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tive behavior of a large number of PAH' s 
can be predicted (6, 10). For example, 
one would expect strongly carcinogenic 
compounds such as 9,10-dimethylbenz- 
[a ]anthracene and 3-methylchloranthene 
(3) to be rapidly oxidized and thus de- 
toxified. Possible evidence in support of 
this prediction is afforded by the fact 
that these compounds, if found at all in 
atmospheric particles, are present at 
barely detectable levels. 
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The significance of amino acid race- 
mization and epimerization in bio- 
geochemistry (geochronology and geo- 
thermometry) and paleobiology, as well 
as in peptide synthesis and the study of 
natural products, has been recognized in 
recent years. Several review articles 
have appeared (1-5). In polypeptides, 
racemization rates are reported to be al- 
tered by hydrolysis (6), which competes 
with racemization, complicating the 
study of racemization rates in peptides 
compared with those in free amino acids. 

By employing optically active phases 
on a capillary gas chromatography col- 
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umn, we studied the racemization rates 
of eight amino acids, including isoleu- 
cine, in 37 different dipeptides. Unex- 
pectedly, the dipeptides of alanine, leu- 
cine, phenylalanine, aspartic acid, and 
methionine, whether attached to a hin- 
dered or a nonhindered amino acid (va- 
line and glycine, respectively), showed 
the COOH-terminal amino acid residues 
racemizing faster than the NH2-terminal 
amino acid residues (Table 1). Emphasis 
is given these results because simple 
electrostatic theory predicts NH2 > 
COOH. In nonproline dipeptides, only 
the sterically hindered amino acids iso- 
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leucine, valine, and serine showed 
NH2 > COOH (Table 2). Proline, appar- 
ently, has a special effect. With proline 
dipeptides all amino acid residues 
showed NH2 > COOH (Table 2), and 
the rates were faster at both ends with 
non-sterically hindered amino acids. All 
NH2-terminal amino acid residues, in- 
cluding isoleucine and valine, racemized 
very rapidly in X-Pro dipeptides (33 to 53 
percent D, Table 2). However, the steri- 
cally hindered amino acids isoleucine 
and valine racemized very slowly at the 
COOH-terminal position, particularly in 
Pro-X (- 1 percent D, Table 2). There- 
fore, rate enhancement at NH2 and rate 
retardation at COOH result in very high 
NH2/COOH values for these sterically 
hindered amino acids. These data clearly 
show that position in the peptide, as well 
as amino acid structure, has a major ef- 
fect on racemization and that steric hin- 
drance affects racemization more at the 
COOH position than at the NH2 posi- 
tion. Our results for isoleucine confirm 
those published recently by Kriausakul 
and Mitterer (7), who reported NH2 > 
COOH in the epimerization of isoleu- 
cine in dipeptides of glycine, alanine, 
valine, tyrosine, and phenylalanine (Ta- 
ble 2). Because more of the amino 
acids racemize faster at the COOH posi- 
tion, the result NH2 > COOH appears to 
be the exception rather than the rule. 
Serine falls in a class by itself. Its race- 
mization was very fast at both positions, 
but its NH2/COOH value was only slight- 
ly greater than 1.0 (1.2). 

Racemization is generally considered 
to proceed through the removal of the a- 
methine hydrogen by base. Applying 
Neuberger's (8) mechanism, the transi- 
tion state leading to the carbanion is an 
incipient carbanion (1) with varying C-H 

S+RB H0 H 0 

I I I R ----C C C-N H-- C ?C ? 0~ 

+NH3 R' 

