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Abstract: Aspartic acid and asparagine residues racemize rapidly relative to other amino acid residues in proteins
and peptides. This has been attributed to the increased acidity of-tiagbons of succinimide residues derived

from the spontaneous cyclizations of these residues. To understand the basis of this effect, the acidities of model
compounds were calculated using ab initio quantum mechanics (RHR/6&31 The results were also checked

with DFT (Becke3LYP/6-31G*) and solvent cavity models (IPCM and SCIPCM). The geometries of succinimide,
2-pyrrolidinone, and the derived enolate anions were optimized, and the gas phase deprotonation energies were
calculated. The imide is more acidic than the amide by 18 kcal/mol in the gas phase. Since there is a qualitative
correlation between gas phase and aqueous acidities, this result provides an explanation for the experimental
observations that the rate of peptidyl succinimide racemization canli@e times greater than that of unmodified
aspartic acid residues. To quantitate the source of the succinimide acidity, the geometries and CH acidities of various
conformations ofN-formylacetamide and acetamide, acyclic models of succinimide and 2-pyrrolidinone, and
3-oxobutanal and acetone, acyclic models lacking the nitrogen atom, were studied. The importance of resonance
effects for increasing the acidity of the-carbon of succinimide was established, but electrostatic and inductive
effects also have an important influence on acidities. The acidity of succinimide is compared to the acidities of
several peptide models. Isosuccinimide, an alternative degradation product of aspartic acid and asparagine residues,
is also be expected to be racemization prone by similar mechanisms.

Introduction D-aspartic acid is generally greater than those of the other
] ] ) ) ) . specie$. For example, when the/L ratios of amino acids from
Amino acids are incorporated into cellular proteins via hydrolysates of casein incubated at®5in 0.1 M NaOH for
ribosomal synthesg so.lely in theconflguratlon: However, .40 min were measured, the value for aspartic acid (0.303) was
spontaneous racemization reactions can result in the generation,ch greater than that of alanine (0.07), valine (0.04), leucine
of D-re_3|du_es during the life span of the protein. There isan (0.03), proline (0.04), glutamic acid (0.08), and phenylalanine
extensive literature that shows the accumulatiom-afspartic (0.09)° A more extensive study of alkaline-treated soybean
acid in acid hydrolysates of stable tissue proteins from aging proteins revealed that the rate of racemization of 13 amino acid

cells and organisms. For example, the rati@aispartic acid  (ggjques generally followed their side-chain inductive constants
to L-aspartic acid in hydrolysates of polypeptides from human (o

; > ! *) with the exception that the rate for asparagine and aspartic
tissues can reach values of 0.06 in tooth dérativd erythrocyte acid residues was-425-fold greater than expectad.
membrane proteins0.13 in aortic elastid,0.21 in specific

. . ; . . ) It was initially assumed that racemization proceeds from
peptides of brain myelin basic protef).25 at specific residues L-aspartic acid residues in amino acids and polypeptides by
in Alzheimer disease plagye-amyloid?® and 1.1 at specific

id . | llin h lati deprotonation of the-carbon atom of the amino acid, generat-
resi gbes n 63:16 len&A-fcr_ysta '?' Suc jcqumuhautc:_nlcap | ing a planaro-carbanion, and then reprotonation on the other
contribute to the loss of tissue functions during the biological q;qe (Figure 1§11 The relative rates of racemization of various
aging process.p-Aspartate accumulation has also been used

iy ic N amino acids would thus reflect the electron-withdrawing capaci-
to date archeologicaand paleontologicamaterials. Although — ies of the side chains. This relationship has been experimentally

the formation of thep-isomers of other types of amino acid a/

id has b | b d th ¢ lati emonstrated with free amino acitfs.However, the situation
residues has been also observed, the rate of accumulation Olyith amino acid residues in polypeptides appears to be more

® Abstract published idvance ACS Abstract§eptember 1, 1996. complex. For example, the simple mechanism described above
(1) (a) Saleh, N.; Deutsch, D.; Gil-Av, ECalcif. Tissue Int1993 53, would not explain the experimental observation that aspartic
éOSM _(tgagg'rhofﬁa%?g”fé% fe‘zmz%es 1988 67, 1319. (c) Helman,  4iq residues appear to racemize more rapidly than serine or
"(2)Brunauer, L. S.: Clarke, S. Biol. Chem 1986 261, 12538. threonine residues, the side chains of which have greater
(3) Powell, J. T.; Vine, N.; Crossman, Mtherosclerosi€992 97, 201. electron-withdrawing properties than the deprotonated aspartyl

(4) (a) Sapira, R.; Silinson, K. D.; Shapira, &.Neurochem1988 50,
649. (b) Roher, A. E.; Lowenson, J. D.; Clarke, S.; Wolkow, C.; Wang, (7) (a) Goodfriend, G. ANature1992 357, 399. (b) Bada, J. L.; Wang,
R.; Cotter, R. J.; Reardon, I. M.; Zurcher-Neely, H. A.; Heinrikson, R. L.; X. S.; Poinar, H. N.; Paabo, S.; Poinar, G.@ochemCosmochimActa

