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This paper presents a critical analysis of Arrhenius parameters for gas-phase fragmentation of proteins and
protein-ligand complexes reported in the literature. We demonstrate that there is a surprisingly strong
correlation between the Arrhenius activation enerfgy &nd the preexponential factod)( This correlation
becomes extremely important for reactions characterized by very high or very low vakieEta$ correlation

is a direct consequence of the relative change in the spacing between vibrational levels of the reactant and
the transition state for reaction. Converting the Arrhenius activation energy into the threshold energy for the
reaction using Tolman’s theorem reveals the true magnitude of the correlation between molecular complexity
and stability. Tolman’s correction factoAE..y) increases linearly with log() from 3 kcal/mol for logh) =

16.2 to 36.4 kcal/mol for logf) = 39.2. Threshold energies extracted from the Arrhenius activation parameters
for 56 different reactions are the same within the experimental error bars, while the preexponential factors
differ by many orders of magnitude. This indicates that activation entropy is the major driving force for
dissociation of proteins and protettigand complexes in the gas phase.

Introduction demonstrated that this correction facthE.o, Strongly depends

. 6 )
Gas-phase binding energies of protein complexes provide on the_valug of the preequnentlal factér, The correcthn
factor is quite small for unimolecular reactions of relatively

important information on the intrinsic interactions between . . .
proteins and ligands in the absence of solvent. In some casesSM2! moleculistor which preexponential factors are in the
when solution-phase interactions are preserved in the gas phasd@9e 16°—10'°s™%. However, dissociation of large molecules
the gas-phase and solution-phase stabilities of proetajand in the gas phase is often characterized by very lov? €16/
complexes are strongly correlated. Mass spectrometric method<2" Very high (16° s™)? values ofA. For these extreme values
for quantifying noncovalent binding interactions in biomolecular ©f the preexponential factor Tolman’s correction becomes quite
structures have been recently revieweBlackbody infrared significant with the result that the Arrhenius activation energy
radiative dissociation (BIRDY;S a valuable method for studying is strongly correlated with the preexponential factor. This strong
thermal kinetics in the gas phase, has been successfully app"ed:orrelation can reverse the order of Arrhenius activation energies
to relatively small biomoleculé$ and more recently to oligo-  for different systems relative to the order of the corresponding
nucleotide complexés® and protein-ligand complexe8:12 threshold energies.
This method utilizes the photon flux generated by the vacuum  Correlation between the Arrhenius parameters is a direct
chamber walls and the long time scale of a Fourier transform consequence of the relative change in the spacing between
ion cyclotron resonance mass spectrometer (FT-ICR MS) to heatvibrational levels of the reactant and the transition state (TS)
the ions radiatively and to follow their fragmentation as a and is a function of the degree of tightness/looseness of the
function of wall temperature. Arrhenius activation energies and transition state. Large preexponential factors are associated with
preexponential factors for reactions of interest are determinedreactions proceeding via very loose TS's. In this case the spacing
in BIRD experiments. A strong correlation of the strength of petween vibrational levels in the TS is decreased relative to
protein-ligand interactions with relative changes in Arrhenius the reactant molecule. This results in a higher average energy
activation energies has been presented recénily. of the TS and positive correction factor, meaning that the
Arrhenius activation energyEg) represents an average Over  Arrhenius activation energy is higher than the threshold energy
Fhe entlrg enspmble of activated species. It can be convertediy; the reaction. For reactions proceeding via a very tight
into the dissociation thresholé) using Tolman’s theoref*° transition state (low preexponential factor&Ecorr is negative

, and the Arrhenius activation energy is lower than the threshold
E=Et<E>(M-<E>M+kT (1) gnergy
In this study we apply Tolman’s correction to the existing

wherekg is Boltzmann’s constantE'> (T) and <E> (T) are . . - .

S body of Arrhenius parameters for dissociation of proteins and
the average energy of the transition state (TS) and the average roteinlidand complexe&-12 for which experimental preex-
energy of all molecules, respectively. We dertgor = <E'> P 9 P ’ P P

— <E> as Tolman's correction factor. We have recently ponential factors are in the range from'4@ 10 s™1. We
' demonstrate that threshold energies for these systems are very
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E-mail: Julia.Laskin@pnl.gov. experimentally are quite different. This implies that application
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of Tolman'’s correction is of crucial importance for understand-

ing the energetics of dissociation of large molecules. 801 a)
_ 704
Method g
. . 3 60
Tolman'’s correction factor was calculated using a procedure £
described earlie¥® The contribution of each vibrational mode & 501
to the average energy,E;>, is given by the standard expression 404
E hv; @ 30A
<kFkFE>=—
i ehvi/kBT -1 0.

