proposed that unimolecular reactions could
be activated by molecular absorption of blackbody photons
generated by the surroundings. This mechanism was quickly
discounted by both Langmdiand Lewis$ and has even been
described as “untenable” in modern chemical kinetics text-
books? The subsequently accepted Lindemaihtinshelwood
mechanisnt;® in which molecules are excited and de-excited
by non-reactive collisions, has been tremendously successful

in explaining the observed unimolecular reaction kinetics over Fhoep;gz;?ogrgti:?enz:as gn’;;nlzz 23%23?”22':?;&”:52'Cé:nr:trg nts
a wide range of pressure. Extrapolation of thermal reaction rates P P

to zero pressure in this mechanism results in a rate constant ofor dissociation, Arrhenius activation parameters equal to those

zero. However, recent experimental evidence clearly demon-"" the hlgh-press'ulre lirmit are obtainezen n the complete
strates that this is not the ca&ds McMahor showed that ~ 20Sence of CO"'S'Onj. This method provides dadroute_tof
dissociation rates of weakly bound cluster ions stored in a lmeasu_rlng 30;3““’“9. |sschIC|at_|ond$rr_1erlget|cs gn_ i:/)namlk(]:s or
Fourier-transform mass spectrometer were independent of arge ions, information that is difficult to obtain by other
pressure below-10-8 Torr. Subsequent results with deuterated methods.

ions®15were consistent with the expected shifts in the absorption _ ]

spectrum under a Planck distribution. These results provide EXperimental Section

firm evidence for blackbody photon activation at these low Instrumentation. Experimental measurements were done using an
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Figure 1. Blackbody infrared radiative dissociation spectra of ubiquitin
(a) 5+ with 60 s reaction delay at 417 K and (b)-# ith 75 s reaction
delay at 423 K, measured in the Berkeley external electrospray ion
source Fourier-transform mass spectrometer.

800

fragmentation is observed, a single rate constant for dissociation of
the precursor ion to form all fragment ions is obtained.

Modeling. Minimum energy structures of (ala-glyyere found
using molecular mechanics with the CVFF force field (Discover v. 2.9.5
in Insight Il, Biosym Technologies, San Diego, CA). These structures
were used as starting geometries in MOPAC 6.0 and subsequently
minimized at the AM1 semiemperical level. Vibrational frequencies
and transition dipole moments were obtained from these minimized
structures.

Results and Discussion

The blackbody infrared radiative dissociation (BIRD) kinetics
for the 14 and 5+ charge states of ubiquitin formed by
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Figure 2. Arrhenius plot for dissociation of ubiquitin45 (O) (Ea =
1.2eV;A=102s") and 14 (@) (E.= 1.6 eV;A= 10" s D).
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Figure 3. Modified Lindemann-Hinshelwood plot showing effects

of pressure on unimolecular dissociation rates of small molecules (solid
line). Classically, the rate constant in the low-pressure limit extrapolates
linearly to zero in a collisionless environment. Recent experiments show
that at low pressure<(10~8 T), the unimolecular rate constant is non-
zero and independent of pressure, and that molecular activation occurs
by absorption of blackbody radiation. The rapid energy-exchange (REX)

electrospray ionization were measured at cell pressures belowlimit for larger molecules is indicated by the dashed line.

4 x 1078 Torr. Increasing the cell pressure from21078 to

2 x 1077 Torr with butane had no effect on the measured
dissociation rate constant for the+5ion, indicating that
collisions do not influence the dissociation kinetics in this
experiment, consistent with earlier blackbody dissociation results
for large ions'® Figure 1 shows BIRD spectra from the kinetic

with these experiments. From the temperature dependence of
the dissociation rate constants (Figure 2), Arrhenius activation
parameters for these processes are obtained. Theahd 5+

ions have activation energiegEgf of 1.6 and 1.2 eV and pre-
exponential factors4) of 10'7 and 162 s™%, respectively.

data at intermediate times and temperatures for both these ions, !N order to extract useful information from these parameters,