Ball, M. J.; Greenberg, B. DJ. Biol. Chem 1993 268 3072. 1994 58, 3135.
(5) Fuijii, N.; Muraoka, S.; Satoh, K.; Hori, H.; Harada, Biomed Res (8) Bada, J. LMethods Enzymoll984 106, 98.
1991 12, 315. (9) Friedman, M.; Masters, P. M. Food Sci 1982 47, 760.
(6) (@) Bada, J. L.; Herrmann, B.; Payan, I. L.; Man, E. Appl (10) Friedman, M.; Liardon, R. Agric. Food Chem1985 33, 666.
Geochem1989 4, 325. (b) Weiner, S.; Kustanovich, Z., Gilj-Av, E.; Traub, (11) Neuberger, AAdv. Protein Chem1948 4, 297.
W. Nature198Q 287, 820. (12) Smith, G. G.; Reddy, G. \. Org. Chem 1989 54, 4529.
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Figure 1. Principal resonance contributors to the intermediate enolate in direct racemization of Asx residues.
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Figure 2. Principal resonance contributors to the intermediate in racemization of succinimidyl residues.
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side chairt? In addition, the hydroxy group of Ser or Thr can
form a hydrogen bond to the negatively charged oxygen, further
stabilizing the anion.

More recent studies have indicated that thaspartic acid

that accumulates in hydrolysates of aged proteins can be deriveo!;l

from a number of species in additionteaspartic acid residues,
including L-asparagine residuéd? Both aspartic acid and

asparagine residues are subject to spontaneous degradatio

reactions via succinimide intermediates (Schem#& 1Jhese
intermediates can be readily hydrolyzed to give a mixture of
isoaspartyl (also called-aspartyl) and aspartyl peptides in a
ratio of ~3:115 The structure of the succinimide suggested that
it may itself be racemization prorié®1é In amino acid residues

in proteins or peptides, stabilization of tbecarbanion by the
carbonyl group would be expected to be limited by competing
amide resonance (Figure 1), the same effect that makes amide
less acidic than ketones.
resonance interaction of the nitrogen lone pair with fhear-

bonyl group in the succinimide causes the nitrogen to be a poorer,

donor to the second carbonyl, making it a better anion stabilizer
(Figure 2).
The nature-indeed, even the existeneef lone-pair reso-

nance with the carbonyl group has been the subject of extensive

discussion in the recent literatute.It has been noted that the
C—0 bond length of an amide is only 0.01 A longer than that

(13) (a) Steinberg, S. M.; Masters, P. M.; Bada, JBioorg. Chem
1984 12, 349. (b) Shapira, R.; Chou, C. H. Biochem Biophys Res
Commun 1987, 146, 1342.

(14) Zhao, M.; Bada, J. L.; Ahern, T. Bioorg. Chem 1989 17, 36.

(15) (a) Geiger, T.; Clarke, SJ. Biol. Chem 1987 262 785. (b)
Meinwald, Y. C.; Stimson, E. R.; Scheraga, H.IAt. J. Pept Protein Res
1986 28, 79. (c) Patel, K.; Borchardt, R. Pharm Res 199Q 7, 703. (d)
Stephenson, R. C.; Clarke, S. Biol. Chem 1989 264, 6164. (e)
Deamidation and Isoaspartate Formation in Peptides and Proféiss/ad,
D. W., Ed.; CRC Press, Inc.: Boca Raton, FL, 1995.

(16) McFadden, P. N.; Clarke, ®roc. Natl. Acad Sci U.SA. 1982
79, 2460.

fim

It has been postulated that the

of a ketone, which belies the traditional resonance formulation.
Traditionally, the decreased acidity of an amide compared to a
ketone is attributed to resonance between the carbonyl group
and nitrogen. A description which better reflects modern
analysid’ is that the resonance is between the carbon and
itrogen without the oxygen being involved. This conclusion
omes from extensive calculations on the source of the high
rotational barrier about the -€N bond in amided? Upon
rotation of the NH group, calculations show a 0.01 A change

the C-0 bond length, little change in the charge on oxygen,
and no change in the electrostatic potential around oxy@en.
The polarizedr-system of a ketone may be considered to be
made up of comparable amounts of resonance structures k1 and
k2 (Figure 3). A nonplanar amide would have similar contribu-
tions of al and a2, respectively. The calculations indicate that
the contribution of al is not changed much in the planar
conformation. Instead, resonance form a3 becomes much more
portant, but at the expense of a2, not al. Thus, the bond
order between the carbon and oxygen is not affected.

The involvement of succinimide residues in racemization has
been verified experimentally: the rate of succinimide racem-
ization in the hexapeptide Val-Tyr-Pro-Asu-Gly-Ala (where Asu
represents a succinimide residue) at pH* 117 000 times
more rapid than that of aspartic acid itself under similar
conditions!? Furthermore, it was shown that racemization of
the succinimide intermediate could account for the bulk of the
total racemization observed for the corresponding asparagine-
containing peptidé®@ The enhanced racemization of succin-
imide residues has also been confirmed with other peptfes.
Finally, it has become clear that the succinimide pathway is
the major spontaneous degradative route of aspartyl and

(17) (a) Knight, E. T.; Allen, L. CJ. Am Chem Soc 1995 117, 4401.
(b) Wiberg, K. B.; Breneman, C. Ml. Am Chem Soc 1992 114, 831.
(18) (a) Schon, I.; Rill, A.Collect Czech Chem Commun 1989 54,
3360. (b) Schon, |.; Szirtes, T.; Rill, A.; Balogh, G.; Vadasz, Z.; Seprodi,
J.; Teplan, I.; Chino, N.; Kumogaye, K. Y.; SakakibaraJSChem Soc,
Perkin Trans 1991, 1, 3213.
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asparaginyl residues in proteins at neutral pH values. Succin-Table 1. Calculated RHF/6-3tG* Energies (au) of Neutral

imidyl forms of a number of bioactive proteins have been shown, €arbonyl Compounds and Their Enolates

including epidermal growth factdP,lysozyme?° basic fibroblast compound neutral enolates

growth factor?! hirudin?? pro-opiomelanocortid® somatotro- 358613 510 —358.013 614

pin,2* and methioninyl growth hormorté. 2-pyrrolidinone ) —284.887 434 —284.258 883
These results, taken together, suggest thaspartic acid in ~ isosuccinimide —358.578 948 —357.974 535

hydrolysates of aged proteins largely originates from protein- acetamide3)?

