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ABSTRACT. Asparagine deamidation is a decisive event in chemotherapy-induced apoptosis and a major
obstacle in the formulation of monoclonal antibodies. Despite the importance of deamidation, little is
known about the elementary reactions involved. B3LYP/6-31d,p)/COSMO-RS calculations were used

to obtain stable structures and transition states for a network of reactions. Calculated rate constants were
incorporated into a kinetic model of the pH dependence and compared to a pseudo-steady-statt model
low pH, the calculations show that deamidation occurs by direct acid-catalyzed hydrolysis to aspartate.
At neutral to basic pH, deamidation proceeds by the initial formation of a tetrahedral intermediate. The
intermediate can be converted to succinimide by two pathways and three rate-determining steps that shift
in relative importance with pH. The calculated pH-dependent rate constant qualitatively agrees with the
experimental pH dependence. The rate-determining transition state structures may help to understand
chemotherapy-induced apoptosis and improve protein formulations.

Asparagine deamidation is a protein degradation pathway Scheme 1
that affects biological functionsl{-3), causes disease®, (

4-9), and degrades therapeutic proteins such as monoclonal
antibodies {0—17). Despite the immense importance of
asparagine deamidation, few details of the mechanism are o o /
understood. The remainder of the introduction outlines what "::stlrs' || iso-Asp- O
is known about the asparagine deamidation mechanism. NH:

Deamidation rates reach a minimum at a pH between 3

and 4 (7). For pH <3, deamidation is acid catalyzed with Asn

aspartate as the only produdf7( 18). Deamidation becomes acidi
base catalyzed for pH4, and the products become a mixture
of aspartate, isoaspartate, and cyclic succinimide residues

(17—21). Scheme 1 shows the reactants and products of gorchardt 4) investigated the temperature dependence of
asparagine deamidation. deamidation and found an activation energy of 22 kcal/mol.
Several experiments have provided insight on the deami- L et al. (25) found a small reduction in rate with solution
dation mechanism at neutral to basic conditions. Capassoviscosity, and Song et a2€) extended the viscosity findings
and SalvadoriZ2) showed that the deamidation mechanism to proteins immobilized in glassy gels. Tyler-Cross and
in a protein was the same as that in a model peptide. Capass&chirch 7) and Robinson et al2g) found that the residue
et al. (19) measured the rate of deamidation as a function of immediately following the asparagine (on the C-terminal
pH from 5.5 to 10 for a model pentapeptide. In addition, side) has a large effect on the deamidation rate. The fastest
they found that the fully protonated states of buffers are deamidation rates, on the time scale of a day at neutral pH,
inactive and that deprotonated buffer molecules catalyze were observed for sequences containing -Asn-G#8).(
deamidation at varying rates depending on the buffé).(  Kosky et al. 9), Xie et al. B0), and Robinson et al3(—
Capasso et al20) showed that the hydrolysis of succinimide  33) found that secondary and tertiary structures generally
to aspartate and isoaspartate is faster than the overalkeduce deamidation rates as compared to peptides with the
deamidation rate, so the conversion of asparagine to sucsame local sequence. The Robinson family developed
cinimide is the limiting step. Brennan and Clark23) empirical models for the effects of peptide sequer@# (
showed that the rate of deamidation has a dielectric and protein structure3@—33), and Capasso et al3%)
dependence that fits a generalized Born model atpH4. developed an empirical model for the rate of peptide
Because the reactant, asparagine, is neutral, the dielectrigieamidation that accounts for pH, temperature, buffer
dependence indicates an ionic transition state. Patel andconcentration, and sequence effects. Finally, density func-
tional theory (DFT) studies explained electronic and steric
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partate:aspartate ratio from succinimide hydroly38,(and _ . ) ) .
the slow racemization of aspartyl and isoaspartyl products FIGURE 1: Model of an asparagine residue in a peptide. The
39 geometry shown is the minimum energy structure. The backbone
(39). ) ) _ of the peptide is the IN—C—C—N—CHjs chain along the bottom.
Despite these studies, some elementary steps of the acid-
and base-catalyzed pathways remain unknown. For the basepeptide in all states were ignored because experiments have
catalyzed pathway leading to succinimide, several papersheen performed on relatively immobile pentapeptides. Con-
propose a deprotonation of the peptide bond nitrogen triputions to the free energy of individual species and
followed by a nucleophilic attack on the side chain to give transition states are given in the Supporting Information. As
a te'tl’ahedral Intel’medla’[é,(l7, 18, 21, 23, 27, 36) On the in previous DFT Studie§(7_39, 47), our model pep“de is
basis of the pH dependence of succinimide formation rates, terminated by a methyl group and an amine as shown in
Capasso et al. proposed that there must be two pathwaysrigyre 1. The standard concentration of water is 55 M. All