b)

wherev; is the vibrational frequenc¥g andh are Boltzmann'’s
and Planck’s constants, respectively, dnid the temperature. 301

Because the average energy is an additive property and we are E
interested in the difference between the average energy of the S 20
reactant and the transition state, we need to consider only ‘.t
transition modes that change in the course of the reaction in =5 10!
our calculations. <
The activation entropyXS) and the preexponential factor o
(A) are related through the absolute reaction rate theory
expression
kT g 40
A -
A= eT exp{?) (3) g
= 354
<
whereR is the molar gas constant. The entropic contribution of <
each vibrational mode, is calculated as follows =
ding
S—Rlnqi-l-TT (4) 5
where theq is the vibrational partition function given by Log(A)
1 Figure 1. Arrhenius activation energy from refs-42 (a), Tolman’s
0=—"7:= (5) correction factor (b), and threshold energy (c) as a function ofApg(
1 —mikeT for reaction. Lines are linear fits through data points.

Similarly to the average energy, the value of the activation tne |iteraturé12 as a function of logk). There is a clear linear

entropy depends only on the change in the vibrational frequen- gependence oF, on log(A) regardless of the identity of the

cies of the transition modes and the temperature. proteins and proteinligand complexes. The correlation between
In our simulations we had to assume some model for the TS E. and log@) implies that the relative stability of the species

of _protein dissociation. It ShOUId be noted _that because the .annot be extracted from the differences in activation energies
unimolecular reaction dynamics of systems with such complex- rather must be deduced from the differences in threshold
ity is largely unexplored, the choice of the TS is not straight- energies for reactions.

forward. In this study we chose the TS rather arbitrarily. We . . . .
assumed that only relatively “soft” modes change in the course S discussed earlier, threshold energies can be obtained by
of reaction and kept the transitional modes in a reasonable rangeSUPtracting the correction factakEcor, from the corresponding
(>300 cntl). Furthermore, because we wanted to model Arrhen!us activation energy. Thfa d_ependence of Tolman’s
reactions with a wide range of preexponential factors, we had correc‘Flon factor on logY) is plotted in Figure 1b. The correction
to assume that many vibrational frequencies of the excited ion factor increases almost linearly with 169( AEcor ranges from
are affected by dissociation. In most of the calculations presented4 t0 24 kcal/mol for most of the systems and reaches a value of
below, we assumed 1000 cirmode for the reaction coordinate  40.7 kcal/mol for the largest log] of 39.2. This demonstrates
and varied the 210 modes of 1200 theach in the reactantto  that the correction factor becomes very large for large values
match a specified preexponential factor at 415 K, the averageof the preexponential factor.
experimental temperature. We also explored the influence of  Figure 1c shows the dependence of threshold energies on log-
the choice of the transition state on calculated correction factors (A). Although some correlation between léy@ndE, remains,
as detailed in section Factors Affecting Tolman’'s Correction we reach the remarkable conclusion that most of threshold
Factor. energies fall in a narrow range from 29 to 35 kcal/ mol. The
The average energies of the transition modes of the reactantonly exemption is the threshold energy of 39.7 kcal/mol obtained
and the transition state were calculated using eq 2. Calculationsfor the reaction with the highe, (80.4 kcal/mol) and logk)
were performed for each pair of Arrhenius parameters reported of 39.2. Experimental Arrhenius parameters from ref 9 and the
in refs 9-12. corresponding calculated values of Tolman’s correction, thresh-
old energies, and activation entropies are summarized in Table
1. The entire compilation is given in the Supporting Information.
Figure 1a shows a plot of the Arrhenius activation energies Uncertainties in threshold energies were obtained by propagating
for several proteins and proteitigand complexes reported in  errors inE; and log@).