bond polarization. Stabilization of this 
incipient carbanion transition state con- 
trols the rate of racemization, and fac- 
tors that alter the entropy or enthalpy of 
transition, AS* or AH*, or both, affect 
the rate. AtpH 7.6, at which this study 
was carried out, the dipeptide is princi- 
pally in its zwitterion form. The -+NH3 
group, through its electrostatic effect, 
would stabilize an adjacent incipient 
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the rate. AtpH 7.6, at which this study 
was carried out, the dipeptide is princi- 
pally in its zwitterion form. The -+NH3 
group, through its electrostatic effect, 
would stabilize an adjacent incipient 
carbanion, while the -CO2- group, through 
its inductive and field effects, would de- 
stabilize an incipient methine carbanion 
formed at the COOH-terminal position. 
Simple electrostatic theory predicts that 
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Racemization of Amino Acids in Dipeptides Shows 
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Abstract. The relative rates of racemization for amino acid residues at the NH2 
and COOH ends of 37 different dipeptides were determined. In nine dipeptides con- 
taining alanine, leucine, phenylalanine, aspartic acid, and methionine, the amino 
acid residue racemized faster at the COOH-terminal position than at the NH2-termi- 
nal position (COOH > NH2). The sterically hindered amino acids isoleucine and 
valine showed NH2 > COOH. Six proline dipeptides showed NH2 > COOH. Intra- 
molecular effects have been invoked to explain these surprising results. 
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NH2 > COOH would be favored in race- 
mization, and it has been found that re- 
moval of the carboxylate anion by ester 
or amide formation enhances racemiza- 
tion in free amino acids (9). Apparently 
in dipeptides other, less apparent factors 
operate to cause low NH2/COOH val- 
ues and, in some cases, result in 
COOH > NH2. In the work of Kriausa- 
kul and Mitterer and in our study, the 
NH2/COOH values were modest-less 
than 10, and with most amino acids less 
than 5-except for Pro-Ile and Pro-Val, 
which appear to be very special cases. 
But more important, in our study nine di- 
peptides showed COOH > NH2 (Table 
1). 

It now appears that inductive and res- 
onance effects are not necessarily the 

most important factors in the racemiza- 
tion of both free and bound amino acids. 
Stabilization of the incipient carbanion 
controls racemization rates since the 
ground states of the dipeptides are all 
nearly the same. Stabilization results 
from numerous factors that alter both 
AH* and AS*, including inductive and 
resonance effects, solvation and neigh- 
boring group participation, and steric ef- 
fects that alter these factors. As de- 
scribed below, a neighboring group may 
stabilize the incipient carbanion or act as 
a base to remove the methine hydrogen. 
In either case, a more favorable ASt term 
is achieved and the rate is higher. When 
there is steric hindrance to solvation (in- 
ter- or intramolecular) or a favored con- 
formation that enhances neighboring 

Table 1. Amounts of racemization of amino acid residues in dipeptides: COOH > NH2. 

D-amino acid (%)t 
Dipeptide* COOH/NH2t 

NH2 terminal COOH terminal 

Ala-Gly, Gly-Ala 27.5 (Ala) 34.5 (Ala) 1.3 
Ala-Val, Val-Ala 20.2 (Ala) 32.5 (Ala) 1.6 

Leu-Gly, Gly-Leu 20.3 (Leu) 25.6 (Leu) 1.3 
Leu-Val, Val-Leu 11.1 (Leu) 21.0 (Leu) 1.9 

Phe-Gly, Gly-Phe 22.7 (Phe) 34.1 (Phe) 1.5 
Phe-Val, Val-Phe 11.8 (Phe) 19.5 (Phe) 1.7 

Asp-Gly, Gly-Asp 39.4 (Asp) 42.3 (Asp) 1.1 
Asp-Val, Val-Asp 28.1 (Asp) 40.9 (Asp) 1.5 