from the tetrahedral intermediate to succinimiti§)(Scheme  other standard concentrations arM tomaintain consistency
2 shows the mechanism of succinimide formation according with reported rate constants.

to Capasso et all@). Single arrows indicate steps that are

assumed to be irreversible because of the scarcity ofiNH Experiments suggest that deamidation involves protonation

solution and proton abstraction reactionk7). These reactions can
] often be written in multiple ways in aqueous media. In water,

i This gom%utatiolnal sc}udy inves_tigzges sggci_nimidtet;‘]orrlna- IWhere [H] and [OH] are always related by pH pOH =
lon and acid-catalyzed asparaginé déamidation at the leve pKy and the Gibbs free energy of water autodissociation is

of elt_amentary steps. From a ne.tw.o.rk of elementgry regptions,_kBT In[K,], different ways of writing a reaction give the
dominant pathways anq rate—hm_mng steps are |dent|f|.ed at come equilibria. For example, Asptt Asp~ + H* and
Fach P ur calcultons are Incororated 1o % KT Asp + OF ~ Asr - H.O re equiaent  he properes
tions to chemotf?erapy and I|£3)rotein formulation are d.iscu?ssed of water are properly tr.eatedliﬁ). Ther(_a are two ways to
‘ensure results that are internally consistent. First, we could

METHODS redefineK,, and the relationship between fHand [OH"]
in water to match the computed Gibbs free energy of water
A network of elementary reactions was investigated using autodissociation. Second, we could adjust the computed
DFT. All stationary point geometries were obtained using autoionization energy to match the known valuegt To
B3LYP/6-314+G(d,p) calculations because diffuse functions reflect the actual properties of water, i.e., so that H¥
are more important than extra valence functions for describ- implies [H"] = [OH"] = 107 M, we chose the latter option.

ing anions 40). Furthermore, this level of theory was  oher strategies have been developed to accurately com-
adequate for previous succinimide hydrolysis stud®8 (  pyte (K, values. Previous calculations oKgs from density

38). Saddle points were found using the growing String fynctional theory and continuum solvent models omit zero
method 41) and a version of eigenvector foII(_)\_NlngZ) with point correction 49—52) and scale the computedkys (49—
mode memory43). A subset of three transition states and 57y with little justification other than an accurate value for
three minima was reoptimized at the B3LYP/6+3tG(d,p) the free energy of M + H;Ouq — HsO*4q (49-51). Scale
level. The activation barriers were all within 0.5 kcal/mol  t5ctors from COSMO-RS calculations vary from 0.60 to 0.75
of the barriers obtained from B3LYP/6-315(d,p) calcula-  gepending on the model chemistry. Unfortunately, the scale
tions, so diffuse functions on hydrogen are not necessary.tactor approach presents an inconsistency for ionic transition
All transition states have a single imaginary frequency, and giates. Should the free energy of an ionic transition state be

all minima_are vibrationally stable. The transition state gcajeq relative to a charge neutral version of the reactants
structures can be seen in Appendix 1. The effect of the 5, the products?

aqueous solvent was approximated using single point COS-
MO-RS @4) continuum solvent corrections in Gaussian03

(45). The dielectric changes with pH because the dlelectrlcd_|20aq — HiO*»q This value is also within the range of

constant depends on the total ion concentration. Changes i . tal estimatesD). but d th "
the dielectric were ignored in these calculations. Free energiesexperlmen al estimates1), but we regard the agreemen

for all species include electronic, vibration, cavitation, and as fortuitous error cancellation. We note that basis set