bound p-succinimide residues and their hydrolysis products  pyramidal nitrogen

p-isoaspartate and-aspartate residues. All of these species ~ Planar nitrogen

can be derived from either-aspartic acid on-asparagine N-formylacetamide4) conformations

succinimide 1)

—207.983 987 —207.358 769
—207.353 900

residues, via the intermediate succinimide. The rate of succin- 4a —320.714 137 —320.109 692
imide racemization may thus control the rate of protein 22 :ggg;g ggg :g%g'igg %i
degradation tob-aspartic acid residues. Understanding this 4 —230.724 213 —320.118 915
process may allow a better understanding of the reactions that 4¢ —230.699 923 —320.087 460
result in spontaneous protein degradation in aging, as well as  4f —320.698 247 —320.087 705
in the inactivation of protein pharmaceuticés. acetone —191.967 613 —191.352 886

—304.691 141 —304.097 529

—247.019 293 —246.388 287
—434.634 208 —434.040 311
—434.099 019 —433.378 405
—473.669 851 —473.054 331

The rate of racemization of the succinimide intermediate is 3-oxobutanal
also a crucial factor in a recently discovered pathway that can propanamide
catalyze a protein repair reactiom-Aspartyl residues can be  succinamic acid
methyl esterified by the protein-isoaspartateetaspartate) succinamate
O-methyltransferase (EC 2.1.1.72P%7 The p-aspartatgs-meth- methyl succinamate
yl ester formed can be rapidly hydrolyzed under physiological
conditions to generate the-succinimide derivativé® The
facile racemization of this species, followed by hydrolysis, can
result in the reformation of aspartate derivatives in the  third section examines the relationship between gas phase
configuration. This pathway thus represents a mechanism foracidities and aqueouskgs. Next, the results of various
convertingo-aspartyl residues tio-aspartyl residues. A similar  calculations on the source of the increased acidity of succinimide
pathway, utilizing the same enzyme, has been clearly demon-and the conclusions that can be drawn from them are presented.
strated to convert-isoaspartyl residues teaspartyl residue® These RHF gas phase results are then compared to DFT

In this paper, ab initio and density functional (DFT) quantum calculations of acidities and to solvation calculations using two
mechanics have been used to identify quantitatively the factors cavity models. Finally, the calculated proton affinities of model

@ The conformation of the nitrogen in the anion; the nitrogen remains
planar in neutral acetamide.

that lead to enhanced succinimidecarbon acidity and race-
mization. Previously, similar methods were used to explain the
origin of the anomalous acidity of Meldrum’s acid, a cyclic
anhydride, as compared to its acyclic anal#ysThe same

acyclic and cyclic peptide residues are compared.

Computational Methodology
Geometries were optimized with RHF theory and the 6-Gt basis

theoretical techniques are employed here to quantitate the acidityset using the GAUSSIAN 92 progra#h. The energies obtained from

of the a-carbon atom in succinimide versus amide and acyclic these optimizations are given in Table 1. It has been established that
derivatives and to identify the origins of the large differences calculations at this level give good predictions of relative gas phase
in acidity. The computational methodology employed for these acidities?®3! Frequency calculations were performed on all noncon-

calculations is explained in the next section of the paper. The St@ined structures to prove that they are energy minima. DFT
optimizations and single-point calculations with solvent cavity models

were performed on the proton affinity of succinimide and three other
compounds. The DFT calculations used the Becke3LYP functional
with the 6-31G* basis set. Solvation calculations were performed at
the RHF/6-3%#G* level using the IPCM model (static isodensity cavity)
and the SCIPCM model (self-consistent isodensity cavity) with a
dielectric constant of 78.54.

(19) Senderoff RI; Wootton, S. C.; Boctor, A. M.; Chen, T. M.; Giordani,
A. B.; Julian, T. N.; Radebaugh, G. VlPharm Res 1994 11, 1712.

(20) Tomizawa, H.; Yamada, H.; Ueda, T.; Imoto,Biochemistryl994
33, 8770.

(21) Shahrokh, Z.; Eberlein, G.; Buckley, D.; Paranandi, M. V.; Aswad,
D. W.; Stratton, P.; Mischak, R.; Wang, Y.Bharm Res 1994 11, 936.

(22) Bischoff, R.; Lepage, P.; Jaquinod, M.; Cauet, G.; Acker-Klein, M.;
Clesse, D.; Laporte, M.; Bayol, A.; Van Dorsselaer, A.; Roitsch, C.
Biochemistry1l993 32, 725.

(23) Toney, K.; Bateman, A.; Gagnon, C.; Bennett, HJ.mBiol. Chem
1993 268 1024.

(24) Violand, B. N.; Schlittler, M. R.; Kolodziej, E. W.; Toren, P. C.;
Cabonce, M. A.; Siegel, N. R.; Duffin, K. L.; Zobel, J. F.; Smith, C. E;
Tou, J. S.Protein Sci 1992 1, 1634.