Met-Gly, Gly-Met 29.4 (Met) 34.8 (Met) 1.2 

*The dipeptides listed here and in Table 2 were purchased from U.S. Biochemical Corp. and Vega-Fox 
Biochemicals. Abbreviations: Ala, alanine; Gly, glycine; Val, valine; Leu, leucine; Phe, phenylalanine; Asp, 
aspartic acid; Met, methionine; Ile, isoleucine; Pro, proline; Glu, glutamic acid; and Ser, ser- 
ine. tDetermined by gas chromatography (Hewlett-Packard HP-5830A) of the N-trifluoroacetyl-amino 
acid isopropyl ester on a stainless steel capillary column loaded with a mixed chiral phase. N-docosanoyl-L- 
valyl t-butyl amide, and N-octadecanoyl-L-valyl-L-valyl cyclohexyl ester. tRacemizations were carried 
out in Pyrex sealed tubes, in phosphate-buffered solution, 0.05M, ionic strength, 0.12, amino acid concentra- 
tion, 0.02M, pH 7.6, 122.5?C, 8 hours. Percentages of D formation for free amino acids under the same 
conditions are Val, 0.3; Ile, 0.5; Leu, 0.5; Ala, 1.0; Phe, 1.9; Met, 2.1; Asp, 2.5; and Ser, 21.9. The values 
reported are the averages of triplicate analyses of triplicate racemization experiment. 

Table 2. Amounts of racemization of amino acid residues in dipeptides: NH2 > COOH. 

D-amino acid (%) NH/COOH 

Dipeptide NH2 COOH This Kriausakul and 
terminal terminal report Mitterer (7) 

Ile-Pro, Pro-Ile 52.8 (Ile) 0.9 (Ile) 58.7 
Val-Pro,Pro-Val 34.6(Val) 1.1 (Val) 31.5 
Phe-Pro, Pro-Phe 48.7 (Phe) 12.2 (Phe) 4.0 
Leu-Pro, Pro-Leu 44.1 (Leu) 16.8(Leu) 2.6 
Glu-Pro, Pro-Glu 33.0 (Glu) 15.8 (Glu 2.1 
Ala-Pro, Pro-Ala 43.2 (Ala) 26.5 (Ala) 1.6 

Val-Pro, Pro-Val 34.6 (Val) 1.1 (Val) 31.5 
Val-Asp, Asp-Val 29.5 (Val) 3.1 (Val) 9.5 
Val-Phe, Phe-Val 16.7 (Val) 2.2 (Val) 7.6 9.92 (Ile) 
Val-Leu, Leu-Val 18.1 (Val) 3.5 (Val) 5.2 
Val-Ala, Ala-Val 26.0 (Val) 5.6 (Val) 4.6 1.91 (Ile) 
Val-Gly, Gly-Val 13.0 (Val) 3.6 (Val) 3.6 
Val-Ile, Ile-Val 5.4 (Val) 3.5 (Val) 1.5 

Ile-Gly, Gly-Ile 20.6 (Ile) 5.6 (Ile) 3.7 1.35 
Ile-Val, Val-Ile 11.8 (Ile) 4.0 (Ile) 3.0 1.20 

Ser-Gly, Gly-Ser 46.5 (Ser) 39.1 (Ser) 1.2 
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group participation, considerable altera- 
tions of racemization take place. We pro- 
pose that these factors play a major role 
in explaining the interesting results re- 
ported. 

All amino acid residues gave higher 
rates of racemization in dipeptides of the 
type X-Pro than in nonproline dipeptides 
such as X-Gly (Table 2). When a steri- 
cally hindered amino acid was used (X- 
Val), the percentage of D was further re- 
duced, implying steric effects. If we 
choose glycine as the standard, proline 
enhances racemization and valine re- 
duces it. There appears to be a logical 
explanation for these results. It is per- 
haps not surprising that proline, isoleu- 
cine, valine, and serine act differently in 
racemization experiments than other 
amino acids. Blout et al. (10) showed 
some years ago that these and similar 
amino acids (sarcosine, hydroxyproline, 
and threonine) caused peptides to form 
the non-a-helical structure. These amino 
acids cause special steric or intra- 
molecular effects. Because of the partial 
double-bond character of the C-N bond, 
the four atoms of the peptide link plus 
the two adjacent a-carbon atoms lie in 
the same plane, making possible cis and 
trans isomers. The trans peptide bonds 
are generally favored. 