; ; ; ; ition errors (BSSE$3J) are 12 kcal/mol for OH
electrostatic solvation components. Rotation and translatlonSu|oer|00§I . .
contributions 46) were included for N, NH,~, OH~, H,0, and NH" using 6-311G(d,p) and only 2 kcal/mol using

and HO™ species. Translation and rotation of the model 6 31+G(d,p).. For both basis sets, BssES are less important
for larger anions, but BSSEs are consistently smaller for the
— _ —  6-31+G(d,p) basis set. BSSE errors may partly explain the
1 Abbreviations: Asn, asparagine; Asp, aspartate; Suc, succinimide; need for scale factors irkq calculations 49—51). Addition-
Tet, cyclic tetrahedral intermediate; tetAsn, noncyclic tetrahedral . . )
intermediate; DFT, density functional theory; BSSE, basis set super- ally, the BSSEs confirm that diffuse functions are more

position error. important than triplez bases for describing anions.

If zero point corrections are omitted from our calcula-
tions, we obtain-255 kcal/mol for the free energy ofHt
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Table 1: Standard Gibbs Free Energy of Reaction in kcal/mol for
Reactions with Known Equilibria

AG®  AG°p error K
H,O=H*+ OH"~ 48.5 191 294 1.0E14
Asn=Asn + H* 51.4 218 295 1.0E16
Asn+ OH™ = Asn™ + H;0O 2.9 2.7 0.1 1.0E02
AspH=Asp™ + H" 26.9 56 213 7.9E05
AspH+ OH =Asp” +H,O —-21.6 —135 8.1 7.98-09
NHz = NHz™ + H* 70.4 49.1 21.3 1.0E36
NHz + OH™ = NH;™ + H0 21.9 30.0 8.1 1.0E22

Table 2: Standard Gibbs Free Energy Change in kcal/mol for
Reactions with Known Equilibria with Corrections Applied to'H
and NH~ Energies

AG® AGC expt error
H,O=H* + OH~ 19.1 19.1 0.0
Asn= Asn™ + H* 22.0 21.8 0.1
Asn+ OH™ = Asn™ + H,O 2.9 2.7 0.1
AspH==Asp™ + H* -2.5 5.6 8.1
AspH+ OH™ = Asp™ + H,O —21.6 —13.5 8.1
NHz = NH;~ + H* 49.1 49.1 0.0
NHz + OH™ = NH;™ + H,O 30.0 30.0 0.0

Peters and Trout

energy of HO™. Local and Grotthus proton transfers could
delocalize the proton in solution, creating a stabilizing effect
that is not captured in our DFT calculations4( 55). To
correct this, a—29.40 kcal/mol correction to the absolute
free energy of HO™ was applied to match the equilibrium
constant for water autodissociation. The NHanion is
particularly problematic for continuum solvent modei,(
56); 8.13 kcal/mol was added to the free energy of the;NH
in solution to match the known aqueous equilibrium of the
reaction NH < NH;~ + HT; pK, = 36 (57). Table 2 shows
the free energies for the reactions in Table 1 after adjustment.
The energies of all other species are unadjusted.

RESULTS

Figure 2 shows the reaction network that was investigated
in this study. The hypothesized network includes pH-
independent pathways, acid-catalyzed pathways, and base-
catalyzed pathways. Succinimide hydrolysis, racemization,
and interconversion of aspartate and isoaspartate are well
understood from experimental and theoretical stud2s (

21, 37—39, 58). Furthermore, the NHexpulsion steps that
generate the initial products are irreversible because the