Ubiquitin is a protein consisting of 76 amino acid residues. The
11+ ion dissociates predominantly by cleavage of the amide
backbone on the C-terminal side of residue 52. This produces

two fragment ions of complementary mass and charge, denoted

as 4 /bs,’™ complementary ion pairs, where y and b refer to
the C- and N-terminus fragments, respectivlyCleavage after
residue 18 also occurs to produgg?y/(big — H20)%" in smaller
abundance. No loss of water from the molecular ion itself is
observed. In contrast, thetbion dissociates exclusively by

loss of water and/or ammonia at these temperatures; we are
unable to unambiguously assign this loss. Backbone cleavage

does not occur for this ion. Facile loss of water from molecular
ions of both protonated peptid@sand multiply protonated
protein iong® has been reported previously. Molecular ions with

the internal energy distribution of these ions must be known.
By analogy to the LindemanrHinshelwood mechanism, we
show that these ions are in the equivalent of the “high-pressure
imit”", i.e., their internal energy is characterized by a Boltzmann
distribution. In the high-pressure limit of the Lindemann
Hinshelwood mechanism (Figure 3), the rate of molecular
deactivation is rapid compared to the reaction kinetics. That
is, k-1 dM] > kq in reaction 1 ki rag K-1,raqa= 0);

+ kl,c/kl,rad 4. kd +
AB*+Mhv =" ABT=AT+B 1)
K-1,dK-1,rad
Ky dM] + Ky raq
Kuni = > (2)

k—l,c[M] + k—l,rad+ kd

water molecules attached are not observed and do not interfere

(18) Roepstorff, P.; Fohlman, J. Biomed. Eniron. Mass Spectrom.
1984 11, 601.

(19) Ballard, K. D.; Gaskell, S. J. Am. Soc. Mass Spectrof993 4,
477-481.

(20) (a) Little, D. P.; Speir, J. P.; Senko, M.; O'Connor, P. B
McLafferty, F. W.Anal. Chem1994 66, 2809-2815. (b) Senko, M.; Beu,
S. C.; McLafferty, F. W.Anal. Chem1994 66, 415-417.

where subscripts “uni”, “c”, “rad”, and “d” denote the observed
thermal rate constant, energy dependent state-to-state collisional
and radiative energy transfer rate constants, and energy de-
pendent dissociation rate constants, respectively. Under these
conditions, the concentration of the activated complex is in a
steady-state that is pressure independent, and the thermal
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reaction kinetics are given bkik: /k-1c where the energy B, = u’/6e i (5)
dependent ratid; Jk-1,¢ results in a Boltzmann distribution M M

rovidedky is much smaller thak-1 , i.e., kuni is determined _ _

P Kq Lo 1-€., Kuni A, = 87h7°B (6)