Results and Discussion

Most of the calculations performed here are for the gas phase.
This provides good evidence for the inherent acidity of different
species. For a number of related compounds, the level of theory

(25) Teshima, G.; Stults, J. T.; Ling, V.; Canova-DavisJEBiol. Chem used provides similar relative acidities when compared to gas
1991, 266, 13544. phase measuremenrfs! For example, the calculations de-

" '(%/IG) (5?) Gseo{ge-kla-sKCime\?t-o(’:ICI;kLO\gle'nson’dJ'I; Ecgssﬁ”qu M.; ggaldefon, scribed later in this paper show a 6.6 kcal/mol difference in
26, 95%4'_”%) (Eiu),/b."T.-\l;%re'r']dsasrio?éch'noﬁggg ?0,’ 200 ?g)";téﬁlmgn, acidity for acetone and acetamide compared to a 6.0 kcal/mol
difference between acetone aNiN-dimethylacetamide found

R.; Nguyen, T.J. Pharm Pharmacol 1992 44, 178.
(27) Lowenson, J. D.; Clarke, 8. Biol. Chem 1992 267, 5985. experimentally in the gas pha%e.There can also be good

(28) (a) McFadden, P. N.; Clarke, Broc. Natl. Acad Sci U.SA. 1987,
84, 2595. (b) Johnson, B. A.; Murray, E. D., Jr.; Clarke, S.; glass, D. B;
Aswad, D. W.J. Biol. Chem 1987 262 5622. (c) Brennan, T. V.;
Anderson, J. W.; Jia, Z. J.; Waygood, E. B.; Clarke].®Biol. Chem 1994

(30) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W.;
Wong, M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M.
A.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley,
269 24586. (d) Aswad, D. W.; Guzzetta, A. W. IBeamidation and J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; Baker, J.;
Isoaspartate Formation in Peptides and ProteiAswad, D. W., Ed.; CRC Stewart, J. J. P.; Pople, J. A. Gaussian 92, Revision A; Gaussian Inc.:
Press, Inc.: Boca Raton, FL, 1995; Chapter 3. (e) Lowenson, J. D.; Clarke, Pittsburgh, PA, 1992.

S. In Deamidation and Isoaspartate Formation in Peptides and Proteins (31) (a) Saunders, W. H., J&. Phys Org. Chem 1994 7, 268. (b)
Aswad, D. W., Ed.; CRC Press, Inc.: Boca Raton, FL, 1995; Chapter 4. Ritchie, P. J.; Bachrach, S. M. Am Chem Soc 199Q 112 6514.

(29) (a) Wang, X.; Houk, K. NJ. Am Chem Soc 1988 110, 1870. (32) Lias, S. G.; Barmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,

(b) Wiberg, K. B.; Laidig, K. EJ. Am Chem Soc 1988 110, 1872. R. D.; Mallard, W. G.J. Phys Chem Ref Data Suppl 1988 17.
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nitromethane, acetone, ethyl acetate, acetonitN|dl-dimethylacet- a3ssh  Wi237A
amide, acetylene, ethylene, and methane. Least-squares correlation p
= 0.61AE — 203.1 R = 0.87). Data from refs 32, 35, and 36. succinimide succinimide anion
< 0-C-N-H = 0.0° < O-C(CH)-N-H = 0.0°
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correlations between gas phase and solution acidities. Taft and ‘
Bordwell reported correlations between DMSO and gas phase Q- @-v =0 Ol

acidities for a series of acids of a given tyfSelthough their Figure 5. Optimized geometries of succinimide, 2-pyrrolidinone, and
comparisons of gas phase acidities to aqueous acidities showedhe corresponding enolate anions. The proton affinities are given (kcal/
no clear correlation, and in some cases, the order of aciditiesmol). The numbers in brackets are the relative proton affinities (kcal/
was even reversedd. However, if only acidities of carbon acids ~ mol); (RHF/6-31-G*). The numbers in parentheses are the optimized
to form carbanions are considered, a qualitative correlation doesgeometrical parameters from the B-3LYP/6433* calculations.
exist between gas phase and aqueous solution acitfites;an
be seen in Figure 4. Of greater relevance, the trend of acidities
for acetone> methy/ethyl acetate- N,N-dimethylacetamide
is the same in both the gas phase and in aqueous soféfién.
The proton affinity values are 369.0, 371.9, (methyl acetate),
and 375.0 kcal/mol, respectively, in the gas phase. Husp
are 19-20, 27-28 (ethyl acetate), and 3B2, respectively.
Since our calculations deal only with carbanions, our gas phaseIe
proton affinity values should parallel the aqueous phdasg p
values. Solvation calculations, reported below, were performed
to verify this conclusion.

2-Pyrrolidinone and Succinimide. To compare the acidities
of succinimide with an analogous amide, the structures of
succinimide {), 2-pyrrolidinone ), and their corresponding
enolate ions were optimized. These geometries are shown in
Figure 5. Proton affinities of these and related structures are

glvsen n '_I'a_bdle .2’13?(”9')’\””" relevant_dgx?ﬁnnlﬁntal qgta'_l_ bl the 2-pyrrolidinone enolate. There is increased resonance
uccinimide 1s cal/mol more acidic than the amide (Table between the nitrogen and tfflecarbonyl in the anion, signaled