Small ions are known to be difficult for continuum solvent  solution (modeled as water) does not contairsNFherefore,
models. Rather than omitting all zero point energies and secondary reactions involving product species were not
scaling all computed free energy differences, we accept errorsmodeled in this work.
in large ions and correct the free energies of water and The energy and the zero point, vibration, solvation,
ammonia deprotonation as follows. Table 1 shows the translation, and rotation contributions to the Gibbs free
calculated and experimentdlG values for some known  energy are given in Appendix 3. All reactions occur in liquid,
equilibria. Except for water autodissociation, all reactions sp changes in volume are negligible. The Gibbs free energies
have been written in two ways. Table 1 suggests that someof reaction and activation for reactions in the network are
ions, particularly HO*™ and NH~, are inaccurately described  given in Table 3. Where water is explicitly written on both
by the B3LYP/6-3%G(d,p)/COSMO-RS calculations. sides of the reaction, the water is actively participating in a

The free energies of water autoionization and several otherhydrogen or proton transfer. We note that Konuklar et al.
reactions can be corrected by lowering the computed free (47) previously investigated some portions of this network.
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Ficure 2: Reaction network investigated in this study. Species in equilibrium are shown with the usual symbols. Reversible but nonequilibrated
reactions are shown with a double-headed arrow. Irreversiblg étplulsion steps are shown with a single-headed arrow.
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Table 3: Standard Gibbs Free Energies of Reaction and Activation
in kcal/mol

AG° AG*
H,O=H" + H~ 19.1
Asn+ H" = Asn® 20.4
Asn' + H,0 = tetAsn* 4.8 30.5
Asn' + OH™ = tetAsn —-11.6 0.0
Asn+ OH™ = Asn™ + H.,O 2.9
tetAsn” = tetAsn+ H* 2.7
tetAsn” = AspH" + NH3 6.0 6.0
Tet + Ht =Tet+ H,O —14.4
Asn™ = Tet” 11.3 16.5
Asn= Tet 18.9 43.5
H,O + Asn= H,0 + Tet 18.9 46.0
Tet + H,O= Suc+ OH™ + NH3 -8.0 17.7
Tet= Suc+ NH3 —25.2 25.2
H,0 + Tet= H,0 + Suc+ NH3 —25.2 14.2
AspH' == AspH + H* —26.8
AspH= Asp™ + H* -2.5
Suc+ OH™ = SucOH" 12.4
Tet” = Suc+ NH3~ 9.6 9.6

However, Konuklar et al. did not report free energies or

analyze the pH dependence resulting from their modiél. (
The free energies of Table 3 are computed at standard

conditions (pH= pOH = 1), so they do not accurately

represent the conditions of agueous solution. The actual free

energy changes depend on pH according to the formula
AG = AG® + v5,-2.303GT(pH — 14) —

v+2.303T(pH) (1)
where AG® are the values in Table 3 and thgr andvon-
are the stoichiometric coefficients of'Hand OH" in the

reactions as written in Table 3. Equation 1 properly includes
the effects of H and OH concentration on the free energies

of stable species and transition states. This treatment avoids

the intuitive but incorrect assumption that base catalysis only
occurs at basic pH and acid catalysis only occurs at acidic
pH.

Appendix 2 includes the free energies of all stable species
and transition states as functions of pH from eq 1. The table

reveals the dominant pathway at each pH as the pathway

from reactant to product (or succinimide) having the lowest

barrier measured from the asparagine reactant. The maximum

free energy along the dominant pathway is the free energy
barrier. This procedure is independent of preconcieved

notions that base catalysis should prevail at basic conditions.

Below pH = 3, acid hydrolysis leading to aspartate is the
preferred mechanism. For pH3, mechanisms with cyclic
succinimidyl intermediates become dominant. For<3
pH < 4, the rate-limiting step is the nucleophilic attack by
the deprotonated backbone of Asto give the anionic
tetrahedral intermediate (Tt The rate-determining step is
followed by reprotonation of Tetto give Tet. Then, water-
assisted hydrogen transfer from the OH group of Tet to the
NH, group eliminates NElto give Suc. As pH increases,
the free energy of the anionic transition state betweernr Asn
and Tet lowers relative to the neutral transition state
between Tet and Suc. For 4 pH < 7, the rate-limiting
step becomes the water-assisted hydrogen transfer giving Su
from Tet. For pH >7, irreversible dissociation of the
deprotonated Tet into Suc and NH~ becomes more