Arrhenius Activation Parameters and Threshold Energies
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TABLE 1. Arrhenius Parameters (E, and log(A)) for
Dissociation of Proteins and Protein-Ligand Complexes
Reported in Ref 9; Calculated Tolman’s Corrections
(AEcor), Threshold Energies Ep), and Activation Entropies

(ASH at 415 K

log(A) Ea T, K  AEcor Eo AS
18.5+0.4 354409 413 71 28.313 235+05
19.7+0.6 384+1.1 413 8.8 29.661.8 29.0+0.9
17.3+0.5 34.0:0.9 413 55 28.51.6 18.0+ 0.5
16.24+0.6 32.44+0.9 413 4.0 284138 12.9+ 0.5
23.7+06 449420 423 149 30.&21 47.3+1.2
23.0+11 462411 428 143 31.%23 441+2.1
2484+ 09 48.6+1.8 428 168 31.824 523+1.9
23.0+08 456+1.6 428 143 31.3x22 441+15
26.2+06 51.8+1.1 433 193 32515 587+1.3
25,705 51.6+1.0 433 186 33.&1.3 56.4+1.1
26.1+06 520+12 433 191 32915 582+1.3
39.2+1.2 80.4+23 463 40.7 39426 118.2+3.6
30.2+1.0 58.6+18 423 235 351#23 77.0£25
28.8+1.2 56.9+23 423 217 35229 70.6+29
30.44+1.1 59320 423 238 35525 77.9+28

Ea AEcom, Eo are in kcal/mol;ASF is in cal/(mol K).
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Figure 2. Compilation of values of Arrhenius energies (top panel)
and corresponding threshold energies (bottom panel) for all proteins
and protein-ligand complexes studied to date using BIRD. The entire
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Table 1), ranging from 13 cal/(mol K) for the lowest ldg(of
16.2 to 118 cal/(mol K) for the highest log) of 39.2. This
implies that entropy is the major driving force for these
reactions.

By converting activation energies into threshold energies we
reach quite different conclusions from those reached in the direct
comparison of Arrhenius activation energfe$? On funda-
mental grounds comparing threshold energies is the only way
to address the relative stability of species, for which dissociation
is characterized by very high or very low preexponential factors,
because in this case the Arrhenius activation energy contains
the contribution associated with reaction entropy.

Factors Affecting Tolman’s Correction Factor

It should be noted that the absolute value of Tolman’s
correction factor depends on the choice of transition modes that
change in the course of the reaction. Because gas-phase
unimolecular dissociation of molecules of this size is largely
unexplored, nothing is known on the number of modes involved
in the dissociation process. It was suggested that softening of
numerous vibrational modes during dissociation of protein
ligand complexes is responsible for large preexponential fattors.
As discussed earlier, we assumed 1000 tfor the reaction
coordinate and varied the other 210 modes of 1200%aach
in the reactant to match a specified preexponential factor.
Varying the number of transitional modes and their frequencies
results in somewhat different absolute valueABf,. However,
the general trends in threshold energies are preserved for any
reasonable choice of mode frequencies.

Figure 3 shows the influence of the choice of the transition
state 0MAE¢q. Reducing the number of transitional modes from
210 to 140 and 70 while keeping the frequency of the modes
in the reactant the same (1200 chresults in a smaller slope
of the curve ofAEcqrvs log(A) (Figure 3a). Lowering the value
of the characteristic frequency of transitional modes to 600'cm
(Figure 3b) has a similar effect ohEcqr, although the offset
of the curve is also different. The slope of the curveA®;o
vs log(®) becomes larger if 10 out of 210 frequencies are
reduced to 500 cm and converted into internal rotations of
reaction products with characteristic frequency of 50&m
(Figure 3c). Although the absolute value AE.; is lower in
this case, the relative change XE., between the low and
high values of logf) is larger than in the case when all 210
transitional modes are the same (1200 &mn

Tolman'’s correction factor is also temperature-dependent. The
dependence is linear with the slope increasing withAyg¢ee

compilation is also given as a table in the Supporting Information. Figure 4). For low values of the_pree>_<po_nentia| fE_ICT@Ecorr
Numbering of systems follows the numbering used in the Supporting decreases (becomes more negative) with increase in temperature.

Information.

For high preexponential factorAE.qr increases with temper-
ature. The scatter in the values AE.q; in Figures 1b and 3

Arrhenius activation energies and the corresponding thresholdresults from the error in assignment of the temperature to each

energies for dissociation of all 56 proteins and protdigand
complexes reported in the literatfré? are shown in Figure 2.

pair of Arrhenius factors based on published Arrhenius plots.
Threshold energies derived in this work are based on a simple

Dashed lines show the band centered at the average over th¢iarmonic correction for the relative spacing between the
entire dataset with the half width given by the average standardvibrational states of the activated molecule and the transition
deviation. It is clear that most of Arrhenius activation energies state. The remaining correlation betwegnand log®) shown

are distinctly different from the average value, while most of in Figure 1c could be indicative of imperfections in the
the threshold energies are the same as the average energy withigorrection procedure. In particular, this could be the reason for
the indicated error bars. It can be therefore concluded that disso-a deviation of the threshold energy calculated for the reaction

ciation of these proteins and proteiligand complexes is char-
acterized by the same threshold energy of 32 3.5 kcal/mol.

with the largest preexponential factor from the remaining data.