0 

+\\ C-N / 

H3N' / c 

H -o/ I 
0 

H3N 

R\\ 

H 

0 \\ C02- 

C -N 
/ 

C 

However, with amino acids such as 
proline, the X-Pro bond can be cis (2) or 
trans (3) (11). Using 13C nuclear magnet- 
ic resonance, Dorman and Bovey (12) 
and Wuthrich et al. (13, 14) were able to 
distinguish between cis and trans con- 
formers in polypeptides containing pro- 
line and other NH2-substituted amino 
acid residues. Dorman and Bovey (12), 
in a study of Phe-Pro, reported that a 
negative charge on the COOH group of 
proline in H-X-ProO- favors the cis con- 
formation. Wuthrich et al. (14) reported 
a similar result for Ala-Pro. Therefore, a 
logical explanation for the rapid race- 
mization of all NH2-terminal amino acid 
residues in X-Pro dipeptides is that the 
cis conformation (2) is more stable than 
the trans conformation (3) at pH 7.6. In 
the cis conformation the free carboxyl 
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anion is suitably located for maximum 
assistance in the base removal of the a- 
proton through a seven-membered ring 
(2). It is well known that intramolecular 
base removal of a proton has a more fa- 
vorable AS*. In this case, this would re- 
sult in an increase in the racemization 
rate. Models show very clearly that only 
in the cis conformation is the carboxyl- 
ate close enough to the methine hydro- 
gen of the adjacent amino acid residue to 
assist in its removal. The trans con- 
formation, the preferred conformation 
for amino acids other than proline and 
hydroxyproline, would require isomeri- 
zation before those amino acids could as- 
sist in the intramolecular removal of the 
a-hydrogen. [The free energy (AG?) val- 
ue for this isomerization is 0.1 to 2 kcal 
(14).] This also explains why NH2-termi- 
nal amino acids racemize more slowly in 
X-Gly and X-Val than in X-Pro. It is pro- 
posed that the lower rate for X-Val than 
X-Gly is due to steric hindrance. Steric 
factors (probably affecting solvation) are 
known to reduce racemization of free 
amino acids (15). When there are bulky 
amino acids at the reaction site, rates 
drop off precipitously. Valine in Val-Ile 
and Ile-Val racemized very slowly, form- 
ing only 5.4 and 3.4 percent D-valine, re- 
spectively (Table 2). The case of isoleu- 
cine in Ile-Val and Val-Ile was similar, 
with 11.8 and 4.0 percent D-isoleucine 
formed (Table 2). This steric effect may 
be better understood by considering in- 
tramolecular effects in racemization of 
dipeptides. 

We propose that the unexpected result 
COOH >NH2 for some dipeptides is due 
to a more favorable entropy effect result- 
ing from the participation of another in- 
tramolecular neighboring group. At pH 
7.6 the amino group in dipeptides is ap- 
proximately 70 percent -+NH3 and 30 
percent -NH2. The -+NH3 group may 
"solvate" the incipient carbanion 
through a five-membered ring (4), and 
the free -NH2 group may act as an intra- 
molecular base to assist in removal of the 
methine hydrogen (5). Either or both of 
these would readily account for more 
competitive racemization at the COOH- 
terminal position. The geometry of the 
system for intramolecular assistance, as 
shown in 5, is similar to that found in an 
SN2-type mechanism (16) where steric 
hindrance is very effective in reducing 
rates. We propose that similar crowding 
occurs with X-Ile and X-Val at the 
COOH-terminal position, explaining the 
very slow rate of racemization of both 
isoleucine and valine at the COOH-ter- 
minal position (Table 2). 

For proline to show similar intramo- 
lecular stabilization of the incipient 
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carbanion woula require the formation of 
two fused five-membered rings (6), 
which is rarely observed. Therefore, it is 
not surprising that the balance is shifted 
with proline dipeptides, resulting in fast- 
er racemization of the NH2-terminal resi- 
dues. With the exception of valine and 
isoleucine, however, the NH2/COOH 
values are modest (less than 4), in- 
dicating very competitive rates of race- 
mization even with proline dipeptides 
between the COOH- and NH2-terminal 
positions. 