Biochemistry, Vol. 45, No. 16, 2006387
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Ficure 3: Reaction network showing how the rate-limiting step
changes with pH. The Asn~ Tet pathway is unimportant at all
pHs, so it has been omitted.
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FIGURE 4: Gibbs free energy at pkH 7 measured relative to
asparagines (Asn). The preferred pathway is AsnAsn~ —

Tet” — Tet— Suc. However, dissociation of Teto give Suc and
NH,~ competes with the last step. At higher pH, stabilization of
the deprotonated structures makes the dissociation pathway faster
than the Tet— Suc pathway.
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Ficure 5: Gibbs free energy at pH 3 measured relative to
asparagine. The preferred pathway is AsnAsn™ — tetAsn—
tetAsn™ — AspH™ — AspH — Asp~, where Asp is aspartate.

For kinetic modeling, protonated, deprotonated, and neutral
forms of each molecule can be grouped into a single basin
on the potential energy surface. The Nelimination steps
are all irreversible, and therefore the succinimide, aspartate,
and isoaspartate products can be lumped into a single product
group, {P}. The grouping procedure thus results in the
following groups:{Tet} = Tet and Tet, {tetAsr} = tetAsn
and tetAsr, {Sug¢ = Suc and SucOH {Asp} = Asp,
AspH, and AspH, and{P} = {Sug, {Asp}, and{isoAsg,
where the/isoAsg includes the protonated and deprotonated
forms of isoaspartate. Figures 4 and 5 show Gibbs free

favorable than the water-assisted hydrogen transfer. Figureenergy profiles of the two lowest free energy pathways for

3 shows the network with the rate-limiting steps at each pH.

the base- and acid-catalyzed mechanisms, respectively. The
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{Asn} pH
k{Asn}—»{le/Asn} k{Asn,‘—v{Tel} 1 2 3 4 5 6 7 8 9 10
Ktetasnj—tasny K Ter—tasn) "
{tetAsn} {Tet}
-9
Kterasn—tp; Kizen—p —_
{P} T 10
FiGure 6: After the grouping procedure, the reaction network X,
simplifies to two parallel pathways, the acid hydrolysis pathway 5’ 11K
(left) and the base-catalyzed succinimide pathway (right). \Kicia KkBase
124\
. . N\
horizontal axes of Figures 4 and 5 are grouped reactants,
-13 \

intermediates, and products, but free energies of individual
species within the groups are shown. FiGURe 7: Calculated apparent first-order rate constants as functions

The free energy of each group can be calculated from the of PH.
free energies of the individual species within the group:

G{Grou[} = —kgT Inzexp[_Gn/kBT] (2)

2 4
107 M

107 M

Patel and Borchardt
® (Capasso et al.

Here n enumerates species within gro{p}. Similarly, i 0'M
activation barriers from multiple pathways between groups §_ bl K~=10"M
{i} and{j} can be combined using B 5 [l e
" ky, =107 /s
5 ko /k =9.84%107°

G:{ti}a{j} = —kgT |nZeXp[_Gﬁ/kBT] 3)

Koy /. =3.25% 10°/M
kiK.=6.2*10" Ms

wheren enumerates transition states between grdijpand FiGURE 8: Equations 1 and 2 fitted to rate measurements from two

{j}. Equation 3 can be viewed as extending the dividing experiments. Fitting parameters are given on the figure.

surface through irrelevant, high-energy portions of phase

space so that it passes through each low-lying transition stateTable 4: Comparison of Fitting Parameters from Figure 8 (expt) to

For example, Appendix 3 lists three pathways froAsn} the Analogous Calculated Parameters (calc)

to {Tett, Asn- — Tet", Asn — Tet, and a water-assisted expt calc
pathway, Asnt H,O — Tet+ H,0. ThereforeQ?Asn}g{Tet} kow/K-1 9.8x 1073 5.7x 10
includes a Boltzmann factor for each of these three transition tZHKﬁkfl gg X :1186 . Z.i X ig y
) . . . . 5 4l 2 X 4 X
states. The pH-dependent activation free energies in Ap kH; B3x 106 2 o x 10-11

pendix 3 include the effects of ‘Hand OH concentration, : =
so apparent first-order rate constants between groups can be_*Units are as shown in Figure 8.
computed directly from eqs 4 and 5 as