entirely by the dissociation kinetics of a Boltzmann distribution

of ions. Equation 2 shows that as the pressure of M is reduced, vjicrocanonical unimolecular dissociation rate constants were
k-14M] can become as small 4g giving rise to the “fall-off" calculated using RRKM theoR?. The G-N stretch of the
region. At these pressures and lower, extracting information packbone of the first ala-gly subunit was used as the reaction
about the dissociation process requires detailed knowledge ofcqordinate?? transition state frequencies were varied to provide
the collisional process which is difficult at best to model, arrhenius pre-exponential values of2@nd 167 s~ to model
particularly for large ions. At the “zero-pressure” limit ((M]  the measured values for ther5and 13- ions, respectively.
= 0), molecular activation occurs by blackbody photons assuming that all the processes are statistical, the time evolution
generated by the surroundings, and the observed reaction rategs 3 population of these ions can be modeled within the discrete
are again pressure independent. For small weakly boundygue master equation formalistd*25 From the temperature
molecules in the zero-pressure limk,1rad < kg, and the dependence of these calculated rate constants, Arrhenius activa-
observed reaction kinetics reflect only the rate of photon tjgn parameters are obtained.
absorption Kirad. No information about the dynamics of the  Eor (ala-gly} (1.0 kDa), we calculate an overall dissociation
dissociation process is obtained. Threshold activation energiesrate of 0.0006 and 0.01T 5at 400 and 430 K, respectively,
can be extracted from the experimentally measured value of o g dissociation process with a high-pressure limit value of
the Arrhenius activation energye{) by adding on a large A~ = 1017251 and a threshold dissociation energy, Bf =
correction factor to take into account the difference in energy 1 52 ev. This corresponds to Arrhenius activation parameters
between populations of reactant and transition state ions as wellgt E.= 1.44 eV andA = 1015951, In the high-pressure limit,
as other minor correctiorfs. _ Ea > E,, indicating that these ions are not in thermal equilibrium
For polymers such as peptides and DNA, the number of ith the chamber walls. The difference in internal energy of a
oscillators, and hence the number of blackbody photons popylation of these ions vs a thermal Boltzmann distribution is
exchanged with the chamber walls, will increase approximately shown in Figure 4a. The population of ions at higher energy
linearly with size. In contrast, dissociation rates decrease with jg depleted relative to a Boltzmann distribution due to the
increasing ion size for a fixed internal energy, or for ions in increasing relative rate df; to kyrag K_1aq With ion internal
thermal equilibrium, the dissociation rate is independent of energy. This shifts the distribution to lower energy resulting
molecular size for a given dissociation process. Thus, for larger jn Arrhenius activation parameters that are smaller than their
ioNns, Ky rad K-1,rad™> Kq and the measured reaction rates are given high-pressure-limit values (1.61 eV and'1®s-1). Thus, the
by kikiradk-1rad Where the ratiokiradk-1ad results in a  measured Arrhenius values would underestimate the values
Boltzmann distribution ankl,; is again given by the dissociation  gptained under the high-pressure-limit assumptions.
kinetics of a Boltzmann distribution of ions. To obtain a more For (ala-gly}s (2.1 kDa) under these same conditions, the
thorough understanding of the effects of ion size on the relative population of ions at higher internal energies is still depleted,
rates ofkiras K-1ra0 @andky, we use the generic peptide (ala-  pyt |ess than fon = 8. The Arrhenius activation parameters
gly)» as a model. Vibrational frequencies and the associated gf 1 54 eV and 18251 are close to those in the high-pressure
transition dipoles() were calculated at the AM1 semiempirical  |imit, but are still outside the experimental error possible in our
level forn = 4 and 5. Larger ions were scaled linearly by experiments. Multiplying the transition dipoles by a factor of
appending the difference in the set of vibrational modes for these increasesy raq K_1aqby a factor of 4 and should effectively
ions to those of (ala-gly)o take into account the low-frequency  gimulate (ala-glyu (8.4 kDa). For the process described above,
cooperative modes for larger systems without having to calculatethe overall dissociation rate constants at 400 and 430 K are
these explicitly. Rate constants for the absorption and emissiong 0007 and 0.0187, respectively, and correspond to Arrhenius
of blackbody radiation were calculated using a weakly-coupled 5ctivation parameter d&, = 1.60 eV andA = 1016951, The

harmonic oscillator model given by eq 3 for absorption and by gjfference in internal energy vs a Boltzmann distribution is

eq 4 for spontaneous and stimulated emission: shown in Figure 4b. The depletion of the population at higher
energy is significantly less than that of (ala-glypnd the
K,(i—j) = z p(hv)Bi’jP”m 3) Arrhenius activation parameters are equal to those calculated
hv=AE(i—j) using a fixed Boltzmann energy distribution within the errors

o - of our experiment. Thus, this process falls under the high-
Ko=) = Z“ (At p(w)B; )P, (4) pressure-limit assumptions and the measured Arrhenius values
hv=AE(—1) reflect the true values. We call this the “rapid energy-exchange
] o ) ] (REX) limit” which includes energy transfer either via black-
wherep(hv) is the radiation density at given by the Planck 1,54y photons or thermal collisions (Figure 3). A similar result
distribution formula.Py, is the microcanonical transition prob- s gbtained usings, = 1.2 eV andA = 102 s~1, simulating
ability of the nth quantum of themth frequency mode and  gjssociation of the % ion of ubiquitin.
includes both the occupation probability and the enhanced The values oky ag K140 We calculate for (ala-gly) (8.4

transition probability of excited harmonic oscillatéfsandA kDa) should dramatically underestimate those of ubiquitin (8.6

and B;; are the Einstein coefficients for spontaneous and kpa) due to strong absorbers, such as hydroxyl groups, that
stimulated processes, respectively, given in eqs 5 and 6:

(22) The direct count BeyerSwinehart algorithm was used to determine
(21) The occupation probability is calculated by systematically eliminat- the sum and density of states.