Serine is a special case. It racemizes 
very rapidly and at about the same rate 
in both the NH2- and COOH-terminal 
positions. The NH2/COOH value is only 
1.2 (Table 2). As the free amino acid it 
also racemizes rapidly, with 21.9 percent 
D formed at the same conditions. Inter- 
or intramolecular solvation of the in- 
cipient carbanion and the base are criti- 
cal in racemization. We propose that the 
hydroxyl group in serine helps to solvate 
the base required to remove the a-hydro- 
gen, bringing about rapid removal of the 
a-hydrogen. This would not be position- 
dependent, and hence assistance could 
occur at both the NH2- and COOH-ter- 
minal locations (7 and 8). 

The extent of hydrolysis of the dipep- 
tide during the racemization was mini- 
mal, less than 1.5 percent. Dipeptides 
are considered to be more resistant to 
hydrolysis than are polypeptide bonds 
(17). 

In summary, the relative rates of race- 
mization of amino acid residues in dipep- 
tides (NH2 versus COOH terminal) are 
determined by a delicate balance of fac- 
tors, including inductive and field ef- 
fects, intramolecular base action, intra- 
molecular solvation, and steric hin- 
drance to solvation. The intramolecular 
affects appear to be more significant than 
inductive and field effects. Our results in- 
dicate that intramolecular neighboring 
group interactions play the major role in 
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determining the relative rates of race- 
mization of NH2- and COOH-terminal 
amino acid residues in dipeptides. With 
X-Pro dipeptides, there is a high concen- 
tration of the cis configuration. When di- 
peptides are in the cis configuration, the 
carboxylate group can assist in the re- 
moval of the methine hydrogen of the ad- 
jacent amino acid residue, enhancing 
racemization of the NH2-terminal resi- 
due (2). 

GRANT GILL SMITH 
BEATRIZ SILVA DE SOL 

Department of Chemistry and 
Biochemistry, Utah State University, 
Logan 84322 

References and Notes 

1. K. M. Williams and G. G. Smith, Origins Life 8, 
91 (1977). 

2. J. Viscar, Chem. Listy 71, 160 (1977). 
3. R. A. Schroeder and J. L. Bada, Earth Sci. Rev. 

12, 347 (1976). 
4. B. Dungworth, Chem. Geol. 17, 135 (1976). 
5. J. L. Bada and R. A. Schroeder, Naturwissen- 

schaften 62, 71 (1975). 
6. P. E. Hare, Carnegie Inst. Washington Yearb. 

70, 256 (1971); J. Wehmiller and P. E. Hare, Sci- 
ence 173, 907 (1971); P. E. Hare and T. C. Hoer- 
ing, Carnegie Inst. Washington Yearb. 72, 690 
(1973); J. L. Bada and R. A. Schroeder, Earth 
Planet. Sci. Lett. 15, 1 (1972). 

7. N. Kriausakul and R. M. Mitterer, Science 201, 
1011 (1978). 

8. A. Neuberger, Adv. Protein Chem. 4, 297 
(1948). 

9. H. Matsuo, Y. Kawazoe, M. Sato, M. Ohnishi, 
T. Tatsuno, Chem. Pharm. Bull. 15, 391 (1967). 

10. E. R. Blout, L. Schmier, N. S. Simmons, J. Am. 
Chem. Soc. 84, 3193 (1962). 

11. D. J. Patel, Biochemistry 12, 667 (1973). 
12. D. E. Dorman and F. A. Bovey, J. Org. Chem. 

38, 2379 (1973). 
13. K. Wuthrich, A. Tun-Kyi, R. Schwyzer, FEBS 

Lett. 25, 104 (1972). 
14. See references 4 to 30 of K. Wuthrich, B. Grath- 

wohl, R. Schwyzer [in Peptides, Polypeptides 
and Proteins, E. R. Blout, F. A. Bovey, M. 
Goodman, N. Lotan, Eds. (Wiley, New York, 
1974), pp. 300]. 

15. G. G. Smith, K. M. Williams, D. M. Wonnacott, 
J. Org. Chem. 43, 1 (1978). 

16. L. P. Hammett, Physical Organic Chemistry 
(McGraw-Hill, New York, ed. 2, 1970), p. 126. 

17. R. L. Hill, Adv. Protein Chem. 20, 37 (1965). 
18. Supported by NASA grant NSG-7038, for which 

we express our sincere thanks and appreciation. 
This work was presented to the graduate school 
at Utah State University in partial fulfillment for 
the M.A. degree by B. Sol; it was also presented 
at the National Meeting of the American Chem- 
ical Society, Washington, D.C., September 
1979. 