The psuedo-steady-state hypothesis applied to the asparagine
deamidation mechanism of Scheme 2 gives an apparent

ke T N
Kiy—y = PGy~ — CrplkeTT (4) deamidation rate constant of the form
The grouping procedure simplifies Figure 2 to the compact _ kKo [1 _ 1
network shown in Figure 6. The reduced network has two  "Asn—Suc K.+ [H+]\ 1+ (K + |(2‘H[|_|+])/k_1

parallel pathways, the acid hydrolysis pathway and the base-
catalyzed succinimide pathway. These pathways pass through
separate intermediate groudsetAsr} and{Tet}, respec-
tively. The overall rate of asparagine deamidation is the sum
of the rates along each of the two pathways. Using the
pseudo-steady-state assumption for the intermediates give
an apparent first-order acid hydrolysis rate constiqts,

and an apparent first-order rate constant for succinimide
formation, kyase Figure 7 shows the results of the grouped
kinetic analysis using the calculations from this work.

(6)

A similar expression in Capasso et &0) for the equilibra-

tion of aspartate and isoaspartate via succinimide contains a
typographical error. The low pH data of Patel and Borchardt
?18) suggest a pH-dependent rate constant of the form

Kacia = ke [H'] ()

Figure 8 shows the deamidation rate data of Capasso et

k k al. (19 and Patel and Borchardt®) with curves from fitting
{Asn}—{tetAsr} " tetAsr} —{P}

Kocia = (6) and (7) to the measured deamidation rates. Figure 8 also

k{tetAsr‘}ﬁ{P} + k{tetAsr}ﬁ{Asn} shows the fitting parameters that generated the curves.

Comparison of Figures 7 and 8 shows that the computed

Ky o= k{Asn}ﬂ{Tet} k{Tef}H{P} ) pH dependence qualitatively resembles the experimental pH
ase

I({ Tet—{P} + k{ Tett—{Asn}

dependence. However, the computed rate constants are nearly
5 orders of magnitude too small. Table 4 compares the

The computed kinetics can be compared to experimental experimental fitting parameters to the analogous calculated

results of Capasso et allg) and Patel and Borchardig).

parameters.
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Ficure 9: Rate-determining steps as functions of pH can be inferred
from the correspondence between calculated and observed kinetics.

:NH,
o Nt
L, - N (o]
HO_ NH, o 0 o) 4
N— o, _NH, N— FiGure 12: Five pathways were explored linking Tet and Tet
— < b succinimide species. Surprisingly, the calculations suggest that the
o N—4 o preferred pathway is an irreversible hiHdissociation. In water,
this would be followed by a kinetically invisible reduction to BIH
Tet ) Suc

Ficure 10: Rate-determining step and transition state atpH4.

A more detailed transition state structure is shown in Appendix 1. more pathways that conditionally allow Bcl-deamidation

to control apoptosis3). At biological pH, steric interference
with the water-assisted hydrogen transfer is sufficient to

- ~O_ NH, o : ;

NH, suppress d.eamldatlon. The water—asgstgd mechanism may
N — — N— also explain the suppressed deamidation of asparagine
™ residues with bulky C-terminal neighbors. Steric effects

o Asn Tet- ° should be less pronounced for<4pH < 5 than for pH=

Ficure 11: Rate-determining step and transition state for 4 7.4 where most sequence e_ffects have been me _asimed (
pH < 6. A more detailed transition state structure is shown in 27, 28, 61). For the anionic intramolecular transition state
Appendix 1. that is limiting at mildly acidic pH, electronic properties of
the neighboring C-terminal residue and the solution will be