2). Thep-carbonyl has a sugnificant effect on the acidity! This by a 0.04 A decrease in the-® bond length and an 0.03 A
translates to a difference in aqueous,f 10.8 units, using increaée in the-carbonyl bond length '

the e_q_“a.gon (_)”bLalned frr]om the g(rja_lph 'g tl?gure 4. CIearI%/, Taken together, these results demonstrate thai-terbonyl
succm.|m|t.e V\;Ih e2muc ?:jqre acidic and thus n}otr.e Pron€ 10 ot succinimide increases the acidity of thecarbanion relative
racemization than 2-pyrrolidinone in agueous sofution. to a simple amide. This can be attributed to resonance, but the

Geomgt?catl chtar\]n%es upon deprqt(inatlczp of %-tr;]yrrohdkl)none pB-carbonyl is also capable of acidifying the amide by inductive
aré consistent wi € resonance interaction of the carbanion,. through-space dipolar field effects. In order to understand

with the carbonyl group. The-€C bond contracts by 0.14 A the oriqi : . :

g . gin of these geometrical changes and the relatively high
a’?d the.C O bond Iengthgqs by 0'.04 A. Note that, Just as acidity of succinimide, we have studied a number of model
with amides, the lone-pair interaction (here on C) with the systems, described below
carbonyl carbon is much larger than the decrease of carbonyl Acetar’nide and N-Formylacetamide Calculations were

garbdorll mtt;:a_ctlon with gxgge’g\". Atththe same t'g"teﬁ the.l"[C performed on acetamid8)(andN-formylacetamide4), acyclic
ond fength increases ©. In the anion an € nitrogen analogs of 2-pyrrolidinone and succinimide, in various confor-

becomes partially pyramidalized. These changes signify a
reduction in the interaction between the carbonyl carbon and
the nitrogen. This competition between N lone-pair and
o-carbanion resonance interaction with the carbonyl is generally
considered to be the origin of the decreased acidity of amides
vs ketones.

Examination of succinimide bond lengths show that there is
ss interaction of the nitrogen lone pair with either carbonyl
carbon than in a simple amide. The-@ imide bond lengths

are 0.02 A longer in succinimide than in 2-pyrrolidinone. The
carbonyl bond lengths of succinimide are 0.01 A shorter than
those of 2-pyrrolidinone. Upon anion formation, one carbonyl
becomes part of an enolate. The resonance between the nitrogen
and that carbonyl carbon becomes very small, as evidenced by
the C—N bond length increase to 1.452 A. The enolate@
bond length in succinimide is 1.373 A, 0.01 A shorter than in

(33) Taft, R. W.; Bordwell, F. GAcc Chem Res 1988 21, 463. mations to gain better estimates of the importance of resonance
22%4) Turon, 1.; Silla, E.; Pascual-Ahuir, J. Am Chem Soc 1993 115 and inductive factors. Wong and Wiberg previously calculated
) . *
(35) Brinck, T.; Murray, J.; Palitzer, Rl. Org. Chem 1991, 56, 5012. the ge;?metry of acetamide at the RHF/6+33* level of
(36) (a) Bordwell, F. G.; Fried, H. EJ. Org. Chem 1981, 46, 4327. theory3’ This geometry and that found here for the enolate
(b) Pearson, R. G.; Dillon, R. L1. Am Chem Soc 1953 75, 2439. (c) A anion are given in Figure 6. The lowest energy conformation

new value of 25.6 has been reported for ethyl acetate: Aymes, T. L.;
Richard, J. PJ. Am Chem Soc 1996 118 3129. (37) Wong, M. W.; Wiberg, K. BJ. Phys Chem 1992 96, 668.
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Table 2. Proton Affinities (kcal/mol) Calculated as the Energy of the Enolate Anion Minus the Energy of the Neutral Compound
(RHF/6-3H-G*)

rel energy of  rel energy of

compound proton affin neutral compd enolate anion rel proton affin  exptl proton affin

succinimide 1) 376.4 0.0
2-pyrrolidinone @) 394.4 18.0
isosuccinimide 379.3 2.9
acetamide3)?

pyramidal nitrogen 392.3 19.4

planar nitrogeN-formylacetamide4) conformations 3954 225

4da 379.3 8.4 14.8 6.4

4b 372.9 0.0 0.0 0.0

4c 373.3 25 2.8 0.4

4d 379.8 21 9.0 6.9

4e 384.3 17.3 28.7 11.4

4f 383.1 18.4 28.6 10.2
acetone 385.7 13.2 369.0
3-oxobutanal 372.5 0.0 369.0
N,N-dimethyl-acetamide 375.0
methyl acetate 371.9
acetaldehyde 365.9

aThe conformation of the nitrogen in the anion; the nitrogen remains planar in neutral acetaRdderence 32.

1.200 A
: 3793
fedl

acctamide acctamide anion
< O-C-N-Ha = 3.4° < 0-C-N-Ha = 26.2°
< O-C-N-Hb = 176.9° < O-C-N-Hb = 149.3°