4 September 1979 

767 


	Article Contents
	p. 765
	p. 766
	p. 767

	Issue Table of Contents
	Science, Vol. 207, No. 4432, Feb. 15, 1980, pp. 689-812
	Front Matter [pp. 689-720]
	Letters
	AAAS Elections and Equal Rights [p. 712]
	Is the Paranormal ``Normal''? [p. 712]
	Social Science: Ethics of Research [pp. 712-715]
	Power-Line Radiation [pp. 715-717]

	General Sarnoff and Generic Research [p. 719]
	Electricity Generation Choices for the near Term [pp. 721-728]
	Melanesian Prehistory: Some Recent Advances [pp. 728-734]
	Injuries from the Wichita Falls Tornado: Implications for Prevention [pp. 734-738]
	News and Comment
	Wind Power Excites Utility Interest [pp. 739-742]
	Tumult at the Archives [p. 740]
	OSHA Develops New Cancer Policy [pp. 742-743]
	Ski Trips Cost Researcher His Job [pp. 743-744]

	Briefing
	A Pledge to Help Sakharov [p. 745]
	Interferon Victory Claimed and Disclaimed [p. 745]
	Control of Commercial Gene Splicing [p. 745]

	Research News
	At Last There Is a Way to Take it with You [pp. 746-748]
	Concern Rising about the Next Big Quake [pp. 748-749]

	Centennial
	100 Years of Science [pp. 750-751]

	Book Reviews
	The Scholarly Enterprise in America [pp. 752-753]
	Magnetic Effects [p. 753]
	Reproductive Adaptations [pp. 753-754]
	Gene Regulation [pp. 754-755]
	Theories of Memory [pp. 755-756]

	Reports
	Early Miocene Subglacial Basalts, the East Antarctic Ice Sheet, and Uplift of the Transantarctic Mountains [pp. 757-759]
	Migrations of California Gray Whales Tracked by Oxygen-18 Variations in their Epizoic Barnacles [pp. 759-760]
	Polar Coronal Holes and Cosmic-Ray Modulation [pp. 761-763]
	Oxidative Transformations of Polycyclic Aromatic Hydrocarbons Adsorbed on Coal Fly Ash [pp. 763-765]
	Racemization of Amino Acids in Dipeptides Shows COOH > NH$_{2}$ for Non-Sterically Hindered Residues [pp. 765-767]
	Abnormality of the X Chromosome in Human 46,XY Female Siblings with Dysgenetic Ovaries [pp. 768-769]
	Lactate Dehydrogenases of Atlantic Hagfish: Physiological and Evolutionary Implications of a Primitive Heart Isozyme [pp. 769-770]
	Asymmetrically Permeable Membrane Channels in Cell Junction [pp. 771-773]
	Camouflage by Integumentary Wetting in Bark Bugs [pp. 773-775]
	The Heart is a Target Organ for Androgen [pp. 775-777]
	Cell Growth with trans Fatty Acids is Affected by Adenosine 3$^{\prime}$,5$^{\prime}$-Monophosphate and Membrane Fluidity [pp. 777-779]
	Cellulose in the Cell Walls of the Bangiophyceae (Rhodophyta) [pp. 779-781]
	Access of Urinary Nonvolatiles to the Mammalian Vomeronasal Organ [pp. 781-783]
	Filter-Mediated Color Vision with One Visual Pigment [pp. 783-786]
	Hummingbirds See near Ultraviolet Light [pp. 786-788]
	Nursing Frequency, Gonadal Function, and Birth Spacing among !Kung Hunter-Gatherers [pp. 788-791]
	Bronchodilatation: Noncholinergic, Nonadrenergic Mediation Demonstrated in vivo in the Cat [pp. 791-792]

	Back Matter [pp. 756-812]