The errors in the rates correspockt 7 kcal/mol errorin - important. In particular, the deamidation rate should decrease
the activation energy. The error likely originated from the with decreasing solvent dielectric.
COSMO-RS solvent model. COSMO-RS, like many con-
tinuum solvent models, creates the solvent cavity from . -
overlapping spheres centered at the nueld; §6). Electron expected transition state. We ant|C|p_ated that a water
density contours of transition state wave functions may molecule would donate a proton to facmta}te the leaving of
deviate significantly from the piecewise spherical boundary. the NH: group from Tet or that an incoming OH and a
COSMO-RS partially accounts for tails of the wave function concerted proton transter from the OH group of Tet would
that extend beyond the cavity with a second cavity boundary displace an Nkimolecule from Tet. Several of the transition
(44), but severely distorted transition state orbitals may still States that we explored are shown in Figure 12. The upper
lead to erroneous solvent corrections. two transition states in Figure 12 show®donating a proton

We note that calculatedips from the self-consistent to help to eliminate NklIfrom Tet". These transition states
isodensity polarizable continuous medium (SCI-PCM) sol- Were of higher energy than direct elimination of NHrom
vent model §9) scale very closely with experimentaKs Tet™. The middle row of transition states in Figure 12 show
(51’ 52) Because the SCI-PCM Cavity is the isodensity OH~ attaCking neutral Tet while Tet SimultaneOUS|y elimi-
surface of the polarized solute, SCI-PCM should work hates NH. These transition states could only be obtained
equally well for transition states. Unfortunately, SCI-PCM using simplified models of the peptide with the C-terminal
was last implemented in Gaussian94 and, to our knowledge,backbone terminated by hydrogen instead of a methyl group.
is unavailable in other electronic structure packads. ( (See Figure 1.) Transition state searches with the full peptide

The calculated rate-determining steps can be reassignednodel resulted in a succinimidyl peptide with a nearby proton
to experimental pH ranges using the correspondence betweeffansfer occurring between water and NHThe inability
the calculated and observed pH dependence. Figure 9 show#0 find an OH" attack on neutral Tet may indicate that the
the reduced network of Figure 3 with inferred pH ranges. gas-phase transition states are significantly different from
Figures 10 and 11 show the inferred transition states for thethe liquid-phase transition states and that a more sophisticated
rate-determining steps at pH 7.4 and 4< pH < 6. These treatment of the aqueous environment is needed. However,
pH values approximately correspond to in vivo deamidation it could indicate that the reaction does proceed through an
conditions &) and protein formulation condition$Q). initial dissociation of NH~ followed by a rapid NH~

At pH = 7.4 the transition state along the rate-determining reduction. The five mechanisms cannot be distinguished by
step involves a water-assisted hydrogen transfer. The waterlabeling studies. However, the dissociation mechanism should
assisted transition state may explain how the antiapoptic have the smallest kinetic isotope effect in deuterated water
protein Rb suppresses Bgl-deamidation in cells subjected because the other four elementary reactions are hydrogen
to chemotherapyg; 9). Recent findings suggest there are transfers.

For pH >8.5, NH,~ dissociation from Tet was not the



5390 Biochemistry, Vol. 45, No. 16, 2006 Peters and Trout

1(Asn' + H,0 <> tetAsn') I(Asn « Tet) I(Asn « Tet) $(Tet + H20 «» Suc + NH; + H,0)

0

118

1.38

f(Asn + Hy0 « Tet + H,0) §(Tet < Suc + NH;) $(Tet + H,0 > Suc + NH; + OH')

Ficure 13: B3LYP/6-3HG(d,p) transition state structures with atoms colored according to the key at the left. The transition states are
labeled according to their reactants and products. Distances are given in angstroms.

Table 5: Gibbs Free Energies of Stable Species and Transition States in kcal/mol Relative to the Free Energy of Asparagine
pH:| 1 2 3 4 5 6 I 8 9 10 11 12 13

Asn’ 206 192 179 165 151 138 124 110 97 83 B9 586 42

Asn 00 00 00 00 00 00 00 00 00 00 00 00 0.0

Asn’ 217 231 245 258 272 286 299 313 327 340 354 367 381
t(Asn- «» Tet) 37.0 357 JRYEN 329 316 302 289 275 261 248 234 220 207
t(Asn <> Tet) 435 435 435 435 435 435 435 435 435 435 435 435 435
t(Asn+H,0-Tet+H,0) 46.0 46.0 460 46.0 46.0 460 46.0 46.0 460 46.0 46.0 46.0 46.0
Tet 31.9 306 202 278 265 251 237 224 210 196 18.3 169 155