372.9

Figure 6. Optimized geometries of acetamide and the enolate anion. T

mizex : (L2444 @ (1.384 Ay
The proton affinity is given (kcal/mol); (RHF/6-31G*). tiomd Pt
of the anion of acetamide has a partially pyramidal nitrogen )
group, as in the anion of 2-pyrrolidinone. The anion with a i frans e conformer 4b
planar amino group was also optimized, but this structure was
a transition state, 3.0 kcal/mol above the pyramidal minimum.
The four conformational minima dfl-formylacetamide are
given in Figure 7. Table 2 gives the calculated relative energies
of the amides, the calculated relative energies of the corre-
sponding enolate anions, and the calculated relative proton
affinities. The four conformers af are planar or nearly planar
and can be described by usual peptide nomenclature as
follows: when the acetamide methyl carbonasti to the
N—formyl bond, this is called Mérans similarly, when the
formyl CH bond isanti to the N-Ac bond, this is called Hrans
In conformer4a, both amides areans The most stable and
acidic conforme#b, H-cis and Metrans, is 6.4 kcal/mol more
acidic tharda. In conformerd4c, a relatively acidic conformer,
the amides are Hansand Meceis. The least acidic conformer o )
4d has both amidesis and is 6.9 kcal/mol less acidic thdip. fransT clbla conforuner dd conformer 4d anion
The r_elatlve_ acidities of acetamide _aht_slformylacetamlde Figure 7. RHF/6-3H-G* optimized conformations oN-formylacet-
along with their bond length changes indicate that the conclu- amide and the corresponding enolate anions. The proton affinities are
sions drawn from these calculations can be reliably applied to given (kcal/mol). The relative proton affinities (kcal/mol) are in
succinimide. Conforme#c of N-formylacetamide, which is  brackets under the arrows. The bond lengths in parentheses are from
conformationally similar to succinimide, is more acidic than the B-3LYP/6-31G* calculations.
acetamide by 19 kcal/mol. This is in good agreement with the
calculated difference between the acidities of succinimide and (0.08 A in 1). In the anion of conforme#c, the C-N bond
2-pyrrolidinone (18 kcal/mol). Acetamide undergoes similar length increases by 0.07 A (0.08 A i®), the CG-C bond
geometrical changes upon anion formation as calculated for decreases by 0.14 A (0.15 A @), the imide C-N bond length
2-pyrrolidinone, whereas all four conformers Wfformylac- decreases by 0.04 A (0.04 A i#), and thes-C—O bond
etamide undergo similar bond length changes as calculated forincreases by 0.03 A (0.03 A in).
succinimide. The nitrogen becomes pyramidal in the acetamide As expected, resonance also plays a role in the increased
anion, the G-C bond contracts by 0.13 A (0.14 A i), the acidity of N-formylacetamide compared to acetamide. However,
C—0 bond lengthens by 0.05 A (0.04 A i), and the G-N there does not appear to be any relationship between the amount
bond length increases from 1.36 to 4 A a change of 0.08 A of amide resonance (as indicated by bond length changes) and
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Figure 8. N-Formylacetamide constrained conformations with the
[-carbonyl group rotated 9Grom the plane of the acetamide function.
Proton affinities are given (kcal/mol). The numbers in brackets are
the relative proton affinities with respect to confornddr (kcal/mol).
(RHF/6-31-G*) The bond lengths in parentheses are from the B-3LYP/
6-31+G* optimized calculations.

the relative acidities of the fold-formylacetamide conformers.
For example, enolatb has a shorter €N bond length of 1.45

A, while conformer4a, which is 6.4 kcal/mol less acidic, has
a longer 1.47 A &N bond length, indicative of less amide
resonance. If resonance betwge@ and N corresponded to
increased acidity, th8-C—N bond should be shortest in the
most acidic amides. Figure 7 shows no such correlation.
Instead, examination of the various electrostatic and dipole
dipole interactions present in the four conformers and the

J. Am. Chem. Soc., Vol. 118, No. 38, a1%®%

acetone

3-oxobutanal 3-oxobutanal anion

Figure 9. Optimized geometries of acetone, 3-oxobutanal, and the
corresponding enolate anions. The proton affinities are given (kcal/
mol). The numbers in parentheses are relative proton affinities (kcal/
mol); (RHF/6-3H1-G*).

and to 180 and Q respectively, for conformetf. The results

of these calculations are given in Figure 8 and Table 2. The
acidities of these conformations were compared to those of
acetamide. Both amide and enolate were constrained in the
same way. The relative proton affinity of acetamide with this
planar anion constraint is given in Table 2.

The increase in the acidities of conformets and 4f of
N-formylacetamide over planar acetamide can be attributed to
electrostatic interactions and the inductive effect of fhear-
bonyl. Electrostatics plays a role by placing a partial negative
charge of the3-carbonyl oxygen near the positive end of the

corresponding anions provides an explanation for the observedCO dipole. Thes-carbonyl may also have an inductive effect
relative acidities. These results (discussed below) also indicateby pulling electron density through bonds away from the

that a stabilizing alignment of the dipoles in succinimide and

o-carbonyl. This will increase the facility of forming the anion.

the absence of any destabilizing electrostatic interactions in the The increased acidity of thdl-formylacetamide conformers

anion help to contribute to the high acidity of succinimide.
Conformersdb and 4c are more acidic by 6 kcal/mol than
conformers4a and 4d. Structure 4b is the most stable

cannot be attributed to resonance sinceff@arbonyl group is
perpendicular to the plane of the molecule. Confordeis
11.1 kcal/mol more acidic and conforméf is 12.3 kcal/mol

conformer among both the neutral compounds and the carban-mnore acidic than acetamide with the planarity constraint. Thus,

ions. The two carbonyl dipoles ofib point in opposite
directions in the neutral, stabilizing this structure. In the anion,
the second carbonyl is also oriented in a stabilizing manner.
The dipoles in conformetc are roughly perpendicular, resulting
in some destabilization of the amide, but stabilization of the
anion by theg-carbonyl dipole. The decreased acidities of
conformers4a and 4d can be attributed to unfavorable elec-
trostatic interactions in their anions. In conforméa, the
dipoles point in the same direction causing a destabilizing
electrostatic interaction between the two partially negative
oxygens in the neutral compound. This repulsion is more

a surprisingly large amount of the increased acidity of succin-
imide is caused by the electrostatic interaction and inductive
effects.