ing each vibrational frequency from the density of states giving the number  (23) Griffin, L. L.; McAdoo, D. J.J. Am. Soc. Mass Spectro993 4,

of ways to configure the energy among the remaining oscillators given ~ 11-15.

quanta of energy in theth vibrational mode. The enhanced transition (24) Gilbert, R. G.; Smith, S. CTheory of Unimolecular and Recom-
probability for absorption from tha to the fi + 1) level is f + 1) times bination ReactionsBlackwell Scientific Publications: Oxford, 1990.

as likely as therf = 0) to (n = 1) transition. Similarly the emission (25) A set of coupled linear integro-differential equations describing the
probability from then to the g — 1) level is enhanced by a factor of kinetics of a population of ions at discrete 100-énintervals is solved

above theif = 1) to (h = 0) transition. simultaneously to give the overall unimolecular dissociation rate constants.
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Figure 4. Internal energy distribution of ions at 430 K in thermal
equilibrium (Boltzmann distribution, dashed line) and dissociating
population distributions calculated from the master equation model
(solid line) for (a) (ala-glyd (1.0 kDa) and (b) (ala-gly) (8.4 kDa).
Residual plot €10, dash-dot line) shows the difference between the
distributions calculated for a Boltzmann and from the master equation
model.

are present in the side chains of residues in ubiquitin but not in
(ala-glyks. In addition, recent results for proton-bouhgiN-
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insignificant role compared to blackbody photon exchange in
ion thermalization at this temperature and pressure, consistent
with the observed pressure independent dissociation kinetics.
The measured value for the frequency factor of’¥0? for
the 14 ion provides further evidence that these ions are in
thermal equilibrium with the vacuum chamber walls. For small
molecules, a value of 16-107 s is typical for highly
entropically favored processes such as direct bond cleatagfes.
If Kqrag K-1,raqiS Similar toky, then the measured kinetics would
be slower than if the ions were fully equilibrated, resulting in
a smaller measured value A&than its high-pressure limit value.
The measured-factor is comparable to the highest that have
been previously observed for small molecules suggesting that
conditions satisfying the REX limit have been established.
However, an even highek-factor than has been measured for
small molecules cannot entirely be ruled out due to the potential
for complex dissociation pathways in large ions that may be
even more entropically favored. Although not conclusive, this
high A value supports our conclusion that the ion population is
in thermal equilibrium with the chamber walls and that
dissociation does not deplete the concentration of the activated
complex measurably. This satisfies the requirements of the
high-pressure or REX limit. Thus, information about both the
energy and mechanisms for the dissociation of large ions can
be deduced directly from these measured Arrhenius parameters.
The high value forA for the formation of the y*/bsy’"
complementary ions observed here is inconsistent with the
generally accepted mechanism for formation of y and b #ns,
in which a hydrogen rearranges from some other part of the
molecule to the amide nitrogen. Rearrangement reactions
typically have lowerA values (vide infra). This cleavage occurs
adjacent to an aspartic acid residue. Similar facile cleavage
after acidic residues has been reported previously for other
peptideg®3tand a mechanism in which the hydrogen from the
carboxylic acid is transferred to the amide nitrogen prior to
dissociation has been propos€d.The A value of 107 s1
measured in our experiments indicates that this backbone site
is protonated in both the reactant and transition state ions and
a rearrangement to form the activated complex does not occur.
This suggests that the most stable structure for the reactant ion
is one in which a salt-bridge is formed between the carboxylate
of aspartic acid (residue 52) and the amide nitrogen of the

dimethylacetamide and glycine homodimers suggest that theagjacent glycine residue (Figure 5). This salt-bridge could be

absorption rates calculated using AM1 values may be toc*fow.

further stabilized by a charged basic group such as a protonated

Both these factors indicate that for the two dissociation processessjde chain of arginine-54, an interaction that has been recently

calculated above, ubiquitin ions should also be in the REX limit
at temperatures less tham30 K, i.e., the internal energy of
the ions will be given by a Boltzmann distribution. It is
interesting to note that at 400 K, an (ala-glyjon with the
most probable energy exchange8 eV/s with its surroundings.

observed in arginine-containing peptidéd* This would
dramatically increase the basicity of the amide nitrogen, making
protonation at this site in both the reactant and transition state
ions favorable. The conformation of this highly charged ion is
likely to be significantly extendédwhich should enhance free