More accurate values oAE., can be obtained from the

However, activation entropies for these reactions deduced fromknowledge of the transition-state frequencies of dissociating
the corresponding preexponential factors are quite different (seecomplexes, which are currently not available.
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Figure 3. Dependence of Tolman’s correction factor on the choice of the transition state. Filled squares represent calculation where 210 frequencies
of 1200 cn1! each were used as transitional modes. (a) Influence of the number of transitional motlEs,@nopen circles correspond to 140

modes and crosses correspond to 70 modes. Open squares in panel b correspond to 210 transitional modes @800 Open squares in panel

¢ represent calculation of 200 modes of 1200 €mnd 10 other modes of 500 cinthat are converted into internal rotations of reaction products

with characteristic frequency of 50 ¢
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Figure 4. Temperature dependence AE. for different preexpo-

nential factors. References and Notes

(1) Daniel, J. M.; Friess, S. D.; Rajagopalan, S.; Wendt, S.; Zenobi,
R. Int. J. Mass Spectron2002 216, 1.
. _— . . . (2) Dunbar, R. CJ. Phys. Chem1994 98, 8705.

Dissociation of proteins in the gas phase IS commonly (3) Dunbar, R. C.; McMahon, T. BSciencel998 279, 194.
characterized by very high values of preexponential factors,  (4) Price, W. D.; Schnier, P. D.; Williams, E. Rnal. Chem 1996

which is indicative of softening of a large number of modes in 68 ?g)glPrice W. D.: Wiliams, E. R, Phys. Chem1997 101 8844
the course of reaction. In this case, the Arrhenius activation  (g) Gross, D. S.; zZhao, V. X:; Willign"is, E RL Am. Soc. Mass
energy reflects not only the energetics of dissociation, but also Spectrom1997, 8, 519.

an entropic contribution. Consequently, Arrhenius activation (7) Schnier, P. D.; Klassen, J. S.; Strittmatter, E. F.; Williams, ELR.
arametersA and E; become strongly correlated Am. Chem. Sod 998 120 9605.
p ' d aly : (8) Strittmatter, E. F.; Schnier, P. D.; Klassen, J. S.; Williams, EL.R.

In this study the existing thermal data were reanalyzed using Am. Soc. Mass Spectrot999 10, 1095.
Tolman theorem to obtain threshold energies from the Arrhenius . (9) Felitsyn, N.; Kitova, E. N.; Klassen, J. &inal. Chem2001, 73,
parameters. We found that Tolman’s correction depends on the "~ (19) kitova, E. N.; Bundle, D. R.; Klassen, J. $. Am. Chem. Soc
choice of the transition state. Although our present lack of 2002 124 9340.
detailed knowledge about transition states for dissociation of 20(()121)12?‘%%’25 N.; Bundle, D. R.; Klassen, J. $. Am. Chem. Soc
such complex systems makes it |mp053|t_)le to (_:alculate Precise”™ 15) kitova, E. N.; Wang, W.; Bundle, D. R.; Klassen, JISAm. Chem.
Tolman theorem corrections, the conclusion is inescapable thatsoc.2002, 124, 13980.

this ensemble of reactions is characterized by very similar ~ (13) Tolman, R. CJ. Am. Chem. S0d92Q 42, 2506.

: o : P i (14) Gilbert, R. G., Smith, S. CTheory of Unimolecular and Recom-
dissociation energies. It also follows that the prlnC|paI derIng bination ReactionsBlackwell Scientific Publications: Oxford, 1990.

force for these reactions is entropy. Further, for thermal  (15) Baer, T.; Hase, W. LUnimolecular Reaction Dynamics, Theory
dissociation reactions of complex molecules and adducts, and ExperimentsOxford University Press: New York, 1996.
Arrhenius activation energies must be corrected to separateCh(elnﬁ) k;g'g'zn’lga ggg‘;y' T. H.; Denisov, E. V.; Futrell, J. Bl Phys.
energetic and entropic effects. Tolman’s theorem defines the ™ (17 'schnier, P. D.; Price, W. D.; Jockusch, R. A.; Williams, EJR.

procedure for doing this. Am. Chem. Sod 996 118 7178.

Summary