Nonresonance effects, accounting for a 12 kcal/mol increase
in acidity, appear to be as important if not more important than
resonance in explaining the increased acidity of succinimide
over acyclic peptides. To estimate the effect of resonance, an
upper limit can be obtained by comparing confornvévgreso-
nance with3-carbonyl) andte (no resonance witfi-carbonyl).
Conformer4b is more acidic thadeby 11.4 kcal/mol. A lower
limit for the effect of resonance on acidity can be obtained by

pronounced in the anion, due to the increased electron densitycomparing the acidity di-formylacetamide conformetb with

on each oxygen. In conformdd, the dipoles point in opposite

that of acetamide. Here, 12 kcal/mol of the 19 kcal/mol differ-

directions, but there is some slight steric hindrance between theence in acidity betweedAb and acetamide can be attributed to

oxygen of theg-carbonyl and the methyl group. In the anion,
the B-oxygen is now near the partially negatively charged
carbon, destabilizing this structure.

Constrained Conformers of N-Formylacetamide. To
further quantify the relative importance of electrostatic, induc-

tive, and resonance effects, two additional constrained confor-

mations of N-formylacetamide were optimized. In these
conformers, thg-carbonyl group is rotated 9@rom the plane
of the a-carbonyl group by constraining the-C(H)—N—
C(CHg) dihedral angle to 90 To eliminate all possible
resonance between tjfecarbon and the nitrogen lone pair, the
dihedral angles C(HG)N—C(CHs)—0O and H-N—C(CH;)—O
were also fixed to 0 and 180respectively, for conformete

nonresonance effects. The remaining 7 kcal/mol difference in
acidity can be attributed to resonance. Thus, resonance only
accounts for a #11 kcal/mol increase in acidity, about half
the effect in succinimide. There is a large conformational
dependence of the acidification by tfiecarbonyl.

Acetone and 3-Oxobutanal. An additional model system
was chosen to obtain an independent estimate of electrostatic
and inductive effects on acidities. Acetone and its enolate anion
were compared to formylacetone (3-oxobutanal) and its anion.
In these compounds, the absence of the nitrogen atom precludes
amide-type resonance structures and only inductive and dipolar
effects are possible. The results are given in Figure 9 and Table
238 The -formyl group increases the acidity of acetone by
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Table 3. Proton Affinities (kcal/mol) and Relative Energies (kcal/mol) for RHF, B3LYP, and Solvation Calculations with thé ®*3Rasis

Set
RHF B3LYP IPCM E = 78.54) SCIPCME = 78.54)
compound proton affin rel energy proton affin rel energy proton affin rel energy proton affin rel energy
2-pyrrolidinone 394.4 18.0 384.6 18.3 338.6 10.8 349.7 135
succinimide 376.4 0.0 366.3 0.0 327.8 0.0 336.3 0.0
N-formylacetamide
conformerdb 3729 0.0 362.3 0.0 324.9 0.0 333.8 0.0
conformerde 384.3 11.4 376.3 14.0 3325 7.6 342.2 8.4
13.2 kcal/mol. Here, Only inductive and dipO'ar effects are Propanamide Succinamic acid Succinamate Methyl succinamate  Succinimide

possible. This is similar to the 12 kcal/mol increase in acidity
caused by the nonresonating formyl group in confordeof
N-formylacetamide.

DFT Calculations of Acidities. RHF calculations tend to

underestimate the extent of delocalization or resonance. Thistoen

problem can be corrected for by including electron correlation.
Although the Becke3LYP method tends to overemphasize
delocalization, it is an inexpensive and relatively accurate way
to include electron correlation in the calculations. Succinimide,
2-pyrrolidinone, andN-formylacetamide conformerb and4e
were optimized using B3LYP. The results are summarized in
Table 3. As stated earlier, the comparison of the proton
affinities of succinimide and 2-pyrrolidinone give the increase
in acidity caused by the addition offcarbonyl group, while
the comparison of the proton affinities b and4e provides
an upper limit estimation for the effect of resonance on the
increased acidity.

The B3LYP method indicates that resonance stabilization of
the anion has a larger effect on acidity than predicted by the
RHF calculations. The increase in acidity due to an added

carbonyl group remains similar to the gas phase value with an

18.3 kcal/mol difference between the acidities of succinimide
and 2-pyrrolidinone. However, the increase in acidity of
N-formylacetamide upon rotation of the carbonyl group is 14.0
kcal/mol, 2.4 kcal/mol higher than the RHF calculated value.
This 14.0 kcal/mol can be attributed to resonance effects.
Electrostatic and inductive effects then only contribute 4.3 kcal/
mol of stabilization to the anion.