This corresponds to 70 photons/s using the most probable photonotations in the transition state, resulting in an entropically
energy, or the equivalent of exchanging the entire internal energyfayorable dissociation at this sité. It is possible that the
of the ion every 3 s. In contrast, the dissociation rate constant reactant ion is a relatively long-lived intermediate with a low

is 0.0007 st at this temperature. At I8 Torr, the collision
frequency for the 1% ion with butane is~2 s71.27 The total
average energy of butane at 400 K is 0.27 eV. Thus, if every

collision resulted in complete energy transfer, i.e., leaving butane

at 0 K, themaximumenergy transfer rate via collision is only
~0.6 eV/s. Obviously, the actual collisional energy transfer is
only a small fraction of this value. Thus, collisions play an

(26) Price, W. D.; Schnier, P. D.; Williams, E. R. Phys. Chem.
Submitted for publication.

(27) The collisional rate was calculated using a value for the butane
polarizability of 8.2 x 10724 cm?. The single charge cross section was
multiplied by 11. The resulting collision rate is approximately the same as

activation energy for formation, and dissociation of this
intermediate is the rate-limiting step we observe. This inter-
mediate could correspond to the proposed salt-bridge structure,

(28) Benson, S. W.; O'Neal, H. EKinetic Data on Gas Phase
Unimolecular Reactiond;).S. National Bureau of Standards: Washington,
1970.

(29) Biemann, K.; Martin, S. HMass Spectrom. Re 1987 6, 1—76.

(30) Yu, W.; Vath, J. E.; Huberty, M. C.; Martin, S. Anal. Chem
1993 65, 3015-3023.

(31) Qin, J.; Chait, B. TJ. Am. Chem. Sod 995 117, 5411-5412.

(32) (a) Schnier, P. D.; Gross, D. S.; Williams, E.RAm. Chem. Soc.
1995 117, 6747-6757. (b) Clemmer, D. E.; Hudgins, R. R.; Jarrold, M. F.
J. Am. Chem. S0d.995 117, 10141%-10142. (c) Wood, T. D.; Chorush,

that calculated using the collisional cross section measured for this ion by R. A.; Wampler, F. M,; Little, D. P.; O’Connor, P. B.; McLafferty, F. W.

Covey, T.; Douglas, D. JI. Am. Soc. Mass Spectro®93 4, 616-623.

Proc. Natl. Acad. Sci. U.S.A995 92, 2451-2454.
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l? possible in the 1% ion, it should be kinetically observable. Its
N absence indicates that the additional charges on theitf

HoN = ¢C \ must shut down this reaction pathway. This is likely due to

o ® \-'LH CHa Coulomb effects on ion conformation; a lower charge state ion

\ o 2 CHy v_vould have increased flexibility enhancing local fo_Iding interac-
/C\\\'o Thy55 tions which would favor the rearrangement reaction for loss of

CH2 o CH2 / M water.

\ ®*|' ool _c In conclusion, molecular activation by blackbody photons
Glu51\N/(|: ~ N\(l:/C\N/C\ \\‘o becomes increasingly important in the unimolecular dissociation
| H ‘T rlq [ | H of large ions. Both theoretical and experimental evidence
H 0 H H indicates that dissociating ubiquitin ions come to thermal

Figure 5. lllustration of the proposed salt-bridge between the car- €duilibrium with the blackbody radiation field generated by the
boxylate of aspartic acid-52 and the amide nitrogen of the adjacent SUrroundings under readily achievable experimental conditions.
glycine residue which would facilitate the direct bond cleavage of From the temperature-dependent kinetics, accurate measurement
ubiquitin 114 to form the y4*"/bsy’* complementary ions. This salt-  of the energetics and dynamics of dissociation processes for
bridge could be further stabilized by close interaction with an additional large ions is made possible. This information, which has not
protonated residue such as the side chain of arginine-54. been accessible via other methods, should greatly improve our
understanding of dissociation processes that are critical for the
or a proton-bound species in which the hydrogen rearrangementdirect sequencing of large DNBAand protein moleculééand
and subsequent bond cleavage has already occurred. We argor the investigation of specific non-covalent interactions of
unable to distinguish these two reaction pathways although biomolecule® by mass spectrometry.
recent results for intermediate charge state ions of ubiquitin
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