Tet 189 189 189 189 189 189 189 189 189 189 189 189 189

F(Tet + H;O «» Suc+OH+NH;)| 496 48.3 46.9 455 442 428 414 401 387 373 360 346 332

1(Tet «— Suc+NH;) 41.5 401 387 374 36.0 346 33.3 EEREEIEEE B RY . B R R L

$(Tet « Suc+NH3) 441 441 441 441 441 441 441 441 441 441 441 441 441
$(HO+Tet <= SuctH,O+NH3) | 33.1 331 331 EEAEEEXREEKEREEKKRN 33.1 331 331 331 331 33.1
SucOH 239 225 212 198 184 171 157 144 130 116 103 89 75

Suc 63 63 63 63 63 63 63 63 -63 -63 -63 -63 -6.3

$(Asn"+OH- « tetAsn) 279 279 279 279 279 286 299 313 327 340 354 367 381
t(Asn” +H,0 « tetAsn’) 52.2 536 549 563 57.7 59.0 604 617 631 645 658 67.2 686

tetAsn’ 266 27.9 293 307 320 334 348 361 375 388 402 416 429
tetAsn 27.9 27.9 279 279 279 27.9 27.9 279 279 279 279 279 27.9
t(tetAsn” < AspH' +NH,) XY 353 367 38.1 394 408 422 435 449 462 476 49.0
AspH’ 326 340 353 367 381 394 408 422 435 449 462 476 49.0
AspH 44 44 44 44 A4 44 44 44 44 44 44 44 44
Asp’ 05 -08 -22 -36 -49 -63 -7.7 -9.0 -104 -11.7 -13.1 -145 -15.8

aWithin each equilibrated group, e.§Asn} = Asn', Asn, and Asn, the free energy of the dominant species is outlined in gray. Similarly, the
rate-limiting transition state at each pH is indicated by a black background. Species on the base- and acid-catalyzed pathways are separated from
each other and froriAsn} by double lines.

DISCUSSION succinimide which then hydrolyzes to aspartate and isoas-
partate products. Base catalysis begins with the deprotonation

We present, for the first time, detailed mechanisms of of the peptide nitrogen on the neighboring C-terminal residue.
elementary steps for the deamidation of asparagine residue#\fter the initial step, the calculations predict three mecha-
by acid and base catalysis. The elementary steps in ournisms for succinimide formation depending on the pH. For
mechanism yield overall rates that qualitatively agree with mildly acidic conditions, the rate-limiting step is an intramo-
the experimental rates as a function of pH. Our calculations lecular nucleophilic attack on the side chain carbonyl by the
show that the minimum rate of deamidation occurs at deprotonated nitrogen. For neutral pH, a water-assisted
approximately pH= 3. For pH <3, acid catalysis yields  hydrogen transfer reaction is the rate-limiting step. For basic
aspartate through a sequence of reactions that result in arconditions, direct elimination of Njf from the anionic
—NH3" leaving group. For pH>3, base catalysis leads to tetrahedral intermediate is rate limiting.
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The rate-limiting water-assisted hydrogen transfer step
at neutral pH has implications for chemotherapy-induced
apoptosis. The antiapoptic protein Rb could prevent Bcl-x
deamidation by binding to Bclixin a way that interferes
with the water-assisted transfer. Similarly, some sequence
effects at neutral pH could be explained as steric interference
with the water-assisted transition state. Steric effects may
be less important for protein formulations which are prepared
at mildly acidic pH where the rate-limiting step is intramo-
lecular. Because the intramolecular transition state is anionic,
a low solvent dielectric constant may stabilize protein
formulations.
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APPENDIX 1

Saddle point structures are shown in Figure 13.

APPENDIX 2

Gibbs free energies as functions of pH are shown in Table

5.

SUPPORTING INFORMATION AVAILABLE

One table giving the individual components of the total
Gibbs free energy. This material is available free of charge
via the Internet at http://pubs.acs.org.
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