The contribution of resonance to the acidity probably lies
between the predicted RHF and B3LYP values. This would

place the upper limit of resonance contribution between 11 and

14 kcal/mol. If BSLYP calculations have a similar effect on
the lower limit for the contribution of resonance, it will be

between 7 and 10 kcal/mol. Thus, resonance has a larger impac

on the acidity than predicted by RHF, but electrostatic interac-
tions and the inductive effect still affect the acidity.
Solvation Effects on Acidities. The effect of solvation on

the relative acidities was also investigated. Calculations were

performed on succinimide, 2-pyrrolidinone, aNeformylacet-
amide conformergb and4e The results are presented in Table
3. The SCIPCM calculation results give lower proton affinities

than the gas phase calculations and lower relative energies. Fo

the solvation model, the difference in acidity between succin-
imide and 2-pyrrolidinone is only 13.5 kcal/mol. This number
is significantly lower than the 18.0 and 18.3 kcal/mol calculated
by RHF and B3LYP, respectively. The increase in acidity
obtained by rotation of the carbonyl groupNRformylacetamide
is also lower: 7.6 kcal/mol for SCIPCM. The electrostatic
interactions and inductive effect then contribute 5.1 kcal/mol.
To compare these results with the RHF and DFT calculations,

we compare the ratios of the decrease in acidity caused by

resonance to the total decrease in acidity from the additional
carbonyl group. Similar ratios would indicate that the resonance

(38) The acidity of acetone was previously calculated by Sauréers.
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Figure 10. Proton affinities and relative proton affinities of acyclic
and cyclic peptide residue models.
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Figure 11. Optimized geometries of methyl succinamate and its enolate
anion. The proton affinity is given (kcal/mol); (RHF/6-3G*).

and nonresonance effects have the same amount of importance
for each type of calculation. The ratios for the three types of
calculations are 0.63 for RHF, 0.76 for DFT, and 0.62 for
SCIPCM. The SCIPCM ratio is the same as the RHF ratio,
indicating that solvent has had no effect on the importance of
resonance as determined by the RHF calculations. The solvent
calculation results support the proposal we advanced at the
beginning of this paper that the main effect solvation would
have on our gas phase results would be to lower the proton
affinities and the relative energies but would have a small effect
on the ratios of the relative acidities.

Peptide Residue Model Systems Calculations were per-
ormed on model systems of peptide residues to determine

hether the increase in acidity upon succinimide formation is
large enough to account for the observed higher rates of
racemization. The model systems calculated were propanamide,
succinamic acid, succinamate, methyl succinamate, and suc-
cinimide. The results are given in Figure 10, and the optimized
structures of methyl succinamate andatgarbanion are given
in Figure 11. Propanamide is used as a model for an alanine
residue, and succinimide is used as a model for a succinimidy!
fesidue. Succinamic acid and succinamate were originally
conceived as models of aspartic acid and aspartate, but due to
hydrogen-bonding interactions in both of these systems, the gas
phase calculations of their proton affinities gave unrealistic
results for solution considerations. For this reason, the proton
affinity of methyl succinamate, which does not form these
hydrogen bonds, was calculated and this was used as the model
for an aspartyl residue.

Comparison of the acidities of model acyclic and cyclic
peptide residues indicates that the addition of a carboxylate
group to the side chain increases acidity but that formation of
a succinimide causes a much larger increase in acidity. Methyl
succinamate is 9.8 kcal/mol more acidic than propanamide. This
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cinimide was calculated and compared to that of succinimide.
The results are given in Figure 12 and Table 2. Isosuccinimide
is only 2.9 kcal/mol less acidic than succinimide and should
also be racemization prone. The high acidity of isosuccinimide
is also attributed to both resonance and nonresonance effects,
since the geometrical changes it undergoes upon anion formation
are very similar to the those observed for succinimide.

Experimental studies have implicated electrostatic interactions
between the two peptide units of diketopiperazine as the cause
- of a 740-fold increase in the rate of NH exchange, as compared

isosuccinimide isosuccinimide anion to 2-piperidone’! This interaction has been invoked as an

Figure 12. Optimized geometries of isosuccinimide and the corre- important influence on rates of NH exchange in peptides. The
sponding enolate anion. The proton affinity is given (kcal/mol); (RHF/ elecérostatic effects found here provide an explanation of this
6-31+G*). trend.

is yet another indication that the inductive effect of a carbonyl Conclusions

group has a large effect on acidity. These calculations agree The theoretical calculations in this work provide quantitative
with the experimental observation that free aspartic acid rationalization of the rapid racemization observed at succinimide
racemizes more quickly than alanitfe However, the rates of  residues in proteins. Such residues have been shown to be the
racemization of aspartyl residues in peptides or proteins aremajor intermediates in the deamidation and isomerization of
higher than expected on the basis of free aspartic éstérs. | _asparagine residues and in the isomerizationadpartic acid
Succinimide is 9.8 kcal/mol more acidic than methyl succi- residues. Succinimide residues are calculated to be 18 kcal/
namate. Thus, formation of succinimide will increase the acidity mol more acidic than their acyclic counterparts in the gas phase
and the rate of racemization of theC of aspartyl residues.  and 13 kcal/mol more acidic in solution. As expected, the
Othel’ POSSibIe CyC“C Structures. There are Other CyC|iC resonance interaction between tl]jfecarbony| carbon and
intermediates from peptides that may contribute to the overall pitrogen contributes to the higher acidity of succinimide. This
racemization processés!® One of these involves the formation  accounts for about one-half to two-thirds of the calculated
of five-membered cyclic intermediates, where the peptide bond jncreased acidity where the remaining acidity increase is due

oxygen atom, rather than the nitrogen atom, of the residue tg electrostatic interactions and the inductive effect of the
attacks the side-chain carbor#§l.This reaction forms an imino- B-carbony! group.

o-lactone ring that has been termed an “anhydride” or “isoim-

ide”. This structure may share the electronic properties of Acknowledgment. We are grateful to the National Institutes
succinimide intermediates that lead to rapid racemizadfidn. of Health and the National Science Foundation for financial
Both decreased resonance and through-space effects that placsupport of this research, and to the UCLA Office of Academic
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